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Chapter 1: Quantifying the Kinetics of Crystal Growth 
 by Oriented Aggregation 

Summary 

Oriented aggregation is a nonclassical crystal growth mechanism resulting in 

new secondary particles composed of crystallographically aligned primary crystallites. 

These secondary crystals often have unique and symmetry-defying morphologies, can be 

twinned, and can contain stacking faults and other significant defects. A wide range of 

materials, such as titanium dioxide, iron oxides, selenides and sulfides, metal 

oxyhydroxides, are known to grow by oriented aggregation under certain conditions. 

Evidence for oriented aggregation also has been observed in natural materials. Over the 

This chapter describes the outcome of a collaborative research project carried out by 

Nathan Burrows D. and Virany M. Yuwono and advised by R. Lee Penn. A report on 

this research project has been published: 

Burrows, N. D.; Yuwono, V. M.; Penn, R. L. MRS Bull. 2010, 35, 133–137. 

Copyright © Cambridge University Press 2011. 

Reprinted with Permission. 
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last decade, reports of this crystal growth mechanism have appeared with increasing 

frequency in the scientific literature. The development of kinetic models aimed at 

improving our fundamental understanding as well as facilitating purposeful control over 

size, size distribution, and shape has ranged from simple dimer formation models to 

polymeric models and population balance models. These models have enabled detection 

and characterization of crystal growth by oriented aggregation using methods such as 

small-angle X-ray scattering, among others, in addition to transmission electron 

microscopy. As our fundamental understanding of oriented aggregation improves, novel 

and complex functional materials are expected to emerge. This article presents a 

summary of some recent results, methods, and models for characterizing crystal growth 

by oriented aggregation. 
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Introduction 

Oriented aggregation, also known as oriented attachment or oriented assembly, is 

a special case of aggregation in which secondary particles composed of oriented primary 

crystallites are produced (Figure 1.1). This growth mechanism can result in the 

formation of unique, often symmetry-defying morphologies, as well as twins and 

stacking faults, and can lead to the incorporation of defects, such as edge dislocations.1-4 

Morphological features consistent with crystal growth by attachment of oriented 

nanocrystals were found in transmission electron micrographs.3,5 

 

Figure 1.1 a) A schematic illustration of crystal growth by 1) coarsening, 2) aggregation, 
and 3) oriented aggregation. b) A high-resolution transmission electron micrograph of an 
oriented aggregate formed from three anatase primary nanoparticles.6  

Oriented aggregation is distinct from coarsening, which is also known as 

Ostwald ripening. Coarsening is a classical crystal growth mechanism and is driven by 

the inverse relationship between particle size and chemical potential.7,8 Larger crystals 
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grow at the expense of smaller crystals by way of diffusion of molecular-scale species 

through the growth medium or across grain boundaries. Crystals grown by coarsening 

are characteristically defect-free (except for point defects), faceted, and have 

morphologies consistent with the crystal structure. Recent efforts have moved toward 

quantifying kinetics and elucidating the fundamental mechanism of crystal growth by 

oriented aggregation. Results are expected to lead to improved control over size and 

shape, understanding of crystal growth in natural environments, and methods for 

fabricating single-crystal devices using a bottom-up approach. 

Recently, Penn,7 Zhang et al.,8 and Niederberger and Cölfen9 presented partial 

catalogs of reports describing crystal growth by oriented aggregation. These articles 

present concise descriptions of this growth mechanism as well as surveys of 

observations of oriented aggregation, providing myriad examples for a wide range of 

synthetic materials, such as titanium dioxide,2-4,6,10,11 iron oxides,6,12,13 selenides and 

sulfides,14,15 and metal oxyhydroxides.1,6,16 Zeng17 reviewed the synthetic formation of 

1D, 2D, and 3D structures by oriented aggregation. 

Evidence for oriented aggregation also has been observed in natural samples. For 

example, Penn et al. described evidence for oriented aggregation in goethite (α-FeOOH) 

agglomerates on iron oxide-coated sands from an aquifer in Oyster Bay, Virginia.18 

There are many examples of oriented aggregation playing an important role in 

biomineralization, which is the production of mineral phases by living organisms.19-21 

Banfield et al. described aggregation-based crystal growth in the biomineralization 

products of iron-oxidizing bacteria from a flooded mine in Tennyson, Wisconsin.1 

Another notable example is the calcite crystallites composing Patellina corrugata, a 
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foraminifer. The X-ray diffraction patterns from individual Patellina corrugata are 

consistent with single crystals while exhibiting a small degree of misorientation.22 There 

are many unanswered questions regarding the mechanisms by which primary building 

blocks form and assemble into the complicated shapes of these biominerals, and there is 

mounting evidence that aggregative growth plays an important role in biomineralization. 

Researchers use such biominerals as inspiration for developing methods to produce 

hierarchically ordered structures. 

 Oriented aggregation is an important, nonclassical, crystal growth mechanism. 

In fact, it has gained recognition as an important crystal growth mechanism, and 

improved understanding of oriented aggregation is expected to lead to improved control 

over size, size distribution, and morphology of nanocrystals and heterostructures.12,13 

However, most reports are limited to simple reporting of oriented aggregation, typically 

not discussing the fundamental mechanism or the kinetics. The next step in elucidating 

the fundamental mechanism of and gaining improved control over oriented aggregation 

is the development of predictive models. Kinetic models can be used to fit experimental 

data, and results enable the ranking of important control parameters for crystal growth 

by oriented aggregation. This approach will enable the systematic exploration of how 

solution conditions and particle properties influence oriented aggregation.  

Detecting and Quantifying Crystal Growth by Oriented 
Aggregation 

An increasing variety of techniques has been employed successfully to study 

oriented aggregation, such as transmission electron microscopy (TEM),2-4,6-14,23,24 ultra-

violet-visible (UV-Vis) spectroscopy,23,25,26 powder X-ray diffraction (XRD),10-12,15 and 
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small-angle X-ray scattering (SAXS).27-30 They enable quantification of average particle 

size and size distribution, as well as, in some cases, crystal morphology and number 

concentrations of specific types of particles (i.e., primary versus secondary crystals). 

TEM-based methods 
To date, high-resolution TEM (HRTEM) has been and continues to be the only 

technique that can resolve the sub-nanometer length-scale features that serve as evidence 

for aggregation-based nanoparticle growth.2,3 Images are examined for variations in 

contrast, dimpled boundaries, lattice fringe clarity across the breadth of a particle, and 

the presence of defects like misorientation, dislocations, and stacking faults (Figure 

1.1b). In nanoparticles formed by coarsening, features like dimples and dislocations are 

expected to be absent. Lastly, TEM is the only method by which features such as twins 

and stacking faults can be directly observed. While TEM is one of the most time 

consuming techniques, it remains the best method for direct observation of evidence for 

nanocrystal growth by oriented aggregation. The reviews of Penn,7 Zhang et al.,8 and 

Niederberger and Cölfen9 highlight a number of beautiful examples of evidence for 

oriented aggregation in HRTEM images. 

The major drawbacks of TEM are expense, the time required to become a skilled 

microscopist, the exceedingly small sampling of material, and the need to analyze many 

images to ensure a representative dataset. In addition, TEM is inherently an ex situ 

technique, typically requiring the removal of solvent and often the removal of dissolved 

species, such as salts. Great care must be taken to avoid misinterpretation of artifacts of 

sample preparation (e.g., precipitation of dissolved salts, aggregation upon drying). 

Finally, TEM images are 2D representations of 3D objects. Characterization of the third 
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dimension can be achieved by tilting the specimen, employing tomography, or energy 

filtering.30 

 

Figure 1.2 TEM image of γ-AlOOH with oriented aggregates indicated by dashed 
squares. b) XRD: Simulation of (a) a single particle, (b) a dimer, and (c) a trimer, and (d) 
experimental pattern of γ-AlOOH illustrating the effect of oriented aggregation along 
[100].16  

An additional complication is that recrystallization of randomly aggregated 

crystallites or phase transformation of aggregated nanoparticles can produce similar 

microstructures, and the products may retain relics of the aggregative stage of particle 

growth.28 Time-resolved imaging and careful sample preparation can enable one to 

distinguish oriented aggregation from other mechanisms. Finally, cryo-TEM 

characterization of vitrified thin films of suspensions enable direct in situ 

characterization.28 

UV-Vis 
UV-Vis spectroscopy enables quantifying the bandgap of semiconducting 

materials. Using models such as effective mass31 or tight-binding,32 the average particle 
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size can be calculated from the measured bandgap. Due to quantum confinement, the 

size measured corresponds to the smallest dimension; therefore, oriented aggregation 

resulting in anisotropic morphologies could be missed.33 In addition, the shape of the 

absorption edge can be analyzed to yield a particle size distribution.31 UV-Vis can also 

be used with some metals due to a shift in the plasmon peak with increasing size.  

XRD 
The average nanocrystal size along a specific crystallographic direction can be 

determined using XRD peak broadening analysis. Two commonly employed approaches 

are the Scherrer equation, which yields a volume-weighted particle size, and the Warren-

Averbach method, which yields a surface area-weighted average particle size.34 

However, detecting and quantifying oriented aggregation requires some kind of kinetic 

model to fit experimental data (e.g., see the section on Modeling Crystal Growth by 

Oriented Aggregation). In contrast, Chiche et al. recently employed XRD analysis to 

determine the most representative particle morphology for a sample.16 Using the Debye 

formula, they simulated a library of morphology-dependent diffraction patterns, which 

were then compared to experimental patterns. They were also able to use the method to 

characterize oriented aggregates of boehmite (γ-AlOOH) (Figure 1.2).  

SAXS & DLS 
SAXS27-29,35 and dynamic light scattering (DLS) enable characterization of size 

and size distribution of particles in suspension. However, both require fitting with 

equations based on a model particle morphology and size distribution. Figure 1.3 shows 

SAXS data, which could result from a sample containing either monodisperse ellipsoids 

or two sizes of spheres. TEM data confirmed the sample to be well described as two 
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sizes of particles—small 5 nm particles and larger 20-80 nm particles. Finally, neither 

technique can distinguish amorphous and crystalline particles or random aggregates 

from oriented aggregates. 

 

Figure 1.3 (a) A typical small-angle X-ray (SAXS) measurement of aged 
tetrapropylammonium (TPA)-silicalite-1 suspensions. (b) Average crystal size as a 
function of time determined from modeling SAXS measurements. Reprinted with 
permission from Macmillan Publishers Ltd: Nature Materials,35 copyright (2006). (c) 
Cryo-TEM image of TPA-silicalite-1 nanoparticle which informed the modeling of 
SAXS measurements.28 

Conclusion about Characterization 
The best characterization scheme will use a combination of the methods just 

described. TEM provides direct observation of the size, shape, and microstructure of 

individual crystals, but the indirect techniques enable fast measurements of 

comparatively large amounts of material. The techniques of UV-Vis, XRD, SAXS, and 

DLS, in addition to other methods, are best complemented by the direct imaging 

capability of TEM-based methods. 
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Modeling Crystal Growth by Oriented Aggregation 

Rather than using a haphazard approach to finding conditions that promote (or 

inhibit) growth by oriented aggregation, predictive models will enable elucidation of 

fundamental mechanisms and lead to guiding principles for controlling oriented 

aggregation. Further, such understanding is expected to lead to fine control over the 

number of primary crystallites per oriented aggregate as well as overall morphology, 

porosity, and hierarchical structure.  

Simple Molecular Dimer Formation Models 
The simple molecular dimer model presented by Penn treats primary 

nanoparticles as molecules, allows only the formation of dimers, which are oriented 

aggregates composed of two primary particles, and produces a rate law for oriented 

aggregation that is second order with respect to the number concentration of primary 

particles, where k is a rate constant (Equation 1).7 

                                                
d P −P[ ]

dt
= k P[ ]2                                                 (1)

 

 Primary particles first form transient particle complexes (P!!!P) analogous to 

outer sphere complexes. The conversion of P!!!P to an oriented aggregate, which is 

denoted as P–P, requires the primary particles to reorient to achieve structural accord at 

the interface as well as removal (or incorporation) of species like solvent molecules from 

the interface.7,13 A P!!!P composed of oriented primary particles is consistent with the 

term mesocrystal, as introduced by Cölfen and Antonietti.36 

Penn et al. used TEM images to quantify the primary nanoparticle number 

concentration as a function of time and demonstrated that the rate constant decreases 
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dramatically as a function of increasing primary particle size.13 They further employed 

Derjaguin and Landau, Verwey and Overbeek (DLVO) theory to estimate rate constants, 

considering electrostatic repulsive and van der Waals attractive forces, which led to good 

predictions of relative rates, but poor predictions of absolute rates of oriented 

aggregation as a function of particle size.13 

This simple model does not address the observation that oriented aggregates are 

typically composed of more than two primary particles7-9 nor that crystal growth often 

involves more than one crystal growth mechanism.2,3,15,26 However, the results explain 

why crystal growth by oriented aggregation is observed to slow with time. The use of 

DLVO theory to predict rate constants does not account for non-DLVO interactions 

(e.g., H-bonding, Lewis acid-base interactions), nonspherical primary particle shapes, 

and the atomic structure of the crystallite surface, among other things. Finally, the model 

does not address average particle size, size distribution, or morphology.  

Expanded Molecular Dimer Formation Models 
 A major disadvantage of the simple molecular dimer formation model is the 

need to quantify the number concentration of primary particles over time. Leite and co-

workers expanded the approach so that only the average crystallite size needs to be 

monitored over time.23 They retain the assumption that dimers form and growth occurs 

only by oriented aggregation. However, they employ the radius of a sphere of an 

equivalent volume producing equation 2 in which rt is the average equivalent radius at 

time t, r0 is the average equivalent radius at time zero, [P]0 is the initial number 

concentration of primary particles at time zero, and k is the rate constant. The limitation 



 

! 12 

imposed by the assumption that only dimers form means that this model is best suited for 

the very early stages of crystal growth by oriented aggregation.23 

                                    rt
3 − r0

3 =
k P[ ]0

t
1+ k P[ ]0

t
r0

3                                    (2)
 

Huang et al. proposed a two-stage model, in which the first stage assumes growth 

dominated by oriented aggregation and the second stage assumes simultaneous growth 

by coarsening and oriented aggregation (Equation 3).15 N0 is the number of primary 

particles in a given volume at time zero, t is time, k is the rate constant, and d is the 

volume-weighted average particle diameter. Once again, only dimers are allowed. This 

model is consistent with observations that coarsening contributes to overall crystal 

growth, even in cases dominated by oriented aggregation.2,3,26 

                                     d =
d0 23 N0kt +1( )

N0kt +1
                                     (3)

 

The model has been used to fit particle size data obtained using XRD for growth 

of organically capped nanocrystalline ZnS15 and particle size data obtained using UV-

Vis spectroscopy to monitor the growth of ZnO in the presence of surfactants.26 In 

addition, both of the above models can be used to fit experimental particle size 

measurements from time-resolved TEM images.  

Stepwise Polymerization Kinetic Model 
Ribeiro et al. proposed a stepwise polymerization kinetic model by adapted the 

classical model of stepwise polymerization, with primary particles as the monomers and 

oriented aggregates as multimers.24 A primary particle, P, is assigned a specific number 



 

! 13 

of active surfaces, S. In equation 4, a primary particle with two active surfaces is denoted 

as S-P-S, and the polymeric growth occurs by consumption of two S per reaction.24 

 

 Ribeiro et al. defined the particle S-(P)x-S as an oriented aggregate that is 

composed of x primary particles.24 Assuming an invariable rate constant for each 

consecutive addition and only two active surfaces per particle, the rate law is second-

order in the concentration of active surfaces, [S], with [S]0 the concentration of active 

surfaces at time zero.24 Since [S]0=2[P]0, the polymeric model provides a similar method 

of analysis as the dimer model presented by Penn.7 

Ribeiro et al. go further to produce a form of the polymeric model that follows 

the length of growing particles.24 After deriving the probability distribution of secondary 

crystals composed of x monomers, they arrive at an expression for the most probable 

coalescence degree, xmax (Equation 5), which can be fit to experimental data of xmax 

versus time to determine a rate constant, k. Thus, Ribeiro et al. have presented a 

polymeric kinetic model in which two types of data may be used, either the primary 

particle concentration or the distribution of the coalescence degree of the oriented 

aggregates as a function of time.  

                           xmax = −
1

ln k[S]0 t
1+ k[S]0 t
"

#
$

%

&
'

                          (5)

 

However, this model assumes only two active sites per primary particle, which is 

not consistent with most examples of oriented aggregation in the literature. For example, 

high aspect ratio nanorods formed by oriented aggregation are typically wider than the 

! 

S " P " S + S " P " S# $ # S " PP " S# $ # S " (P)
x
" S (4)!
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dimensions of a single primary particle,12,13,37 and two-dimensional, crystalline sheets, or 

three-dimensional structures are formed as well.17 Furthermore, the model assumes a 

size independent rate constant, although it was corrected to account for the size 

dependence of diffusion,24 which is not consistent with predictions using DLVO theory 

nor experimental results.13 

Population Balance Models 
Population balance models produce size distribution predictions by using a set of 

differential equations to describe the rate of production or loss of particles in a particular 

size category. In the case of oriented aggregation of nanocrystals, Brownian motion is 

expected to be the dominant mechanism driving collisions. The Smoluchowski theory 

and model uses Brownian motion for collisions and DLVO approximations to model 

attractive and repulsive interactions.13,14,38 

                       dnk
dt

=
1
2

β vi,vj( )ninj
i+ j=k
∑ − nk β vi,vk( )ni

i=1

∞

∑                    (6)
 

Equation 6 describes the rate of production of multimers, nk, consisting of k 

primary nanoparticles from particles, ni and nj, consisting of i and j primary 

nanoparticles using only aggregation terms. Beta is the collision frequency function, 

which is a size-dependent rate term, described by the volume, vi and vj, of the combining 

particles consisting of i and j primary nanoparticles derived from Brownian motion and 

diffusion. This model can account for the effects of ionic strength, pH, surface potential, 

Hamaker coefficient, and dielectric constant by calculating an interaction potential via 

DLVO theory.13,14,38 However, non-DLVO interactions could also be included, such as 

hydration, steric, solvation, structural, and depletion interactions.14,38,39 As pointed out 
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by Ethayaraja et al., this model describes the collision of particles in any orientation 

around a sphere and should be modified for anisotropic growth by oriented 

aggregation.14 Zhang et al. pointed out that multimer-multimer reactions can be 

neglected due to larger size and lower reactivity,40 which is consistent with DLVO 

theory and the experimental results of Penn et al.13 The model can produce predictions of 

the number concentration of specific particle categories, average size, and average shape 

as a function of time. 

The population balance model of Drews and Tsapatsis (PB-DT) addresses a 

special case of aggregative crystal growth in which the initial monomers are structurally 

distinct from the oriented aggregates (or product crystals).27,35 Their model still employs 

the Smoluchowski theory of Brownian aggregation and DLVO theory but also 

incorporates varying rate constants for monomer dissolution and structural evolution. 

The PB-DT model is a set of ordinary differential equations that, when solved 

simultaneously, provide predictions of the total yield of crystals, as well as the average 

crystal size and size distributions as a function of time.  

With advances in computatonal capabilities, the population balance approach to 

modeling agregation kinetics has been employed more frequently.27,35,38 These simulated 

distributions can be compared to experimental particle size distributions and can be used 

to predict average growth dimensions as a function of time, as done by Van Hyning.38 

Drews and Tsapatsis exploited the simulated crystal size distribution to simulate SAXS 

patterns, which were then compared to experimental SAXS patterns of aged 

tetrapropylamonium-silicalite-1 suspensions.27 
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Conclusions 

Examining high-resolution transmission electron microscopy (TEM) images of 

synthetic nanoparticles published in the literature over the last decade reveals evidence 

that oriented aggregation operates under a broad range of conditions and for a broad 

range of materials. The reviews of Zhang et al.,8 Niederberger and Cölfen,9 and Zeng17 

highlight many beautiful examples of crystal growth by oriented aggregation. Only a 

small number of reports present quantitative kinetics of crystal growth by oriented 

aggregation. Models such as those presented here represent a significant step forward in 

studying oriented aggregation and expand our repertoire of characterization methods 

beyond TEM to those that monitor average size, size distribution, and morphology. 

These models range from simple dimer formation models, which are mathematically 

simple and easy to apply, to data sets tracking primary particle concentration, to 

polymerization models, which can describe the number of primary particles per 

secondary particle, to population balance models employing DLVO theory, which can 

predict particle size, size distribution of secondary particles, and the effects of 

suspension conditions on the kinetics of oriented aggregation. The most effective 

characterization scheme will combine the high-resolution capability but small sampling 

of TEM with one or more methods that yield averages and distributions of size and 

shape (e.g., X-ray diffraction, small-angle X-ray scattering).  

Oriented aggregation may provide a route by which anisotropic nanocrystals and 

heterostructures can be purposefully produced in high yield. Elucidating the processes 

that govern nanoparticle growth by oriented aggregation will lead to improved control 
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over nanoparticle size, shape, and microstructure, which will result in novel and complex 

functional materials.  
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Chapter 2: The Effect of Ionic Strength on the Kinetics of 
Crystal Growth by Oriented Aggregation 

Summary 

Oriented aggregation is an important, nonclassical crystal growth mechanism that 

occurs in a wide array of materials, often producing nanoparticles with unique, 

anisotropic, and symmetry-defying morphologies. The growth of acicular goethite (α-

FeOOH) nanorods from ellipsoidal ferrihydrite (Fe5HO8"4H2O) nanoparticles was used 

as a model system to study the effects of sodium nitrate concentration on product crystal 

morphology and the kinetics of growth by oriented aggregation. Time-resolved sampling 

This chapter describes the outcome of a collaborative research project carried out by 

Nathan D. Burrows and Christopher R.H. Hale and advised by R. Lee Penn. A report 

on this research project has been published:  

Burrows, N. D.; Hale, C. R. H.; Penn, R. L.  

Crystal Growth & Design 2012, 12, 4787–4797 

Reprinted with Permission. 
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and transmission electron microscopy were employed with semi-automated image 

analysis to quantify the growth rate constant of oriented aggregation. Results are 

discussed in the context of DLVO theory through the use of quantitative statistical 

comparisons and modeling of rate constants. Increasing the concentration of sodium 

nitrate results in an increasing second-order growth rate constant. The magnitude of 

increase depends on the primary particle size; however, the magnitude and trend in size 

dependence did not follow predictions based on DLVO theory.   
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Introduction 

Since the first few papers were published on oriented aggregation,1-3 the 

importance of this crystal growth mechanism has been increasingly recognized. It has 

been found to occur in a wide array of geologically, biologically, and synthetically 

produced materials. Recent review articles discuss the wide spread occurrence of 

oriented aggregation and detail progress in understanding this mechanism.4-13 Oriented 

aggregation, also known as oriented attachment or oriented assembly, is a crystal growth 

mechanism by which new, secondary crystals are produced that are composed of 

oriented primary crystallites.14 This mechanism often results in secondary crystals that 

are anisotropic and can have surfaces with roughness similar in scale as the primary 

nanoparticle, a signature characteristic of oriented aggregation.3,15 Crystals formed by 

oriented aggregation can be twinned and can also contain crystallographic defects such 

as stacking faults.1 It has recently been shown that the oriented aggregation mechanism 

has an intermediate state in which the primary crystals are in crystallographic registry 

yet do not have crystalline material linking them together.16 This intermediate has been 

termed a mesocrystal.8,11,16-18 In addition, increasing the primary particle size results in 

larger secondary crystals19 but smaller rate constants for growth by oriented 

aggregation.20  

Considerable effort has gone into describing and modeling the kinetics of 

oriented aggregation.6,10 The treatment of nanoparticles as molecules has been proposed 

by Penn.14 She tendered either a single-step stochastic collision based process or a multi-

step complex formation and alignment process. Both result in rate laws that are second-

order with respect to the concentration of primary nanoparticles. The thermodynamic 
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data presented by Penn14 as well as the recent demonstration of the mesocrystal 

intermediate support the multi-step process.16 In this model, two particles, each P, 

reversibly come together to produce a particle–particle complex, denoted as P···P in eq 

1.  

                                                  

In this state, the particles are not in direct contact with one another, their crystal 

orientations are not necessarily related, and they may have a fractal-like arrangement. 

The complex has only van der Waals and other nonbonding forces holding it together, 

which is in contrast to a fractal aggregate that is irreversibly held together by strong 

chemical bonds, such as covalent or ionic bonds. Traditionally, the word aggregate is 

used to denote an object composed of irreversibly bonded particles, although the word is 

not used consistently in the literature.  Here, the phrase fractal-like complex is used to 

denote an object composed of particles in a fractal-like arrangement and held together by 

van der Waals and other nonbonding forces. The complex can then either dissociate (eq 

1) or the individual crystallites can reorient by way of Brownian motion, possibly 

resulting in a common crystallographic alignment of the crystallites (eq 2).  

                                   

At this stage, the complex is termed a mesocrystal and is denoted as P--P. The 

primary crystallites are in crystallographic registry but lack crystalline material linking 

them together. Such mesocrystals were directly imaged by Yuwono et al. using high-

resolution, cryogenic transmission electron microscopy (TEM).16 Finally, the 

                                           (1)

                                             (2)
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components of the mesocrystal could hypothetically lose their crystallographic registry 

(eq 2) and even dissociate (eq 1), or the primary crystallites could join together to form a 

new single crystal called an oriented aggregate, denoted as P—P (eq 3).  

                                                          (3) 

In deriving rate laws for oriented aggregation, two distinctly different approaches 

lead to similar second-order rate laws. In the first approach, the production of dimers is 

second order with respect to primary particle concentration. The form of the rate 

constant depends on the assumptions used for the concentrations of randomly oriented 

complexes and mesocrystals; namely, steady state (eq 4) or rapid equilibrium (eq 5).14  

              

In the second approach, the process of oriented aggregation is described as a 

linear polymerization process where each primary nanoparticle (S-P-S) has two active 

sites (S) at which polymerization can occur (eq 6).21 Assuming each addition of a 

monomer, that is, a primary nanoparticle, occurs at the same rate and that the number of 

active sites is fixed, a rate law can be derived that is second-order with respect to the 

concentration of primary nanoparticles (eq 7). 

                       

A rate constant for oriented aggregation could be determined by measuring the 

concentration of primary nanoparticles as a function of time. Graphing the inverse 

d P-P( ) dt = k1k2k3 k−1 + k−2( ) k−2 + k3( )( ) P[ ]2                 (4)

d P-P( ) dt = k1k2 k−1k−2( )k3 P[ ]2                           (5)

S-P-S + S-P-S→S-PP-S→S-(P)x -S                             (6)

d S-(P)x -S( ) dt = k S-P-S[ ]2                                   (7)
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concentration of primary nanoparticles versus time would be expected to yield a linear 

trend; the slope of which is the overall rate constant.  

The model system used in this study is the growth of acicular goethite (α-

FeOOH) nanorods from ellipsoidal ferrihydrite (Fe5HO8"4H2O) nanoparticles, a process 

known to proceed by phase transformation followed by oriented aggregation.16,19,20 

Ferrihydrite is a poorly crystalline, metastable, hydrous, ferric oxyhydroxide mineral that 

has been observed only as nanoparticles in both synthetic samples22,23 as well as 

throughout the Earth’s crust.23,24 In addition, it is a likely component of extraterrestrial 

materials.25 In the laboratory, it is usually formed by the rapid neutralization of a ferric 

nitrate solution.26 Goethite is a ubiquitous, antiferromagnetic iron oxyhydroxide, which 

may dominate the accessible surface area at the Earth’s surface.23 Both of these minerals, 

in addition to other iron oxides, have high sorption capacities for metal and anionic 

contaminants such as arsenic, chromium, lead, mercury, and selenium, with significant 

consequences for contaminant dispersal or remediation.27,28  

A fundamental goal is to uncover the most important control parameters for 

crystal growth by oriented aggregation. We hypothesize that conditions that favor 

aggregation at relatively slow rates will produce the greatest degree of growth by 

oriented aggregation, whereas conditions that favor fast aggregation, inhibit aggregation, 

or favor dissolution and reprecipitation will not. Here, results from quantitative kinetic 

experiments tracking growth by oriented aggregation for initial nanoparticle sizes 

ranging from ~3 to ~7 nm in length and for concentrations of sodium nitrate ranging 

from 0.1 to 80 mM are reported. Quantitative image analysis of TEM micrographs 
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enabled determination of growth rate constants. Generally, increasing ionic strength 

increases the growth rate constant for oriented aggregation.  

Experimental and Analysis Methods 

Synthesis and aging of ferrihydrite nanoparticles 
Ferrihydrite nanoparticles were prepared following previously published 

procedures.15,19,20,29 In a typical synthesis, equal volumes of 0.40 M ferric nitrate (Fisher 

Scientific) and 0.48 M sodium bicarbonate (Fisher Scientific) are combined via 

peristaltic pump over a period of approximately 10.5 min at a constant temperature. The 

temperature was controlled using a water or ice bath and ranged from 1 to 66 °C. 

Following the addition, the blood-red suspension was rapidly cooled to room 

temperature, if needed, by plunging the sealed bottle into an ice bath with swirling. 

Then, the suspension was microwave annealed in 40-s intervals to boiling in a 

conventional household microwave oven (950 W, Samsung) with swirling for a few 

seconds between irradiation intervals. The suspension was then rapidly cooled to room 

temperature using an ice bath with swirling. Previous research has shown this improves 

the homogeneity of product crystals.15  

The annealed suspension was then dialyzed (Spectra/Por 7 dialysis tubing, 

MWCO 2000 Daltons) for 3 days at 3 °C (to slow/prevent growth) against purified milli-

Q water (18.2 MΩ⋅cm resistivity) with three to four changes of the dialysis water per 

day. The as-prepared dialyzed suspension was then diluted to a theoretical initial primary 

ferrihydrite nanoparticle concentration of 3.7 × 1018 particles per liter. Finally, 50 mL 

samples of each suspension were prepared for aging experiments by adjusting ionic 
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strength by adding solid sodium nitrate (J.T. Baker) to produce 0.1, 12, or 80 mM 

concentrations of sodium nitrate. The initial pH of all suspensions was 4 ± 0.1. This pH 

was selected because ferric ion solubility is very low at this pH,30,31 it is far away from 

the point of zero net proton charge for ferrihydrite and goethite,32,33 and it is near the 

final pH of ferrihydrite suspensions after synthesis. The suspensions were then aged at 

80 °C in a convection oven for up to 14 days and sampled at predetermined time 

intervals for characterization by TEM. Hereafter, samples are referred to as FhX(Y)Z; 

where, X is the hydrolysis temperature at which the ferrihydrite was synthesized, Y is 

the concentration of sodium nitrate at the start of aging in millimolar, and Z is the aging 

time at which a sample was prepared for characterization in hours. 

TEM Characterization and Image Analysis 
TEM samples were prepared by diluting approximately 20 µL of suspension with 

milli-Q water to about 3 mL followed by sonicating for about 30 s. Then, a small drop of 

the diluted suspension was pipetted onto a holy carbon, 200 mesh, copper grid (SPI, 

Inc.) and allowed to air-dry. Samples were imaged using a FEI Tecnai T12 TEM 

microscope operated at 120 kV and equipped with a LaB6 electron source or a FEI 

Tecnai G2 F30 microscope operated at 300 kV and equipped with a field emission 

electron source. Images were recorded using a Gatan charge-coupled device (CCD) 

camera. Images reported in this paper are modified only in linear adjustments to 

brightness and contrast across the entire image to use the entire range of available gray 

scale values. 

To determine the overall, second-order growth rate constant; the primary particle 

concentration must be determined as a function of time. Then, the inverse concentration 
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is plotted versus time, and the slope of a linear fit is the overall rate constant. First, the 

length and width of the primary particles at time zero were manually measured from 

calibrated TEM images in order to calculate the average ellipsoidal volume of the 

primary particles. Second, the number of primary particles in an image was determined. 

Third, the length and width of all goethite rods within an image were manually measured 

from calibrated TEM images and their volume modeled as a prism with a parallelogram 

base bounded by {110}, as has been done previously.34 Goethite rods were assumed to 

have a preferred orientation of lying on {110} that was consistent across all samples. 

Therefore, the volume of each rod was calculated as length × width × width × a 

crystallographically determined constant, 0.28035. Determination of this constant is 

available in Supporting Information. The assumption that the goethite particles lay with 

{110} parallel to the plane of the grid yields a minimum estimate of the rate constant. 

These rate constants are assumed to be comparable between experiments based on a 

consistent, preferred orientation of all goethite rods over all samples. The number of 

primary particles consumed in forming rods was determined by dividing the volume of 

each rod by the average volume of the primary particles and summing over all rods 

measured. This permits the calculation of the fraction of material composed of primary 

particles and composed of goethite nanorods. Finally, the fraction of material composed 

of primary particles is multiplied by the initial primary particle concentration.  

In TEM images of dried samples, primary particles and rods are easily 

distinguishable. However, discerning the difference between particles residing in 

mesocrystals versus fractal-like complexes is not possible due to drying artifacts. 

Cryogenic TEM is required to preserve the in situ relationships between the primary 
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particles composing structures like the fractal-like complexes and mesocrystals.16 Image 

processing and analysis were conducted using ImageJ (version 1.43u), an open-source 

image processing and analysis program written in Java by Wayne Rasband at the U.S. 

National Institutes of Health.35-37 Counts of primary particles were previously performed 

by manually counting four quadrants of varying particle density for a set of images per 

sample to train the human eye to perform educated estimates of the remaining 

quadrants.20 In an effort to improve the speed at which particle counting could be 

accomplished and maintain or improve the level of accuracy, a semi-automated image 

processing and analysis scheme was developed using available tools and plug-ins for 

ImageJ.37 First, a flat field filter was applied to smooth out contrast variation due to 

varying thickness of the carbon support film. This step facilitates the manual application 

of a threshold defining which pixels are sample and results in a binary, segmented 

image. Then, a watershed filter was applied to separate touching and overlapping 

particles.38 The watershed filter is a calculation of a Euclidian distance map by assigning 

sample pixels a grey scale value based on their distance from the nearest background 

pixel. This determines the ultimate erode points, that is, the centers of objects that are 

equally distant and farthest from background pixels. To find the boundaries between 

particles, these center pixels are then dilated until they run into another dilating pixel, 

and there, boundaries are drawn.38 The projected areas of these particles were then 

analyzed to exclude particles that are too small (i.e., background-noise pixels 

inadvertently included due to their grey scale value) and particles that are too large (i.e., 

sections of rods). The remaining particles were then automatically counted, and an 

outline of each particle was masked over the original image, which served as a visual 
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quality control. This process, from applying the watershed filter to production of the 

masked imaged, is automated into one plugin, the Nucleus Counter.35  

To test the quality of results generated, a comparison of results, using a set of 

twelve images, was performed using the manual method20 and the above semi-automated 

method. Over these twelve images, the fraction of primary particles remaining was 

97.8% and 97.7%, respectively. A statistical difference test predicted an 80.4% 

probability that the measured difference would occur for two random samples taken 

from the same population where there is no difference. Therefore, they are statistically 

indistinguishable. However, the semi-automated method yields results for 12 images in 

minutes as compared to hours for the manual method.  

Weighted Means, Weighted Linear Fits, and Statistical Comparisons 
To account for the variation of deposited material over the surface of a TEM 

sample grid, the average number ± standard deviation of images analyzed per sample 

was 13.5 ± 4.5 images. A weighted mean of the fraction of material in each image 

consistent with the original primary particle morphology was calculated for each TEM 

sample. The weight of each image was determined by the total volume-equivalent 

primary particles in an image divided by the total volume-equivalent primary particles 

across all images for the TEM sample. Calculating the standard error of a weighted mean 

is not an easy task, as few derived approximations exist; however, a standard error can 

be estimated computationally using the bootstrap method.39 Assuming a set of images is 

representative of the entire sample, one thousand virtual data sets were created, and the 

bootstrap method was applied to calculate a bootstrap standard deviation, which is an 

estimate of the standard error of the measured weighted mean. 
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To calculate the overall, second-order rate constant, a weighted linear least-

squares regression was applied to determine the slope of the data from plots of inverse 

primary particle concentration versus time. The weight applied to each data point was an 

inverted bootstrap standard deviation squared. In comparing rate constants between 

experiments, a statistical difference test was used to evaluate if an observed difference 

was statistically significant. The p-value calculated is the probability of measuring a 

difference if both sets of measurements randomly came from the same experiment, and 

thus, should not exhibit an actual difference. Since multiple statistical inferences are 

simultaneously compared, that is, difference tests for multiple experiments within a 

group of experiments to test one null hypothesis, the Bonferroni correction was applied 

to p-values.40 The null hypothesis in this instance is that changing the ionic strength of 

the suspension does not produce a change in the second-order rate constant of oriented 

aggregation. The Bonferroni correction helps reduce the chance of falsely rejecting a 

null hypothesis. Bootstrap computations, weighted linear regressions, and difference 

testing were performed using the statistical computing environment R, a free software 

program distributed by the Free Software Foundation, Inc. and licensed under a GNU 

General Public License.41  

Dynamic Light Scattering and Phase Analysis Light Scattering 
Suspensions of particles were characterized by dynamic light scattering (DLS) 

and phase analysis light scattering (PALS) in order to examine in situ particle size and 

zeta potential, respectively. Samples were analyzed using a Brookhaven Zeta PALS Zeta 

Potential Analyzer with 90Plus/BI-MAS Multi Angle Particle Sizing Option equipped 

with a 657 nm laser using 10 mm polystyrene cuvettes. DLS measurements were 
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performed five times for each suspension. The results were than averaged and analyzed 

using Brookhaven’s Multimodal Size Distribution software to determine an intensity-

weighted size distribution from which a number-weighted size distribution was 

calculated. PALS measurements were performed five times with 20 voltage cycles each, 

averaged, and analyzed using the Smoluchowski method provided in Brookhaven’s 

software to determine zeta potential.  

Theoretical Methods 
To examine whether these differences are quantifiable using our method and to 

compare these experimental results from the perspective of colloidal interactions, growth 

rate constants were calculated as binary collision frequencies based on diffusion-limited 

Brownian collisions, the Stokes–Einstein relation, and Derjaguin and Landau, Verwey 

and Overbeek (DLVO) interactions,42-44 as has been done previously.20,45 These results 

should be proportional with a polymerization-based method since both models produce 

second-order rate laws. The growth rate constant (βij) of dimers from particles, i and j, 

was calculated according to eq 8, where Wij is a stability ratio.  

                

The stability ratio (eq 9) is based on interparticle forces and incorporates the total 

interaction potential energy (φ) as a function of center-to-center separation (h) into the 

calculation of βij.  
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According to DLVO theory, the total interaction potential energy is the 

summation of van der Waals and electrostatic interactions. The nonretarded van der 

Waals potential energy (eq 10), as derived by Hamaker for two spheres,45-47 is 

approximated by a pairwise summation of all molecular van der Waals interactions over 

the volume of both approaching particles where A is a Hamaker constant.  

       

Because an experimental value for the goethite–water–goethite Hamaker 

constant has yet to be reported, the Hamaker constant used in this modeling, 4.0×10-20 J, 

is a middle value in the range of values reported for the hematite–water–hematite 

system, which has been used in the past to model the goethite–water–goethite system.47 

The electrostatic potential energy can be described using the super linear approximation 

(eq 11) where εr is 60.86, which is the unitless dielectric constant of water at 80 ˚C,20 ε0 

is the electric constant, ψ0 is the electric potential at the surface of the particle, and κ is 

Debye-Hückel parameter (eq 12).43,45  
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It enables modeling the effect of changing the bulk number concentration of ions 

in solution (n∞) as well as their charge (zi) into the calculation of the potential energy due 

to electrostatic repulsions, where e is the electron charge.  

Rate constants were calculated for the largest and smallest initial nanoparticle 

sizes at each ionic strength using the average experimental zeta potential across particle 

size at each ionic strength. Surface potentials were estimated from these zeta potentials. 

The surface charge density (σ) is modeled from zeta potential (ζ) following the 

expression (eq 13) for the surface charge density of a spherical colloidal particle in 1:1 

electrolyte solutions where y = eζ / kBT. 48-50 

         

The surface potential (ψ0) is calculated from the surface charge density using the 

Grahame equation (eq 14),51 as done previously,47 where c0 is the bulk salt concentration 

(assuming no adsorption). 

                                 

The results were compared using a difference test assuming the same average 

percent standard error seen in our experimental data.  
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Results and Discussion 

DLVO theory predicts faster aggregation with increasing ionic strength and 

decreasing primary particle size.42-44 Indeed, recent work demonstrated that the rate of 

oriented aggregation increases with decreasing primary crystallite size.20 We 

hypothesized that the rate of oriented aggregation will increase with increasing ionic 

strength up to a threshold, above which random aggregation will become significant and 

further increases in ionic strength will not yield faster oriented aggregation. Considering 

DLVO theory, we further predicted that the magnitude of the changes in rate due to 

increasing ionic strength would also be size dependent.  

The distribution in the length of the ferrihydrite nanoparticles as a function of 

decreasing hydrolysis temperature is shown in Figure 2.1. As with previous work, 

particle size decreases with decreasing hydrolysis temperature.19,20 A statistical 

difference test yielded a maximum probability that the means do not represent 

statistically distinguishable quantities of 6 × 10-12 (specifically, the means for Fh66 and 

Fh49). 
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Figure 2.1 Histograms of the lengths of ferrihydrite nanoparticles as measured from 
calibrated TEM images for A) Fh66, B) Fh49, C) Fh30, D) Fh15, and E) Fh1. 
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Figure 2.2 presents a series of representative TEM images of samples prepared 

from Fh66 (0.1mM) with aging time ranging from 0 h in 2A to 305.3 h in 2F. As time 

progresses, the size of the rods increases and the fraction of material composed of rods 

increases while the fraction composed of primary particles decreases. The images 

presented here most closely match the weighted average fraction of primary particles 

remaining for each sample.  

 

Figure 2.2 TEM images of A) Fh66 ( 0.1 mM ) 0 h, B) Fh66 ( 0.1 mM ) 42.3 h, C) Fh66 
( 0.1mM ) 88.0 h, D) Fh66 ( 0.1mM ) 138.9 h, E) Fh66 ( 0.1mM ) 185.2 h, and F) Fh66 
( 0.1mM ) 305.3 h. 

Figure 2.3 is a plot of inverse fraction of primary particles remaining versus 

time, and these data include the sample highlighted in the series of images in Figure 2.2 

(open circles in Figure 2.3). The slope of the weighted linear least-squares regression 

increases as the initial ferrihydrite size decreases and is consistent with previous 
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results.20 The inset table reports slope and R2 values; small changes in initial size have a 

large effect on the rate of growth. Figure 2.4 is a plot of inverse fraction of primary 

particles remaining versus time as a function of changing sodium nitrate concentration. 

As the salt concentration increases, the rate increases, which is consistent with 

predictions based on DLVO theory. The inset table reports slopes and R2 values and 

shows that increasing sodium nitrate concentration produces a smaller increase in rate 

when compared to the effect of decreasing particle size. 

 

Figure 2.3 Second-order plot of inverse fraction of primary particles remaining versus 
time as a function of increasing initial particle size (initial pH of 4 and 0.1 mM NaNO3). 
The vertical bars with horizontal end caps represent the standard error in each 
measurement. Linear trend lines are weighted least squares linear regressions. 
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Figure 2.4 Second-order plot of inverse fraction of primary particles remaining versus 
time as a function of increasing sodium nitrate concentration (initial pH of 4.0, 7.4 nm 
primary nanoparticles). The vertical bars with horizontal end caps represent the standard 
error in each measurement. Linear trend lines are weighted least squares linear 
regressions. 

The experimental rate constants, k, are reported in Figure 2.5 and the results of 

the statistical analyses in Figure 2.6. Overall, rates increase with decreasing particle size 

and increasing ionic strength, and the effect of size is the substantially larger effect. The 

numbers below the R2 values in Figure 2.6 are p-values determined by a statistical 

difference test with a Bonferroni correction. Each p-value corresponds to the comparison 

of the experiment at the top of the column with the experiment at the far left of its row. 

Unshaded boxes are used for p-values of 0.05 and smaller, which means the difference 

observed is statistically significant. The data are organized so that each box of nine p-

values surrounded by a bolded grid line represents the comparison of one initial particle 

size with another initial size. The bolded boxes with only three p-values along the 
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diagonal of Figure 2.6 are the comparison of experiments at the same initial particle size 

but with different concentrations of sodium nitrate. 

 

Figure 2.5 A graph displaying the measured rate constant, k, as a function of the initial 
primary particle length and sodium nitrate concentration. The vertical bars with 
horizontal end caps represent the standard error in each measurement. 
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Figure 2.6 Summary chart showing comparisons of observed rate constants, with p-
values used to determine statistically significant differences. Unshaded boxes correspond 
to statistically significant differences (i.e., p-values below 0.05). 

The differences in rate constants are statistically significant for a majority of the 

comparisons, especially when comparing experiments at the largest initial size to any of 

the smaller initial sizes. The data show that a lower standard error in our method of 

measurement is needed to confidently resolve smaller differences between growth 

constants at increasingly smaller initial particle sizes. This could be improved by 
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increasing the number of samples taken over the course of an experiment. The groups of 

three p-values along the diagonal of Figure 2.6 show that it is possible to measure a 

statistically significant difference due to changing the ionic strength, for example, 

comparing 0.1 vs 80 mM NaNO3 at an initial size of 7.4 or 6.9 nm. However, this 

measurement becomes more difficult and confidence less certain as the change in ionic 

strength decreases, as seen when comparing 0.1 and 12 mM NaNO3 or 12 and 80 mM 

NaNO3.  

DLS data presented in Figure 2.7 show that as the sodium nitrate concentration 

increases, the average size measured increases. The shaded rectangles represent the 

distribution in size measured where the darker the shading, the more prevalent the size. 

The difference in the size measured by TEM compared with DLS suggests that the 

nanoparticles are forming suspended nanoclusters at 0.1 and 12 mM NaNO3 as seen 

previously by DLS,47 small angle X-ray scattering,47 and cryogenic TEM.16 No clear 

trend between initial nanoparticle size and nanocluster size is seen in the DLS data. At 

80 mM NaNO3, the sizes measured are consistent with large clusters flocculating that 

can settle out of suspension, as seen previously.47 Flocculation was visible to the unaided 

eye, and despite this, oriented aggregation continued to occur. This clearly demonstrates 

that nanoparticles rearrange within the initially formed flocs and is consistent with 

fractal-like complexes as precursor structures to nanorods. These results are consistent 

with the recent work of Li et al.52 They collected high-resolution TEM images of iron 

oxyhydroxide nanoparticles using a fluid cell and directly observed multiple oriented 

attachment events from the initial stage of completely separated primary crystallites to 

the final stage of oriented aggregate formation. During the process of oriented 



 

! 41 

aggregation, there appears to be a stage during which the primary crystallites are closely 

associated with each other but lack direct contact with one another. This structure is 

consistent with the intermediate we have termed a particle–particle complex. The 

crystallites appear to remain in close association with each other while exploring many 

orientations via Brownian motion, until here is a “sudden jump to contact” when mutual 

lattice alignment is achieved.52 The data of Yuwono et al. demonstrate many close 

associations without direct contact between primary particles in open, fractal-like 

aggregates of nanoparticles.16,53 Furthermore, the data of Yuwono et al. demonstrate that 

these open, fractal-like aggregates are dynamic structures that can change dramatically, 

including substantial disaggregation upon modifications to suspension conditions. Thus, 

we hypothesize that our data, in combination with those of Li et al. and Yuwono et al., 

demonstrate that oriented aggregation occurs within the open, fractal-like aggregates. 

 Zeta potential measurements, obtained via PALS, are also presented in Figure 

2.7. These data have a clear trend of decreasing positive charge with increasing sodium 

nitrate concentration, which is consistent with experimental results demonstrating faster 

growth by oriented aggregation with increasing sodium nitrate concentration.  
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Figure 2.7 Graph of size by Dynamic Light Scattering (DLS) and zeta potential by 
Phase Analysis Light Scattering (PALS). Comparison of zeta potential (◇) on the left 
axis with DLS determined number-weighted size distribution (shaded rectangles) on the 
right axis, after conversion to two-dimensional image plots, as a function of ppli (primary 
particle length) and sodium nitrate concentration. 

The model rate constants and p-values are shown in Figure 2.8 and display the 

same trends seen in our experimental data: as particle size decreases and ionic strength 

increases, the rate constant increases. The model predicts that most differences in rate 

constants should be confidently distinguishable as seen in the reported p-values. 

However, the predicted rate constants are many orders of magnitude larger than 

experimental values.20 Experimental results are consistent with a complex formation 

followed by alignment mechanism,16 and the model does not account for that. Another 

important limitation is that there is no good model, or even estimate, for the rate of 

alignment. The model is for dimer formation, whereas oriented aggregates can be 

composed of two to hundreds of primary particles. Finally, in the calculation of βii, a 

spherical particle shape, smooth surfaces, monodisperse particle size distribution, and 

homogeneous distribution of surface charge are assumed; however, these ideal 

conditions are not met in the experimental system.20  
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Figure 2.8 Summary chart showing comparisons of model rate constants, with p-values 
used to determine statistically significant differences. Unshaded boxes correspond to 
statistically significant differences (i.e., p-values below 0.05). 

This model could be improved in a few ways. First, the model does not take into 

account the direction of growth; for example, for trimer formation from a dimer and 

primary particle, it is equally probable to produce a triangular, linear, or bent trimer. 

Therefore, the model could be improved by incorporating geometrical constraints.54 

Second, the calculation of the total interaction potential energy should include additional 

considerations, such as non-DLVO interactions (e.g., magnetic55-57) and the effect of 

crystallographic relationships between particles during complex formation and 

subsequent reorientation to achieve crystallographic registry.58 Third, the model does not 

incorporate the removal of molecules from the interfacial region between primary 

particles during the final stages of oriented aggregation. A final potential improvement 
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would incorporate Smoluchowski theory,43,45,59 which uses population balance equations 

to model growing crystal populations.  

The experimental data show an average 16- ± 5-fold increase in the rate constant 

when decreasing the primary particle size from 7.4 nm to 3.6 nm (Fh66 and Fh1). This 

trend follows predictions based on DLVO theory even though modeling predicts a 

magnitude higher fold increase. This size effect could be due to a change in diffusion 

rate. Assuming spherical particles, a diffusion coefficient based on the Stokes-Einstein 

relation (eq 15) for primary particle sizes of 7.4 nm and 3.6 nm was calculated to be as 1 

× 10-10 m2/s and 4 × 10-10 m2/s, respectively.43  

                                               

D is the diffusion coefficient, T is the temperature (80 ˚C), kB is Boltzmann’s 

constant, µ is the viscosity of water at 80 ˚C (0.3350 mPa⋅s), and R is the radius of the 

particle. The calculated quadrupling in diffusion coefficient is an order of magnitude 

smaller than the observed increase. Thus, we propose that the observed size effects are 

due to other effects as particle size decreases, such as a decrease in the energy required 

to achieve crystallographic registry, a decrease in the overall surface charge per unit of 

surface area, or a decrease in interfacial surface area to be eliminated in the final steps of 

oriented aggregation; however, the current model is not sophisticated enough to test 

these hypotheses.  

The trend of increasing growth rate with increasing sodium nitrate concentration 

is consistent with DLVO predictions. An average 2- ± 1-fold increase is observed when 

increasing from 0.1 to 80 mM NaNO3; although, DLVO theory predicts a much larger 

D =
kBT

6πµR
                                                          (15)
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increase. DLVO theory employs a double layer model of counter ions around particles in 

describing the electrostatic repulsions between particles.42-44 The distance at which 

particles start to repel each other is known to decrease as salt concentration increases. 

This enables particles to more closely approach and interact more strongly; thus, faster 

oriented aggregation is predicted. The rate constant at 6.3 nm and 80 mM NaNO3 is 

surprisingly high as compared to the rest of the experimental data; however, we do not 

have an explanation for this possible outlier. 

Furthermore, DLVO theory predicts that the magnitude of the increase in dimer 

formation rate with increasing ionic strength is size dependent. Assuming no difference 

in surface structure, density of active surface sites, or adsorption equilibrium constants 

as a function of primary particle size, DLVO theory predicts that as the primary particle 

size decreases the magnitude of the increase in rate constant should decrease when 

increasing ionic strength by the same amount at each size. Experimental data in Figure 

2.6 display the opposite trend. That is to say, the magnitude of the increase in rate 

constant with a constant increase in sodium nitrate concentration increases as the 

primary particle size decreases.  

In this work, sodium nitrate was selected because its constituent ions are 

byproducts of the method of ferrihydrite synthesis. In addition, nitrate salts are typically 

used as background electrolytes because nitrate is often considered to be nonsorbing and 

inert in geochemical studies.60,61 However, research has demonstrated that nitrate ions 

can and most likely adsorb in outer-sphere surface complexes to many important metal 

oxide minerals,61,62 including the iron oxides hematite63 and goethite.32,64 The surface 

charge in goethite is dominated by the adsorption of protons onto singly, doubly, and 
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triply coordinated surface oxygen atoms,65 which can further serve as sites for nitrate 

adsorption. Despite the difficulty in determining the density of proton active surface sites 

on goethite,66 binding energies and adsorption equilibrium constants for a few 

monovalent ions have been reported.64,67 Extensive modeling of electrolyte adsorption 

has predicted that between F-, Cl-, Br-, I-, HS-, OH-, NO2
-, NO3

-, CN-, and CIO4
-, nitrate 

anions are expected to have one of the lowest adsorption equilibrium constants on 

goethite.68 The results presented here show a trend of decreasing zeta potential with 

increasing nitrate concentration, which is consistent with nitrate adsorption.  

The present model does not take into account the adsorption and subsequent 

removal of nitrate anions during oriented aggregation. The site density for adsorption on 

goethite is inversely related to specific surface area;68,69 therefore, as the primary particle 

size decreases there are fewer adsorption sites per unit surface area. This could be the 

result of the surface structure changing as particle size decreases; specifically a change 

in the ratio of exposed crystal faces.69 Sodium nitrate is thus expected to have two 

competing effects on oriented aggregation. First, increasing the concentration of sodium 

nitrate decreases the electric double layer thickness, which allows particles to more 

closely approach one another42-44 and potentially accelerate oriented aggregation. These 

experimental results are consistent with that prediction. Second, nitrate anions adsorb 

onto goethite surfaces,68 potentially inhibiting oriented aggregation. The observation that 

the magnitude of the increase in rate is opposite of DLVO prediction indicates that 

nitrate adsorption is likely important.  

Graphs showing the distribution of goethite rod length as a function of the 

fraction of material with rod morphology are shown in Figure 2.9. These graphs have 
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been organized by sodium nitrate concentration (increasing from left to right) and initial 

ferrihydrite particle size (decreasing from top to bottom). Solid and dashed white lines 

are the median and mean rod length, respectively. The solid and dashed black lines are 

the median and mean length, respectively, for all rods measured in each graph. Graphs of 

rod length distribution for all conditions studied are available in the supplemental 

information (Figure A.1). Similar figures showing the distribution of goethite rod width 

(Figure A.2) and rod aspect (Figure A.3) ratio are also available in the supplemental 

information. At roughly 15% conversion, most suspensions have an average rod length 

of about 23 nm, with distributions skewed to the right, and an average rod width of 3.8 

nm, with distributions skewed to the right. Past research has shown a dependence of 

goethite rod size on the initial ferrihydrite size;19 however, those experiments were 

conducted at pH 12 and a higher temperature; and, rod size distribution was analyzed 

after complete conversion (i.e., 100%). Therefore, the present results, which do not show 

an increasing rod size with increasing primary particle size, are not necessarily in 

disagreement with previous work.  
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Figure 2.9 Graphs showing the distribution of rod lengths as a function of initial primary 
particle length (ppli), sodium nitrate concentration, and fraction of material with rod 
morphology. Solid and dashed white lines are the median and mean length, respectively. 
The solid and dashed black lines are the median and mean length, respectively, for all 
rods measured in each graph. The number to the right of each distribution is the number 
of rods measured. 

In fact, the general trend is that average rod size increases as more rods are 

produced (i.e., increasing time from bottom to top in each graph of Figure 2.9, Figure 

A.1, Figure A.2, and Figure A.3). Thus, we predict the dependence of goethite rod size 

on the initial ferrihydrite size will become apparent once greater conversion has 
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occurred. Burleson et al. has followed the average size of ferrihydrite particles during 

rod formation under similar conditions (i.e., 90 ˚C and a variety of pHs).15 Although the 

authors attribute an increase in average ferrihydrite size to a coarsening mechanism, the 

fit of their data to a coarsening model for experiments at pH 4, the same pH used in this 

work, was less than ideal. In light of more recent results demonstrating a dependence of 

the rate of growth by oriented aggregation on the size of the primary particles,20 an 

alternative interpretation is that the smallest ferrihydrite particles were consumed first. 

Our primary particles were not monodisperse and had overlapping distributions at about 

3.8 nm for all samples. So, if the smallest particles were consumed first, it is reasonable 

that no difference in rod size was observed at 15% or less conversion. By complete 

conversion, we predict that the average rod size will increase as primary particle size 

increases. 

Conclusion 

Semi-automated TEM image analysis was used to produce a robust data set from 

over one thousand time-resolved images following the growth of goethite nanorods to 

quantify the effect of sodium nitrate concentration on the kinetics of growth by oriented 

aggregation and the product crystal morphology. Increasing sodium nitrate concentration 

resulted in an increase of the second-order rate constant. However, observed rate 

constants are much smaller than predicted by DLVO theory. The use of a statistical 

difference test has enabled the determination of statistically significant differences. The 

magnitude of increase in rate with increasing ionic strength is size dependent, but does 

not follow the trend predicted by DLVO theory. The observed trend of increasing 



 

! 50 

magnitude with decreasing initial size suggests that adsorption of nitrate anions is 

important and that the removal of intervening species between nanoparticles during the 

final steps of oriented aggregation may be rate determining. An effective maximum ionic 

strength beyond which random aggregation dominates and, thus, suppressing oriented 

aggregation was not observed over the sodium nitrate concentrations employed here. 

Despite complete flocculation at the highest ionic strength studied here, oriented 

aggregation continued to occur.  This observation demonstrates that nanoparticle 

rearrangement, diffusion, and alignment within the flocs must occur and processes 

occurring after the initial fractal-like complex formation must control the rate of oriented 

aggregation. 

From a methods perspective, the semi-automated image analysis resulted in a 

substantial decrease in image analysis time. A continuing challenge is automation of the 

measurement of rod dimensions. Not only will this improve the speed at which TEM 

samples can be analyzed, it will allow many more samples to be taken per experiment, 

which will reduce the error in rate constants and improve the resolution between 

significantly different rate constants.  

Finally from an experimental perspective, a direction for future work is 

examining the importance of adsorbed ions. We predict that the trends observed here 

will hold true for other salts as well as other metal oxides. In light of evidence for nitrate 

adsorption impacting oriented aggregation, we predict inhibition due to anion adsorption 

will follow the trend of increasing adsorption equilibrium constant on goethite. 
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Supporting Information Available.  

Available in Appendix A are graphs showing the distributions of product 

nanocrystal rod lengths, widths, and aspect ratios for all aging conditions studied and 

samples as a function of initial particle size, sodium nitrate concentration, and portion of 

material with rod morphology. Further explanation on the determination of the 

crystallographic constant for determining rod volume from TEM measurements is also 

available.   
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Chapter 3: Effect of pH on the Kinetics of Crystal Growth by 
Oriented Aggregation 

Summary 

 Oriented aggregation is an important, nonclassical crystal growth mechanism 

that occurs in a wide array of materials, often producing nanoparticles with unique, 

anisotropic, and symmetry-defying morphologies. The growth of acicular goethite (α- 

FeOOH) was used as a model system to study the effects of pH on product crystal 

morphology and the kinetics of growth by oriented aggregation. Time-resolved sampling 

and transmission electron microscopy were employed with semi-automated image 

analysis to quantify the rate constant for growth by oriented aggregation. Results are 

This chapter describes the outcome of a collaborative research project carried out by 

Nathan D. Burrows and Christopher R.H. Hale and advised by R. Lee Penn. A report 

on this research project has been submitted for publication. 

Burrows, N. D.; Hale, C. R. H.; Penn, R. L.  

Crystal Growth & Design 2013, Submitted. 
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discussed in the context of Derjaguin and Landau, Verwey and Overbeek (DLVO) 

theory through the use of quantitative statistical comparisons. Increasing the pH towards 

the point of zero net proton charge results in an increasing second-order growth rate 

constant. The magnitude of increase depends on the primary particle size; however, the 

magnitude and trend in size dependence deviate from predictions based on DLVO 

theory. 

!  
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Introduction 

Oriented aggregation is a non-classical crystal growth mechanism that results in 

new secondary crystals composed of crystallographically aligned primary nanocrystals. 

Many reviews have detailed the progress made in understanding this important 

mechanism.1'6 Crystals formed by oriented aggregation often have unique and 

symmetry-defying morphologies, can be twinned, and can contain stacking faults and 

other significant defects.7'10 Many important materials, such as titanium dioxide,8,9,11,12 

iron oxides,13'16 selenides and sulfides,17,18 and metal oxyhydroxides7,19,20 are known to 

grow by this mechanism. Results have demonstrated that some aspects of this 

mechanism follow expectations based on Derjaguin and Landau, Verwey and Overbeek 

(DLVO) theory, whereas others do not.15  

Oriented aggregation, also called oriented attachment, has been proposed to 

occur in three main stages: (i) reversible aggregation, (ii) reversible crystallographic 

alignment, and (iii) irreversible coalescence.1,15,21,22 It has been demonstrated that both 

growth rate and size of the product crystals of oriented aggregation are size 

dependent.13,14 During the first stage of growth, fractal-like clusters of particles 

reversibly form.15,22 The primary crystals can move and rotate within the clusters via 

Brownian motion. When the primary crystals are in crystallographic registry with 

respect to neighboring crystals, an oriented aggregate, which is a secondary single 

crystal, can form.21 During the third stage, solvent molecules and adsorbed species are 

removed from the spaces separating the primary particles, and the primary crystals bond 

to form a new single crystal.15  



 

! 55 

This work describes kinetic experiments quantifying the rate of crystal growth by 

oriented aggregation of goethite at three different pH values and five different initial 

primary particles sizes. Generally speaking, ferrihydrite nanoparticles were synthesized 

by forced hydrolysis of iron nitrate solutions. Then, the rate of production of acicular 

goethite crystals was monitored as a function of time. Previous work has demonstrated 

that the ferrihydrite transforms to goethite prior to the formation of oriented 

aggregates.16 Previous studies have also shown that the kinetics of goethite oriented 

aggregate formation are second order with respect to the number concentration of 

primary particles.13-15 Finally, the increase in growth rate with decreasing size13,15 and 

increasing sodium nitrate concentration15 are consistent with predictions based on 

DLVO theory. However, some aspects of this crystal growth mechanism are not 

consistent with DLVO theory, such as the magnitude of the increase in rate constant with 

a constant increase in sodium nitrate concentration as the primary particle size 

decreases.15  

Metal oxide nanoparticles are charged when suspended in an aqueous medium as 

a result of the Brönsted acid-base behavior of exposed surface sites. The simplest model 

to describe their behavior is as surface hydroxides that can either acquire a proton, 

resulting in a positive charge, or lose a proton, resulting in a negative charge. The 

isoelectric point of many iron oxyhydroxides is generally reported in a pH range of 7.0 

to 8.5.23'25 Generally speaking, the rate of growth by oriented aggregation is predicted to 

slow with increasing particle charge.1,5,13,16,26 We hypothesize that the magnitude of this 

effect would also be size dependent, with a decrease in the magnitude as a function of 
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decreasing primary particle size. In order to quantify differences in growth rate, a semi-

automated image analysis scheme and rigorous statistical analysis were employed.15  

To promote growth, the surface charge can be either screened though increasing 

the ionic strength15 or the pH can be adjusted so it is closer to the pH of zero net proton 

charge (PZNPC), which is the pH at which the particles have no net surface charge due 

to protons.16 DLVO theory describes the electrostatic interactions of colloids and their 

aggregation.13,15,27'29 As the pH of a suspension approaches the PZNPC, the total surface 

charge due to protons decreases, and DLVO theory predicts faster aggregation and 

diminishing returns on reducing the primary particle size.13,15,27'29 The rate of oriented 

aggregation is hypothesized to increase when increasing pH closer to the PZNPC, but 

only up to a point, above which random aggregation is expected to become dominate and 

further increases in pH towards the PZNPC will not yield faster growth or may even 

inhibit growth by oriented aggregation. Previous work has shown that pH plays an 

important role in stage one during initial aggregation.22 In general, aggregation becomes 

less reversible the longer a suspension of nanoparticles is near the PZNPC.22 

Furthermore, DLVO theory predicts that the larger the primary particle, the larger the 

effect of increasing the pH towards the PZNPC. 

In the end, results from the analysis of more than 3 million particles conclusively 

demonstrate that the rate of growth by oriented aggregation does decrease with 

increasing particle charge, as predicted by DLVO theory. However, some significant 

deviations from this theory’s predictions were observed and are described here. Goethite 

was selected for this work not only because of previous work with the material,13'16,21,22 

but also because of its environmental significance.21,24,30'32 



 

! 57 

Experimental and Analysis Methods 

Synthesis and Aging of Ferrihydrite 
Ferrihydrite nanoparticles were prepared following previously published 

procedures.13'16,21,22,33 Using a peristaltic pump, equal volumes of 0.40 M ferric nitrate 

(Fisher Scientific) and 0.48 M sodium bicarbonate (Mallinckrodt) are combined over a 

period of approximately 10.5 min at a constant temperature. The temperature ranged 

from 1 to 66 ˚C and was controlled using a water or ice bath. Following the addition, the 

blood-red suspension was rapidly cooled, if needed, by plunging the sealed bottle into an 

ice bath with swirling. Then using a conventional household microwave oven (940 W, 

Samsung), the suspension was microwave annealed to boiling with swirling for a few 

seconds between 40-s irradiation intervals. The suspension was then rapidly cooled to 

room temperature using an ice bath. Previous research has shown that the microwave 

annealing step improves the homogeneity of product crystals.16 Due to the synthesis 

method employed here, fresh suspensions of ferrihydrite nanoparticles are usually 

around pH 4, several units away from the PZNPC, which is the pH at which the particles 

have no net surface charge.  Therefore, their surfaces are highly charged, which is 

expected to slow the rate of growth by oriented aggregation.13,15,34  

The suspension was then dialyzed (Spectra/Por 7 dialysis tubing, MWCO 2000 

Da) for 3 days at 3 ˚C (to slow/prevent growth) against purified milli-Q water (18.2 

MΩ!cm resistivity) with three to four changes of the dialysis water per day. The 

dialyzed suspension was then diluted to a theoretical initial primary ferrihydrite 

nanoparticle concentration of 3.7 × 1018 particles per liter based on previous research 

correlating hydrolysis temperature with primary particle size to determine a theoretical 
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yield.13-15 Finally, 50 mL samples of each suspension were prepared for aging 

experiments by adding solid sodium nitrate (J.T. Baker) to produce a concentration of 

0.2 mM sodium nitrate and by adjusting the pH to 4, 5, or 6 by adding tiny amounts of 

0.1 M sodium hydroxide (Mallinckrodt) or 0.1 M nitric acid (Mallinckrodt). Sodium 

nitrate was added in an attempt to mitigate possible ionic strength effects due to 

differences in pH.15 The suspensions were aged in a convection oven for up to 14 days at 

80 ˚C and sampled at predetermined time intervals for characterization by transmission 

electron microscopy (TEM).  Hereafter, samples are referred to as FhX(pHY)Z, where X 

is the hydrolysis temperature at which the ferrihydrite was synthesized, Y is the pH of 

the suspension at the start of aging, and Z is the aging time, in hours, at which a sample 

was prepared for characterization.  

Most of the ferrihydrite suspensions used in this work were also employed in 

concurrently run studies on the effects of changing the ionic strength.15 Details about the 

distribution in the length of ferrihydrite nanoparticles as a function of decreasing 

hydrolysis temperature can be found there;15 which agree with earlier work 

demonstrating a decrease in particle size with decreasing hydrolysis temperature.13,14 A 

few additional ferrihydrite suspensions were prepared by carefully following the 

methods described in previous studies quantifying the effect of changing ionic strength 

on growth rates to maximize the comparability between data sets.15 

TEM Image Collection, Image Analysis, and Data Processing 
TEM samples were prepared following previously described methods.15 

Approximately 20 μL of suspension was diluted with milli-Q water to about 3 mL 

followed by sonicating for about 30 s. Then, onto a holey carbon, 200 mesh, copper grid 
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(SPI, Inc.), a small drop of the diluted suspension was pipetted and allowed to air-dry. 

Samples were imaged using a FEI Tecnai G2 F30 microscope operated at 300 kV and 

equipped with a field emission electron source or a FEI Tecnai T12 microscope operated 

at 120 kV and equipped with a LaB6 electron source. Images were recorded using a 

Gatan charge-coupled device (CCD) camera. Images reported in this paper are modified 

only in linear adjustments to brightness and contrast across the entire image to use the 

entire range of available gray scale values.  

The overall, second-order growth rate constant was determined following 

methods previously described.15 Briefly, the growth rate constant is determined from the 

slope of a linear fit to the inverse primary particle concentration plotted versus time. 

Primary particle concentration is determined from TEM images by quantifying the 

fraction of the material composed of primary particles, which is then multiplied by the 

initial primary particle concentration. This is achieved by counting the primary particles 

present in an image, measuring the dimensions of the goethite nanorods, and calculating 

the fraction of primary particles consumed in forming nanorods. 

Image processing and analysis were conducted using ImageJ (version 1.46p), an 

open-source image processing and analysis program written in Java by Wayne Rasband 

at the U.S.  National Institutes of Health.35-37 Counts of primary particles were 

performed following a previously described, semiautomated image processing and 

analysis scheme15 that uses available tools and plug-ins for ImageJ.35,37,38 

An average of 13 images ± 4 standard deviations was analyzed per sample to 

account for the variation of deposited material over the surface of the TEM grid. Data 

was processed following a previously established protocol.15 Briefly, a weighted mean of 
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the fraction of material with the original primary particle morphology was calculated for 

each TEM sample. The weight of each image was the fraction of material examined that 

resided in each image. The standard error of these weighted means was estimated 

computationally using the bootstrap method.15,39 Then, a weighted linear least-squares 

regression was applied to plots of inverse primary particle concentration versus time to 

determine the slope of the data where the weight applied to each data point was an 

inverted bootstrap standard deviation squared. Differences in rate constants were 

compared with a statistical difference test, where the p-value calculated is the probability 

of measuring a difference if both sets of measurements randomly came from the same 

experiment and thus should not have exhibited an actual difference. A Bonferroni 

correction was applied to the p-values to help reduce the chance of falsely rejecting a 

null hypothesis.40 The null hypothesis in this instance is that changing the pH of the 

suspension does not produce a change in the second-order rate constant of oriented 

aggregation. 

Potentiometric Titrations 
The pH of zero net proton charge (PZNPC) was determined for Fh1, Fh30, and 

Fh65 using acid-base potentiometric titrations at three ionic strengths. Freshly prepared 

and dialyzed ferrihydrite suspensions were used. Except for purging CO2 from the 

ferrihydrite suspension prior to titration, standard procedures were followed.31,34,41 CO2 

is not expected to have a significant effect on the titration of ferrihydrite samples.34 

Manual titrations were performed on 40 mL of each suspension, while stirring, at a 

theoretical primary particle concentration of 3.7 × 1018 particles per liter at 0.1, 0.01, and 

0.001 M NaNO3 using 6 × 10-3 M NaOH prepared with CO2-free Milli-Q water. Particle 
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concentration was determined from mass loading and particle size determined from 

TEM image analysis.15 The pH was recorded with a Thermo PerpHect Sure-Flow glass 

pH electrode calibrated with buffers at pH 4 and 10 and Logger Pro 3.8.6 software by 

Vernier.  Total surface charge density, or the amount of protons adsorbed, was obtained 

from the resulting titration curve by subtraction of blank titrations curves of pH4 HNO3 

at each ionic strength. Charge density was calculated using the adsorbed proton quantity, 

mass loading, and surface areas as determined from TEM image analysis.13,15,41 The 

PZNPC was determined as the common intersection point of the titration curves at 

different ionic strengths for each ferrihydrite suspension.  

Results and Discussion 

Consistent with predictions, the general observed trend is that the rate of growth 

by oriented aggregation increases as the pH increases from pH 4 to 6. However, 

significant deviations from DLVO predictions were observed. Figure 3.1 presents a 

series of representative TEM images of samples prepared from Fh49 (pH4), with aging 

time ranging from 0 h in 1A to 170.7 h in 1F. The images presented here most closely 

match the weighted average fraction of primary particles remaining for each sample.  As 

time progresses, the fraction of material composed of primary particles decreases as the 

fraction of material composed of rods increases. Also as time progresses, the size of the 

rods increases. 
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Figure 3.1 TEM images of A) Fh49 (pH4) 0 h, B) Fh49 (pH4) 12.4 h, C) Fh49 (pH4) 37.1 
h, D) Fh49 (pH4) 73.4 h, E) Fh49 (pH4) 128.6 h, F) Fh49 (pH4) 170.7 h. 
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Figure 3.2 displays plots of inverse fraction of primary particles remaining 

versus time for each pH and includes the sample series highlighted in Figure 3.1 (open 

squares in Figure 3.2A). These results are consistent with preliminary results by 

Burleson and Penn demonstrating an increased rate of growth when increasing the pH of 

the suspension from 4 to 6.16 Figure 3.3 presents the results of the statistical analysis of 

rate constants along with rate constants, standard errors, and R2 values. The numbers 

below the R2 values in Figure 3.3 are p-values determined by a statistical difference test 

with a Bonferroni correction.  Each p-value corresponds to the experiment at the top of 

the column with the experiment at the far left of its row. Unshaded boxes are used for p-

values of 0.05 and smaller, which means the difference observed is statistically 

significant. The data are organized so that each box of nine p-values surrounded by a 

bolded grid line represent the comparison of one initial particle size with another initial 

size. The bolded boxes with only three p-values along the diagonal of Figure 3.3 are the 

comparison of experiments at the same initial particle size but with different starting pH 

values.   
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Figure 3.2 Second-order plots of inverse fraction of primary particles remaining versus 
time as a function of increasing primary particle size at an initial pH of A) 4, B) 5, C) 6. 
The vertical bars with horizontal end-caps represent the standard error in each 
measurement. Linear trend lines are weighted least-squares linear regressions. 
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At pH 4, the slope of the weighted linear regression increases as primary particle 

size decreases and is consistent with previous results.13,15 The rate of growth for 3.6 nm 

primary particles is approximately 60 times larger than the rate of growth for 7.4 nm 

primary particles. At pH 5, the trend continues, but to a lesser extent. Decreasing the 

primary particle size from 7.4 nm to 3.6 nm corresponds to only a sixteen-fold increase 

in rate. The results of the statistical analysis in Figure 3.3 support that the observed 

differences are statistically significant. This observation is consistent with DLVO theory, 

which predicts a smaller difference in rate as a function of increasing pH for smaller 

particles than for larger particles. Figure 3.4A shows the expected rate of dimer 

formation as a function of both surface potential, which will decrease as pH approaches 

the PZNPC, and particle size.13 Eventually, further reduction of the surface potential 

should result in no difference in rate as a function of particle size. Indeed, the results 

shown in Figure 3.4B are consistent with this prediction. The change in rate when 

increasing the pH from 4 to 6 decreases with decreasing particle size. In fact, the 

differences in rate for experiments performed at pH 6, in some cases, were statistically 

indistinguishable.  
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Figure 3.3 Summary chart showing comparisons of observed rate constants, with p-
values used to determine statistically significant differences. Unshaded boxes correspond 
to statistically significant differences (i.e., p-values below 0.05). 

Rate constants for primary particles with an average size of 4.7 and 3.6 nm are 

also very similar at pH 6, although statistically distinguishable. The rate constants with 

smaller particles are only two to four times larger than at the larger particle sizes. Figure 

3.2C suggests that there may be some fundamental difference between the larger sizes 

and the smaller sizes that currently is not addressed in modeling oriented aggregation 
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kinetics based on DLVO theory. Perhaps as the particle size decreases, the ratio of 

exposed crystal faces does not stay constant altering the density of adsorption sites.42,43 

 

Figure 3.4 A) Plot of log(βii) versus nanoparticle diameter as a function of surface 
potential.13 Here, βii is the particle-particle coalescence rate constant for the coalescence 
of two identically sized and charged nanoparticles and has units of m3/(#P!s). B) Plot of 
log(k) versus nanoparticle length as determined from experimental data. Here, k has 
been calculated so the units match those of βii. Linear trends are weighted linear least-
squares regressions with slope and R2 values reported in the inset table. 

Recent work articulates the current state of modeling oriented aggregation 

growth rates based on DLVO theory and many of its deficiencies to which solutions 

have yet to be devised.5,15 Calculations by Penn et al. of dimer formation as a function of 
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particle size and surface potential illustrate that at higher surface potentials, decreasing 

the size results in a larger increase in the rate of growth than at lower surface 

potentials.13 Figure 3.4 illustrates the similarities and contrast between the calculations 

of Penn et al. and rate constants determined from our experimental data. Calculated 

values are several orders of magnitude larger then experimental values but similar in 

slope and trend as a function of pH. As has been previously discussed, this model only 

addresses the formation of isotropic dimers but is an adequate model available with 

which to compare experimental data providing a prediction of how rates might change 

when considering only DLVO-type interactions.15 As the pH increases towards the 

PZNPC, the slope of Log(k) versus primary particle size decreases, which is consistent 

with DLVO theory. At pH 4 and 5, the experimental data and calculated values agree in 

that the experimental data are well described by the linear fit.  Suspensions at pH 5, 

which is closer to the PZNPC of ferrihydrite than pH 4, will have a lower surface 

potential; and, therefore, higher rate constants are expected. Experimental data are 

consistent with this until the particles are very small (3.6 nm), where raising the pH 

actually caused the rate constant to decrease. At this small size, increasing the pH even 

closer to the PZNPC (from pH 5 to 6) further decreased the rate constant. The poor 

linear fit for the data at pH 6 (seen in an R2 value of 0.688) suggests that direct particle–

particle interactions and the removal in intervening molecules during the later steps of 

oriented aggregation may become more important at pH 6 as compared to pH 4. 

Previous research has shown that at pH 6 particle aggregation is much more extensive as 

compared with pH 4,22,26 and this would mean a higher frequency of  direct particle–
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particle interactions. The mechanism of intervening molecule removal may change as a 

function of size in response to a changing ratio of exposed crystal faces.42,43  

Potentiometric titrations were performed to further probe the surface state of the 

ferrihydrite. Suspensions of ferrihydrite with average lengths of 6.8, 6.1, and 4.9 nm 

were titrated at three different concentrations of sodium nitrate (Figure 3.5). The 

PZNPC is size dependent, increasing from 8.4 for the smallest to 8.8 for the largest 

ferrihydrite particles, and these values are consistent with previous work.31,34,44 This 

means that at the pH employed in the kinetic experiments, smaller ferrihydrite particles 

had a significantly lower surface charge density that corresponds to a difference of tens 

of millivolts of surface potential between large and small nanoparticles under the same 

suspension conditions.  
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Figure 3.5 Potentiometric titrations results for ferrihydrite suspensions arranged from 
largest (top) to smallest (bottom) particle size with surface charge density as a function 
of pH at different ionic strengths. 
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Assuming that the relative difference in observed surface charge density are 

consistent at the temperature of the growth experiments, the potentiometric titration 

results mean that the faster growth of the smaller particles can at least partially e 

explained by the decreased surface charge density. At pH 6, the surface charge density 

varies less with size as compared to pH 5; however, at pH 6, the smallest particles have 

the lowest surface charge. Previous research has shown that the aggregation at pH 6 is 

extensive.22 The nanoparticles employed by Yuwono et al. are larger than the smallest 

nanoparticles employed here; therefore, it is likely that at pH 6, the aggregation of the 

smallest particles used here is even more extensive than those in previous research due 

to the lower surface charge density.  

The shift in PZNPC for smaller particles compared to larger particles is reflective 

of a modest difference in the equilibrium constant for protons with surface bound 

oxygen ions on ferrihydrite,41 which could influence the structure of the water hydrating 

the nanoparticle and increase the energetic barrier to its removal.45 Recent molecular 

dynamic simulations of hematite (α-Fe2O3) nanoparticles and the structure of hydrating 

water molecules show a size and morphology dependence of the structure and density of 

the water molecules around the nanoparticles.46 Furthermore, the decrease in surface 

charge density as a decrease in primary particle size suggests a decrease in the proton 

sorption site density, which could be a result of a change in the ratio of exposed crystal 

faces.42 The PZNPC for individual crystal faces deviates from the average PZNPC of the 

entire particle due to different coordination environments of surface and near-surface 

atoms at the various crystal surfaces.1,13,47-50 Recent work also shows that at pH values 

closer to the PZNPC, not only do the nanoparticles densely aggregate,26 but that the 
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longer they spend in this state, the less likely they will return to a more open structure.22 

These combined changes could increase the barrier to eliminating interstitial water and 

interface boundaries during the final stages of oriented aggregation. 

 

Figure 3.6. Graphs showing the distribution of rod lengths as a function of initial 
primary particle length (ppli), pH, and fraction of material with rod morphology. Solid 
and dashed white lines are the median and mean length, respectively. The solid and 
dashed black lines are the median and mean length, respectively, for all rods measured in 
each graph. The number to the right of each distribution is the number of rods measured.  
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Graphs showing the distribution of goethite rod length as a function of the 

fraction of material with rod morphology are shown in Figure 3.6. These graphs have 

been organized by pH (increasing from left to right) and by initial ferrihydrite particle 

size (decreasing from top to bottom). Solid and dashed white lines are the median and 

mean rod length, respectively. The solid and dashed black lines are the median and mean 

length, respectively, for all rods measured in each graph. Graphs of rod length 

distribution for all conditions studied are available in the supporting information (Figure 

B.1). Similar figures showing the distribution of goethite rod width and rod aspect ratio 

are also available in the supporting information (Figure B.2 & Figure B.3).  At roughly 

10% conversion, most suspensions have an average rod length of about 20 nm, with 

distributions skewed to the right, and an average rod width of about 4.5 nm, with 

distributions skewed to the right. Previous research has demonstrated a size dependence 

of the final goethite rods on the initial ferrihydrite size;14 as discussed previously,15 these 

results were obtained after 100% conversion to rods at an aging pH of 12. Therefore, the 

results presented here, which do not show a size dependence of the product crystals on 

the starting nanoparticle size, may not be directly comparable to previous results.  It is 

expected that once complete conversion has occurred that a primary particle size 

dependence could become apparent.15  

Conclusion 

The growth of goethite nanorods from ferrihydrite nanoparticles was studied at 

pH 4, 5, and 6 as a model system to study the effects of pH on the kinetics of oriented 

aggregation. From a robust data set of over eight hundred time-resolved TEM images, 
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second-order growth rate constants were quantified for five different primary particle 

sizes at each pH. For larger particles, increasing the pH closer to the PZNPC resulted in 

an increase in the rate of oriented aggregation. Which is consistent with DLVO theory. 

As primary particles decrease in size, increasing the pH by the same amount had 

diminishing returns on increasing the rate of growth.  Once the particles were very small, 

increasing the pH actually slowed the rate of growth, as seen in statistically significant 

measurements. This trend reversal as particle size decreases does not agree with models 

based on DLVO theory, which predict a leveling off of gains in growth rate achieved 

from increasing the pH closer to the PZNPC. However, these observations are consistent 

with the hypothesis that random aggregation could begin to dominate at pH closer to the 

PZNPC. Furthermore, this observed reversal combined with potentiometric titrations, 

molecular dynamic simulations,46 the effect of ionic strength on oriented aggregation,15 

and small angle X-ray scattering26 and cryogenic TEM22 analysis of the aggregative 

state suggests that the removal of intervening species between nanoparticles is rate 

determining during oriented aggregation.   

Supporting Information 

In Appendix B, graphs showing the distributions of product nanocrystal rod 

lengths, widths, and aspect ratios are available for all aging conditions studied and 

samples as a function of initial particle size, pH, and portion of the material with rod 

morphology. 
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Chapter 4: Cryogenic Transmission Electron Microscopy: 
Aqueous Suspensions of Nanoscale Objects 

Summary 

The direct imaging of nanoscale objects suspended in liquid media can be 

accomplished using cryogenic transmission electron microscopy (cryo-TEM). Cryo-

TEM has been used with particular success in microbiology and other biological fields. 

Samples are prepared by plunging a thing film of sample into an appropriate cryogen, 

which essentially produces a snap shot of the suspended objects in their liquid medium. 

With successful sample prep, cryo-TEM images can facilitate elucidation of aggregation 

and self-assembly, as well as provide detailed information about cells and viruses. This 

work provides an explanation of sample preparation, detailed examples of the many 

Sections of this chapter highlight the outcomes of collaborative research projects 

carried out by Nathan D. Burrows, Kairat Sabyrov, Alaaldin M. Alkilany, and Stefano 

P. Boulos and advised by R. Lee Penn, Catherine J. Murphy and Peter C. Burns. A 

report on this research project has been submitted for publication. 

Burrows, N. D.; Penn, R. L. Microscopy and Microanalysis 2013, Submitted. 
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artifacts found in cryo-TEM of aqueous samples, and other key considerations for 

successful cryo-TEM imaging.  

 

!  
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Introduction 

The direct examination of nanoscale objects suspended in a solvent, in their 

native state, presents a special challenge.  Cryogenic transmission electron microscopy 

(cryo-TEM) has been effectively employed in microbiology and other biological fields 

to directly image nano- to micro-sized objects in aqueous systems without sample 

modifications, such as chemical fixation or staining.1-11 Ideally, minimal to no sample 

modification during preparation enables direct imaging of the sample in as close to its 

native state as possible. With successful sample prep, cryo-TEM images facilitate the 

elucidation of aggregation mechanisms12-15 and self assembled structures,5,8,16-18 as well 

as can provide detailed information about cells and viruses.2,11,19-21 

Cryo-TEM differs from conventional TEM in that the sample is prepared and 

then maintained under cryogenic conditions. Thus, samples such as viruses or 

nanoparticles in water or thin sections of tissue can be examined without additional 

sample modification. Conventional TEM, which has been used with tremendous success 

for imaging nanoscale objects, requires the evaporation of solvent (e.g., water). The 

removal of solvent can cause dramatic changes in aggregation state and can even cause 

changes in crystallinity and composition of the sample.4,8,22 Sample drying can also drive 

rearrangement of particles in response to the surface tension of the retracting liquid-air 

interface.10,23 Freeze-drying (sublimation of frozen solvent) can lessen such effects; 

however, precipitation of dissolved material on the sample as well as the development of 

artifacts from the crystallization front of the freezing solvent can occur.5,8,24 Finally, 

conventional TEM is problematic when working with samples very susceptible to beam 

damage; hence, the extensive use of cryo-TEM with biological samples.5,11,24-27 
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Since its development in the 1970s,9 cryo-TEM has been applied in a range of 

scientific disciplines, including soft materials and biomaterials. Two outstanding 

examples are the imaging of the adenovirus19 and giant wormlike rubber micelles.28 

Finally, the technique has been gaining popularity in fields like colloid science, 

geochemistry, environmental chemistry, biomineralization, and crystal growth.12-16,18,29,30 

Two successful examples of applying cryo-TEM to nanomaterials in water is in the 

growth of zeolite crystals15 and iron oxide crystal growth by oriented aggregation.29 

Many reviews have documented the progress and advancements of the 

technique,1,5,8,9,17,31-33 describing its development into a practical method that can provide 

sub-nanometer information about samples. These reviews detail many of the challenges 

in preparing samples as well as interpreting images.  

Cryo-TEM 

The challenge of interpreting images to provide a complete and accurate 

description of the native state of the nanostructures suspended in solvent can be 

overcome through understanding the mechanisms of contrast in TEM, preparing samples 

with minimal artifacts, and recognizing artifacts when they do occur. Contrast is simply 

the difference in intensity measured at two different locations in an image.34 Mass 

thickness contrast (also referred to as amplitude contrast) arises when the intensity of 

transmitted electrons decreases due to scattering away from their original trajectory due 

to interactions with the sample. Larger, heavier atoms scatter electrons more strongly 

than lighter atoms, and thicker samples scatter more electrons than do thinner ones.5,8 

Diffraction contrast arises due to the interaction of the electron beam with a crystalline 
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sample. Diffraction contrast can vary dramatically with small changes in sample 

orientation; thus, tilting the sample can yield dramatic changes in contrast of samples 

containing crystalline materials whereas no dramatic changes in contrast are observed 

upon tilting of wholly amorphous samples. An excellent example of mass thickness 

contrast in cryo-TEM can be seen in Figure 4.1, which is a cryo-TEM micrograph of 

aggregated uranium oxide nanocrystals suspended in vitreous water.35 

 

Figure 4.1 A cryo-TEM micrograph of uranium oxide nanocrystals (ca. 3 nm) that have 
aggregated into a larger structure (ca. 75 nm) in water prior to sample vitrification. 

In order to visualize an object in a thin film of vitreous solvent, an appreciable 

difference in electron scattering between the sample and vitreous solvent must exist. The 

thickness of cryo-TEM samples is relatively uniform on short length scales ensuring that 

differences in atomic mass account for contrast by this mechanism. For example, the 

uranium oxide particles imaged in Figure 4.1 are composed of atoms substantially 

heavier than oxygen and hydrogen, giving rise to a substantial difference in contrast due 

to the difference in mass thickness between the suspending solvent (water) and the 
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uranium oxide nanoparticles. However, for many cryo-TEM samples, the atoms 

comprising the suspended object and the solvent are similar in composition and density; 

therefore, contrast due to differences in mass thickness will be very small. For example, 

micelles of polybutadiene-poly(ethylene oxide) diblock copolymers (PB-PEO) 

suspended in 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide 

([EMIM][TFSI]),36 a room temperature ionic liquid,  or polymersomes (i.e., polymer 

vesicles) of PB-PEO filled with [EMIM][TFSI] and suspended in water37 have similar 

composition and density between the various components, and thus, successful imaging 

depends heavily on a different contrast mechanism. 

 

Figure 4.2 A vitrified aqueous solution of 0.05 M cetyltrimethylammonium chloride 
(CTAC) shown at three different values of objective lens defocus (∆f). The 50ish nm 
object is a particle of hexagonal ice (frost). The three small arrows above the frost point 
to spheroidal micelles. Reproduced with permission.5 

Phase contrast is a result of the interaction of scattered beams of electrons with 

transmitted beams of electrons through coherent interference. Defocusing the image 

tunes the phase-contrast transfer function and can enhance phase contrast (Figure 4.2).5 

Defocused images are conventionally recorded with the electron beam focused below the 

specimen plane (under focus, negative focus values) instead of above (over focus, 

positive focus values) to avoid a contrast reversal resulting in a bright specimen on a 
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dark background. The resolution of an image corresponds to the first zero crossing in the 

phase-contrast transfer function, which decreases with increasing defocus.34 The phase-

contrast transfer function is an expression of changes induced in the image by the 

microscope’s optics and this defocus may lead to a filtering out of certain spatial 

frequencies. This may be avoided by taking a series of images at varying degrees of 

under focus to assess its effect on the images. For a more detailed discussion of contrast 

mechanisms in TEM, the interested reader is referred to the Williams and Carter series.34 

Cryo-TEM is an especially useful method for the study of suspended 

nanomaterials because the data, direct high-resolution images, are not typically 

dependent on models. However, major drawbacks include small sample size, which is 

similar for conventional TEM; the two-dimensional representation of three-dimensional 

objects (also similar for conventional TEM); and challenging sample preparation 

methods and artifacts.  

Correlative techniques like dynamic light scattering (DLS) or small angle X-ray 

scattering (SAXS) can ameliorate the exceedingly small amount of sample examined via 

cryo-TEM. Furthermore, results from cryo-TEM can enable development of appropriate 

models to facilitate interpretation of DLS / SAXS data.15 While these methods both 

require models in order to interpret data, they can serve to improve understanding by 

providing average measurements of a much larger amount of sample. Furthermore, 

methods to produce metal replicas of nanostructures can enable imaging using 

conventional TEM.5,8,38,39 A greater amount of sample can be imaged because the 

replicas are substantially more robust under the electron beam, and the images can be 

directly compared to those collected using cryo-TEM. 
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The challenge of a two-dimensional representation of a three-dimensional (3D) 

object can be overcome by tilting the sample and collecting images at multiple angles 

(and focus conditions) and developing a 3D model of the object; a process called 

tomography.10,11,20,40 An alternative, single particle reconstruction, which averages the 

images of many identical structures, such as viruses, in many different, random 

orientations, can yield a 3D model of the sample.21 However, both approaches require 

very high quality samples free of artifacts. 

Sample Preparation 

In concept, sample preparation for cryo-TEM is simple. A thin film of sample is 

plunged into cryogen, and the sample is then cryogenically transferred to the 

microscope, where cryogenic conditions are maintained during imaging. This process is 

frequently and misleadingly called plunge freezing, as the goal is solvent vitrification, 

not freezing.5,8,31 To prepare an approximately 100 nm thick film, a microliter drop of 

the suspension is applied to a TEM grid and excess material blotted away using filter 

paper to thin the sample (Figure 4.3).  
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Figure 4.3 Schematic of cryo-TEM sample preparation: (A) Side view of a liquid 
containing nanocrystals being applied to a holey carbon TEM grid; (B) thin film formed 
by blotting with filter paper for rapidly plunging into a suitable cryogen; (C) expanded 
side view of vitrified grid showing the path of the electron beam when viewed in a TEM 
column; (D) size segregation may occur during sample preparation, with larger particles 
at the edges of the holes and smaller particles at the center of the thin film. Large 
particles may also protrude from the film.  

However, in practice, there are numerous challenges to preparing and 

maintaining suitable samples. There are three primary issues. First, solvent must be 

vitrified, not frozen (Figure 4.4).24 In other words, the goal is to preserve the liquid-like 

arrangement of the solvent molecules, so that images of the nanoparticles in their native 

(that is in a liquid suspension) state are obtained.41 Rearrangement of the solvent 

molecules would most likely be accompanied by rearrangement of the nanoparticles. In 
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addition, crystalline solvent will give rise to diffraction contrast in the images, which 

will likely obscure features of interest. Second, deposition of water from the 

environment must be minimized. Artifacts like frost formed on samples obscure features 

of interest. Third, electron beam damage, which can cause dramatic changes to the 

sample, must be minimized. 

 

Figure 4.4 Cryo-TEM montage of images at the same magnification and diffractograms 
of the three forms of ice. 1a) Hexagonal ice obtained by rapid freezing of a thin water 
layer spread on a carbon film. The thickness of the layer shown on the micrograph is 50-
80 nm. The diffractograms, which are taken from other specimens, show the (110) and 
(101) planes. b) Cubic ice obtained by warming a layer of vitreous water. The small 
contribution of the (100) form of hexagonal ice has been marked on the diffractogram 
(arrow). The cubic ice layer is approximately 70 nm thick. c) Vitreous water obtained by 
deposition of water vapor in the electron microscope on a film supporting polystyrene 
spheres. The layer is approximately 70 nm thick. The shadowing effect seen in this 
preparation demonstrates that the flux of water molecules hitting the specimen in the 
microscope was anisotropic. Reproduced with permission.24  
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There are a few important parameters to control for success in producing high 

quality thin films for vitrification. These include the support structure of the TEM grid, 

the paper used to blot excess sample away, and the environmental conditions around the 

thin film.  

TEM grids employed in cryo-TEM are a metal mesh (usually copper) covered 

with a lacey amorphous carbon support film.42 It is across these holes in the carbon film 

that a thin film of the liquid sample is desired.  To achieve this, good wettability of the 

support carbon film with the solvent is needed. Wettability is improved by an oxygen-

plasma treatment of the grid for aqueous & polar solvents.42 This helps with the 

formation of a thin film across the entire grid.  Where the film spans holes, a biconcave 

structure develops that results in a size sorting of nanostructures. Large objects segregate 

to the edge of the hole where the film is thicker, while smaller objects reside in the 

thinner film found in the middle of the hole (Figure 4.3D).  

The paper used to blot away excess suspension when preparing the thin film 

needs to be inert as to prevent contamination of the sample or selective removal of 

components of the sample. 5,8,31 This is not always easy to achieve in practice, especially 

the latter, and is a potential source of artifacts. The selective removal of solvent can 

cause an increase in the suspended particle concentration and particle aggregation. 

Figure 4.5 shows a comparison between two identical sample preparations of 

ferrihydrite nanoparticles in aqueous suspension.13,16,29 In this pair of images, three 

distinct features indicate that the sample in image B has undergone selective removal of 

solvent during blotting: (i) the higher concentration of ferrihydrite nanoparticles 

resulting in a nearly continuous film of particles (121 particles per 104 nm2 vs. 282 
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particles per 104 nm2), (ii) a break in the particle film that is filled with vitreous water, 

and (iii) the similar but not matching edges of the particle film along the break. All three 

features support the conclusion that solvent was selectively removed and that the break 

in the particle film occurred before vitrification. If the break had occurred after 

vitrification, the void space would be expected to be free of vitreous water and the edges 

of the break would fit together perfectly like a puzzle pieces instead of having the 

appearance of relaxation having occurred prior to vitrification.   Also important to note is 

that flow of excess sample to the blotting paper can cause a sheer stress across the 

sample.  This stress can orient dispersed objects in the direction of flow and even change 

their native morphological structure and arrangement.43 Thus, in these cases, employing 

a dwell or wait time (seconds to minutes) between blotting and vitrification will allow 

the film to relax and suspended objects to ideally return to their native orientation. 
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Figure 4.5 Two cryo-TEM micrographs of ferrihydrite nanoparticles suspended in water 
a) without selective removal of water and b) with selective removal of water during 
blotting. 

Thin film preparation is key so that the sample is electron transparent and heat 

exchange with the cryogen is rapid. However, the very high surface area-to-volume ratio 

of this thin film also leads to rapid evaporation solvent if the environment around the 

film is under saturated with respect to the solvent vapor. 5,8,31 Evaporation of solvent 

causes a significant increase in sample concentration, a lowering of sample temperature, 
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and possibly a collapse of nanostructures held together by weaker intermolecular forces. 

Evaporation can be minimized by maintaining a constant temperature and an atmosphere 

saturated with solvent vapors (Figure 4.6).8,10 Vitrification instruments have been 

developed to control these conditions and aid in specimen preparation. The Controlled 

Environment Vitrification System (CEVS) was developed by Talmon and co-workers,32 

and the more advance Vitrobot was developed by Frederick and co-workers at FEI 

company.10,44 

 

Figure 4.6 Rate of evaporation of a thin film of water subjected to several temperatures 
(˚C) and environmental humidities. Reproduced with permission.8 

An extremely fast cooling rate is important to avoid molecular reorganization of 

the solvent into crystalline material upon cooling (freezing).5,41 In the case of water, 

insufficiently rapid cooling can also result in the exclusion of non-water molecules can 

result in the production of hexagonal ice crystals, examples of which are shown in the 

cryo-TEM images of Figure 4.7. Of particular note here is the dramatic diffraction 

contrast produced by the crystal as compared to the uniform appearance of the vitreous 

water surrounding it. Until now, the majority of cryo-TEM samples have been aqueous, 

although progress is being made with a wide variety of non-aqueous solvents. For water, 
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the sample needs to cool at about a rate of 100,000 ˚C per s to avoid freezing.45 This is 

achieved by plunging the grid into a carefully selected cryogen at 2 – 4 m per s. Liquid 

ethane (-183˚C) is commonly employed. Plunging aqueous samples into liquid nitrogen, 

a relatively common cryogen that is inflammable, results in the formation of a film of 

vapor around the sample, which is known at the Leiden frost effect.5,31,41 This film of gas 

insulates the film and slows the rate of heat transfer, which promotes freezing. In 

contrast, the aqueous sample cools much more rapidly when lunged into liquid ethane 

than into liquid nitrogen.  
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Figure 4.7 Cryo-TEM micrographs showing hexagonal plate-like ice crystals (frost) 
deposited parallel to the vitreous film with a) acicular goethite crystallites and b) 
spheroid frost. 

Once a specimen is vitrified, care must be taken to maintain its temperature 

below -140˚C to avoid crystallization of the vitreous film into cubic ice crystals (Figure 

4.4),24 which can be easily mistaken for objects of interest. Vitrified samples are quickly 

transferred to and stored under liquid nitrogen until they can be examined in a TEM. 

Solid ethane can be retained on samples when transferring to liquid nitrogen. This is not 
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necessarily a bad thing because the solid ethane can help to protect the sample during 

transfer and manipulation and the ethane will sublime in the microscope, helping to keep 

the vitreous water from crystallizing. Modern cryo-TEM sample holders typically 

maintain a steady temperature of about -178˚C at the sample while in the microscope.1 

When not in the microscope, the sample and holder tip are kept under liquid nitrogen to 

maintain the low temperature and exclude exposure to moisture-containing air. 

Specialized equipment has been developed to facilitate the transfer of the grid between 

sample and holder at or near the temperature of liquid nitrogen (-194˚C).31  



 

! 92 

 

Figure 4.8 Two cryo-TEM micrographs of ferrihydrite nanoparticles suspended in 
vitreous water with spheroid frost. A) Illustrates the range of sizes of spheroid frost. B) 
Illustrates that the ferrihydrite nanoparticles, ~5 nm in diameter, can only be observed at 
a higher magnification and appropriate focus. 

Common artifacts 

Between film formation and image collection, there is ample opportunity for 

contamination and artifact formation as the sample is one of the coldest objects in the 

room/microscope. Although microscope and cryo-sample holder designs have advanced 
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to include cold-traps, cold-fingers, and frost shields/cover slips to help minimize frost 

formation, recognizing these still somewhat common artifacts is important for successful 

image interpretation. Typically atmospheric water vapor will deposit on the sample (i.e., 

frost formation) as small particles of hexagonal ice with either a hexagonal or spheroid 

appearance (Figure 4.7).13 Spheroid hexagonal ice can occur in a wide range of sizes 

with varying degrees of contrast, and such objects can obscure suspended material 

(Figure 4.8).13,16,29 Prior knowledge about the expected sizes of objects of interest, 

through dynamic lights scattering (or a similar technique) as well as dry TEM data,46-49 

can help avoid misidentifying spheroid frost as the sample of interest.  

Similarly, if the partial vapor pressure of water is too high in the air lock or 

column of the microscope, a porous layer of water can be deposited on the specimen, 

frequently referred to as porous ice. However, most of the porous ice can be removed 

with brief, low-intensity irradiation of the electron beam that does not damage the 

underlying sample.8 Figure 4.9 shows an example of porous ice and its removal from a 

sample containing worm-like micelles of cetyltrimethylammonium bromide (CTAB). 

Images A and B are before and after images, respectively, where the sample was 

irradiated for 1 second with the electron beam at a higher magnification to remove 

porous ice. Image contrast and specimen clarity is improved once the porous ice is 

removed showing that the irradiation did not damage the CTAB; however, spheroid 

particles of hexagonal frost remain. The texture due to the worm-like micelles of CTAB 

is apparent before and after 1 s at an increased electron density, demonstrating that the 

micelles were not substantively altered during the removal of the porous ice.  
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Figure 4.9 Cryo-TEM images of suspensions of worm-like micelles of CTAB A) before 
and B) after the removal of porous ice at a higher magnification by irradiation with the 
electron beam for 1 s. Spheroid particles of hexagonal frost is identified with white 
arrows. 

Electron-beam radiation-damage does occur in cryo-TEM despite vitreous water 

acting as a relatively robust cryo-protectant when compared to beam damage in 

conventional TEM.26 It is important to be able to recognize this damage artifact to 
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distinguish it from objects of interest and identify when objects have become 

damaged.25,50,51 The electron beam can induce radiolysis in the sample, starting free-

radical chain reactions that change the sample and its appearance. These reactions can 

result in species that are volatile under high vacuum conditions, causing bubble 

formation. This damage usually has the appearance of shrinkage, circular voids, and/or 

bubbling within the sample (Figure 4.10). Vitreous water is particularly susceptible to 

radiolysis, which increases as the organic solute content of the sample increases.50 This 

damage usually forms first where the vitreous film is in contact with the supporting 

carbon film.  

 

Figure 4.10 A cryo-TEM micrograph of a gold nanorod surrounded by worm-like 
micelles of CTAB that has beam damage seen in the appearance of voids and bubbling. 
The large (ca. 200 nm) feature on the right-hand side of the image is the result of beam 
damage.  

Exposure to the electron beam can also induce crystallization in the vitreous film, 

resulting in the formation of cubic as well as hexagonal ice (Figure 4.11). Continued 

exposure to the beam after crystal nucleation can cause the crystal to grow, which is 
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apparent in comparing Figure 4.11A and C. The inset figure in Figure 4.11C is the 

result of careful image analysis (of the area outlined in Figure 4.11A and C) comparing 

the position of particles in a region containing no evidence for crystalline ice (white 

dots) versus after the crystallization front has moved through the vitreous film (scale bar 

represents 50 nm). Black arrows serve to highlight regions of mismatch between the two 

conditions, demonstrating the change in nanoparticle positions that can result when 

vitreous water crystallizes. Shifts in positions are even more dramatic comparing the 

area containing a small amount of crystalline ice before (panel A) versus after substantial 

progression of crystallization (panel C) resulting from exposure to the electron beam. 

Furthermore, crystallization results in a dramatic change in the contrast of the sample 

that would make auto or semiautomated image analysis impossible.  

Working at liquid helium temperatures can reduce this effect; however, this 

technique can be prohibitively expensive.51 Alternatively, the low dose technique can be 

employed so as to minimize the exposure of the sample to the electron beam.5,8,13,29 The 

total exposure can be reduced by as much as 4 to 5 orders of magnitude to less than 10 

electrons per Å2. While local heating is another possible effect of exposure to the 

electron beam, it has been demonstrated that when there is sufficient thermal contact 

between specimen and cryo sample holder, local heating is negligible under normal 

working conditions.52  
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Figure 4.11 Cryo-TEM images of ferrihydrite suspensions in which beam damage has 
caused the vitreous film to crystalize. A) cubic ice, B) hexagonal ice, C) larger cubic ice 
after continued irradiation of A, and D) a mixture of cubic and hexagonal ice. Inset 
image in C is a result of image analysis of the position of nanoparticles in the area bound 
by a white dash line in A & C (scale bar represents 50 nm). Black arrows highlight 
nanoparticles that have changed position as a result of the vitreous film crystallizing.  

Cryo-TEM is now being used in a variety of fields to study many structural 

problems and phenomena on the nanoscale. This technique has been applied to study 

crystal growth and the assembly and aggregation of nanocrystals while in 
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suspension.12,13,16,29 Most of the example micrographs of artifacts in cryo-TEM were 

recorded during previous work on aqueous systems; however, the artifacts made the 

images unsuitable for publication in their associated research articles despite 

contributing to the work.13,16,29 What follows is a final example of using cryo-TEM to 

characterize aggregation state and its role in phase transformations and particle growth. 

Previous work has demonstrated that the rate of anatase to rutile phase 

transformation is size dependent. In addition, examination of the dynamic light 

scattering and X-ray diffraction data lead to a hypothesis that aggregation state also 

influenced the rate of phase transformation. Thus, cryo-TEM was employed in order to 

elucidate the nature of the aggregates of the anatase nanocrystals in aqueous suspension. 

The combination of cryo-TEM with the other methods employed in that work lead to 

three conclusions: the rate of anatase growth and its phase transformation to rutile under 

hydrothermal conditions are dependent on (i) the initial particle size, (ii) the pH of the 

suspension, and (iii) the compactness of nanoparticle aggregates.12  

 It was hypothesized that the rate of phase transformation would increase as the 

average size of the anatase nanoparticles decreased.12 In comparing samples with 

average sizes determined by X-ray line broadening analysis of 3.1, 3.7, 6.0, and 12.7 nm, 

it was found that the rate of phase transformation had the following unexpected trend: 

R3.7>R3.1>R6.0>R12.7. Increased compactness was proposed as an explanation for the 

observation that the 3.7 nm particles underwent faster phase transformation than did 3.1 

nm particles. The increased compactness would effectively increase the “concentration” 

of particle-particle contacts.12 Particle-particle contacts have been shown to serve as 
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nucleation sites for the rutile phase; hence, as the number of particle-particle contacts 

increase, so does the rate of phase transformation. Cryo-TEM can test this hypothesis. 

 

Figure 4.12 Cryo-TEM images of suspensions of anatase nanoparticles at pH3: a,b) 3.1 
nm particles, c,d) 3.7 nm particles, e) 6.0 nm particles, and f) 12.7 nm particles.  White 
arrows show deposited frost. The numbers shown in the lower right corners of the 
micrograph give the average size of the nanoparticles in nm.12 
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Figure 4.12 shows cryo-TEM images of suspensions of anatase crystals with 

average sizes of 3.1, 3.7, 6.0, and 12.7 nm. Aggregates of 3.1 nm crystals generally 

appear to be more open, fractal-like structures, whereas aggregates of 3.7 nm crystals are 

denser and more compact. Compactness was semi-quantitatively compared using 

fractional areal density determined from analyzing multiple aggregates in cryo-TEM 

images.12 The fractional areal density of aggregates composed of 3.1 nm crystals was 

0.13, whereas the density of aggregates of 3.7 nm crystals was 0.60. These results 

support the hypothesis that the increased compactness of the aggregates leads to 

increased rate of phase transformation.  

Figure 4.12 also shows the structure of aggregates composed of 6.0 and 12.7 nm 

crystals with 0.29 and 0.25 fractional areal densities, respectively. Thus, as their 

aggregation state is very similar, differences in rates of phase transformation might be 

solely due to differences in particle size.12 These results from cryo-TEM further explain 

why variations in mass loading did not affect transformations rates as the effective 

concentration is controlled by the compactness of the aggregates. Thus, cryo-TEM 

enabled fundamental elucidation of the role of aggregation state in this important phase 

transformation. 

! !
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Chapter 5: Crystalline Nanoparticle Aggregation in Non-
Aqueous Solvents 

Summary 

 The aggregation of suspended metal oxide and oxyhydroxide nanoparticles 

dramatically changes as a function of solvent properties. In addition, solvent selection 

can offer an additional parameter for controlling aggregation and aggregative crystal 

growth (e.g., oriented aggregation). Here, results are presented demonstrating dramatic 

changes in aggregation state of goethite (α-FeOOH), anatase (TiO2), and ferrihydrite 

(Fe5HO8·4H2O) nanoparticles as a function of changing solvents. Results are discussed 

This chapter describes the outcome of a collaborative research project carried out by 

Nathan D. Burrows, Amanda Stemig, Kairat Sabyrov, and Ellina Kesselman and 

advised by R. Lee Penn and Ishi Talmon. A report on this research project will be 

submitted for publication. 

Burrows, N. D.; Stemig, A.; Sabyrov, K.; Kesselman, E.; Talmon, Y.; Penn, R. L. J. 

Phys. Chem. C 2013, In Prep. 
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in the context of Derjaguin and Landau, Verwey and Overbeek (DLVO) theory, 

additional dynamic light scattering data, and solvent properties like dielectric constant 

and coordinative ability. Generally speaking, solvents that strongly coordinate the metal 

oxide / oxyhydroxide surfaces produce the smallest and least compact aggregates 

whereas those that weakly coordinate produce the largest and most compact aggregates.  

Dielectric constant and the nanoparticle morphology are also important factors that 

impact aggregation state. 

!  
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Introduction 

Direct imaging of nanoparticles in suspension using cryogenic transmission 

electron microscopy (cryo-TEM) has yielded fundamental insights into the mechanisms 

of crystal growth and aggregation. For example, cryo-TEM provided evidence 

supporting a proposed mechanism of amorphous aggregate formation prior to MFI 

zeolite crystallization and points to the importance of intra-aggregate rearrangements in 

nucleation and growth.1 Cryo-TEM has also provided the means to elucidate the 

structure of an intermediate in oriented aggregation, which is a secondary structure 

composed of aligned crystallites separated by ca. 1 nm wide spaces, presumably filled 

with solvent and dissolved species.2 Finally, cryo-TEM has been used characterize the 

reversibility of aggregation as a function of changing solution conditions.3   

A number of materials, such as goethite1,2,4-6 and anatase,2,7-11 have been shown 

to grow by oriented aggregation.  In this crystal growth mechanism, nanoparticles 

reversibly aggregate to form secondary structures that are composed of primary particles 

that are initially not directly bonded to one another. Rather, there are solvent molecules 

(and possibly other dissolved species) residing in the spaces between primary particles. 

They are in constant motion, with their relative orientations fluctuating.3,12 When the 

primary particles within one of these structures are crystallographically aligned with 

respect to one another, the structure has been termed a mesocrystal.2 The spaces between 

primary particles are still filled with solvent molecules and possibly other dissolved 

species, but the crystallites are in crystallographic registry with respect to each other. 

This mesocrystal can then convert to a single crystal if the species residing in the spaces 
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between primary particles are either removed or incorporated into the solid crystal 

structure. 

Changing solution conditions; such as pH,3,13-17 ionic strength,6,15,18-20 and 

molecular additives;3,21 can dramatically affect the kinetics of aggregation as well as 

crystal growth by oriented aggregation. Previous work has shown that pH strongly 

affects aggregation before mesocrystal formation, i.e., during earliest stages of growth 

by oriented aggregation.3  

The choice of solvent is expected to offer an additional parameter for controlling 

aggregation and aggregative crystal growth mechanisms. Here, results demonstrating 

dramatic changes in aggregation state of metal oxide and oxyhydroxide nanoparticles as 

a function of changing solvents are presented. Four solvents were selected from dozens 

of candidates: water, isopropyl alcohol (IPA), tetrahydrofuran (THF), and acetic acid 

(AA). These solvents were selected with four primary concerns in mind. First, the 

interaction of the solvent molecules with the metal oxide surface. Second, the influence 

of solvent properties on particle-particle interactions. Third, the probability that high 

quality cryo-TEM samples could be prepared. And fourth, the compatibility of each 

solvent with the dialysis membrane. Dielectric constant, dipole moment, and viscosity 

for each of the four solvents are tabulated in Table 5.1.22 
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Table 5.1 Solvent properties for acetic acid, isopropyl alcohol, tetrahydrofuran, 
and water. 

Solvent Dielectric Constant Dipole Moment Viscosity 

Acetic acid 6.2 1.74 D 1.22 cP 

Isopropyl alcohol 18 1.66 D 1.90 cP 

Tetrahydrofuran 7.5 1.75 D 0.48 cP 

Water 80 1.85 D 1.002 cP 

 

Molecules and coordinating ligands that strongly adsorb to nanoparticles can 

slow and even inhibit aggregation.3 However, weakly adsorbing but sufficiently 

coordinating molecules may be key to facilitating the reorientation of nanoparticles 

relative to each other during crystal growth by oriented aggregation. It has been 

suggested that water molecules between closely spaced (ca. 1 nm) nanoparticles can 

mediate particle–particle interactions.23,24 Therefore, properties such as dipole strength 

and the degree to which a particular solvent molecule can coordinate with surface sites is 

also likely to be important. The ability to coordinate is a difficult property to quantify. 

Neither ligand field splitting nor pKa provide an adequate measure of the coordinating 

ability of a solvent molecule or an anion.25,26 However, Díaz-Torres and Alvarez have 

attempted to index the coordinative character of a variety of solvents and anions towards 

transition metals. Their indexing is based on the probability that a particular solvent 

molecule will coordinate (or complex with) a transition metal ion as compared to simply 

finding that solvent molecule as a part of the transition metal’s solvation sphere.25 Out of 

the four solvents employed here, water is ranked the most coordinative, followed by IPA 

and AA, with THF ranked the least coordinative.  Furthermore, the coordinative nature 
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of IPA, AA, and THF are expected to be greater with oxides and oxyhydroxides 

suspended in neat solvent versus an aqueous suspension containing each solvent as 

solute because water would displace IPA, AA, or THF, as it is the stronger coordinating 

molecule.25,26  

Besides coordinating with the surface of the nanoparticle, the chemical properties 

of the solvent are expected to influence particle–particle interactions. Models of oriented 

aggregation based on Derjaguin and Landau, Verwey and Overbeek (DLVO) theory 

provide guidance as to which solvent properties may be the most important during initial 

growth, such as dielectric constant and viscosity.6,27,28 DLVO theory predicts that the 

rate of aggregation should increase as, for example, viscosity decreases. This is because 

the viscosity of the solvent influences the rate of diffusion of the nanoparticles. Using 

the Stokes-Einstein relation which calculates the diffusion of spherical particles by 

Brownian motion,6,28 decreasing the viscosity would proportionally increase the rate of 

diffusion, all other factors being equal. Furthermore, DLVO based models also lead to a 

prediction that decreasing dielectric constant will result in a decrease in the repulsive 

interaction potential energy between nanoparticles, which is expected to lead to 

increased aggregation. Comparing the non-aqueous solvents employed here to water, 

both IPA and AA have higher viscosities but much lower dielectric constants, leading to 

a prediction of increased aggregation. However, THF has both lower viscosity and 

dielectric constant relative to water, suggesting that the nanoparticles will aggregate the 

most in THF as compared with water, IPA, and AA. 

Successful characterization of aggregation in nonaqueous solvent requires careful 

attention to sample preparation. First, the drying or centrifugation of materials from the 



 

! 107 

growth or synthesis media must be avoided as these techniques, with the goal of 

separating the product particles from liquid media, can cause irreversible aggregation 

and other irreversible changes. Here, dialysis of suspensions against neat solvents was 

performed. The liquid medium in which the particles are prepared must be miscible with 

the target solvent, and both must be compatible with the dialysis membrane. Care must 

be taken, however, that the particles of interest are not dissolved or partially dissolved 

during the dialysis step, as was observed during dialysis of suspensions containing 

partially crystallized particles of MFI.1 

An additional consideration is the probability that the target solvent can be 

vitrified upon plunging into cryogen. A recent and very successful example of 

nonaqueous cryo-TEM is its application to study the phase diagram of single-walled 

carbon nanotubes suspended in chlorosulphonic acid for the production of macroscopic 

materials.29 Previous research has shown that branched and functionalized organic 

molecules are better suited for cryo-TEM than are linear hydrocarbons. In fact, an 

amorphous film of a pure, linear hydrocarbon sample has yet to be successfully 

produced with cryogens into which the hydrocarbon does not dissolve.  

This report describes the preparation ferrihydrite, goethite, and anatase 

nanoparticle suspensions in water, IPA, THF, and AA; the preparation of cryo-TEM 

samples; and cryo-TEM characterization of the aggregates that formed.  
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Experimental Methods 

Material Synthesis 
Ferrihydrite nanoparticles were prepared following previously published 

procedures. In a typical synthesis, 50 mL of 0.40 M ferric nitrate (Fisher Scientific, 

98+%) and 50 mL of 0.48 M sodium bicarbonate (Sigma Aldrich, 99.7%) were 

combined by peristaltic pump over a 10.5 min period at a constant temperature of 75 ˚C. 

After the addition, the blood-red suspension was rapidly cooled to room temperature by 

plunging the sealed bottle into an ice bath with swirling. Then, the suspension was 

microwave annealed in 40-s intervals to boiling in a conventional household microwave 

oven (950 W, Samsung). The suspension was swirled for a few seconds between 

irradiation intervals. The suspension was then rapidly cooled to room temperature by 

swirling in an ice bath. Previous research has shown that this microwave anneal step 

improves the homogeneity of product crystals.30  

Goethite nanoparticles were synthesized according to Anschutz and Penn.31 In 

summary, ferrihydrite was first prepared, as above, followed by three days of dialysis 

with ultrapure 18 MΩ·cm resistivity water (Milli-Q, Millipore) three times per day.  The 

ferrihydrite suspension was adjusted to pH 12 with 4 M NaOH (Mallinkrodt Chemicals, 

99%) and was aged at 90 ˚C for three days, at which point, the nanoparticles had settled 

to the bottom of the bottle.  The supernatant was discarded and the remaining suspension 

was dialyzed for three days, again, changing the water three times per day.  The particles 

were left in suspension with Milli-Q water, adjusted to pH 4 with 4 M HNO3 

(Mallinkrodt Chemicals, 68-70%) to inhibit particle aggregation, and left under 
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continuous stirring. The mass per unit volume of the goethite suspension was determined 

in a simple drying experiment to be 14.5 mg goethite/mL suspension.  

Anatase nanoparticles were synthesized using a modified version of Ye et al.32 

and Dai et al.33 The anatase nanoparticles were synthesized using a simple hydrothermal 

method by hydrolyzing titanium (IV) isopropoxide (Aldrich, 97%) in an acetic acid 

solution. First, an acetic acid solution was prepared by adding 1 mL of Milli-Q water 

into 10 mL of acetic acid (VWR International, 99.7%). Then, at room temperature 0.2 

mL of titanium (IV) isopropoxide was added into the acid solution. Just after the 

addition white flocculates of titanium species were formed indicating the fast hydrolysis 

of the titanium precursor at these experimental conditions. However, previous work 

shown that white titanium species dissolves with increasing the temperature of the 

solution. The resultant solution was transferred into a 23 mL autoclave bomb (Parr 

Instrument) and aged in an oven for 20 hours at 200 ˚C. Then, the suspension was 

allowed to cool naturally to room temperature.  

Small Scale Dialysis 
Aliquots of nanoparticle suspension were then dialyzed against each target 

solvent with a 10:1 target ratio of solvent to suspension. Dialysis was employed instead 

of drying or centrifuging followed by suspending in the new solvent because drying or 

centrifuging can induce substantial changes in aggregation or structure. Dialysis was 

performed on a small scale to minimize solvent waste. Modified 15-mL centrifuge tubes, 

modified 1.5-mL microcentrifuge tubes, O-rings, and Spectra/Por 7 dialysis tubing 

(MWCO 2000 Da) were employed.  The hinged lids of the microcentrifuge tubes were 

removed, and holes matching the outer diameter of the microcentrifuge tubes were 
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drilled into the screw caps of the 15-mL centrifuge tubes. Two 1.5 mL samples of each 

nanoparticle suspension (ferrihydrite, goethite or anatase) were dialyzed against ~15 mL 

of AA, IPA, THF or water. The latter served as the control experiment. A 1.5 mL aliquot 

of suspension was placed in a microcentrifuge tube. Then, a small sheet of dialysis 

membrane (ca. 2 cm × 2 cm) was laid across the suspension filled microcentrifuge tube 

and secured in place using an O-ring. Then, the 15-mL centrifuging tube was filled to the 

brim with dialyzing solvent (AA, IPA, THF or water). The microcentrifuge tube was 

then inverted into the screw cap so that the dialysis membrane separated the suspension 

from the target solvent. This was carefully done so that (i) the dialysis membrane was in 

contact with the solvent, (ii) the centrifuge tube remained full of solvent, and (iii) no air 

bubbles were trapped against the dialysis membrane. Then, the lid to the 15-mL 

centrifuge tube was screwed over the microcentrifuge tube, securing it in place. Finally, 

this juncture between the centrifuge tubes was wrapped in parafilm to minimize solvent 

evaporation. The dialyzing solvent was changed six times over a 48-h period, and the 

dialysis membrane and O-ring was replaced during each solvent exchange as both would 

slowly degrade while in contact with the target solvent; replacement ensured no leaks. 

After dialysis, the two samples of each nanoparticle suspension for each dialyzing 

solvent were combined and diluted to 25 mL with the dialyzing solvent. Cryo-TEM 

samples were prepared from these diluted suspensions, which were also analyzed using 

dynamic light scattering and phase analysis light scattering.   
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Figure 5.1 Schematic of equipment assembly for small scale dialysis.  

Cryo-TEM 
Cryo-TEM samples were prepared using a controlled environment vitrification 

system (CEVS), which is designed to control temperature and vapor saturation.34 The 

CEVS was employed here due to concern that the nonaqueous solvents could cause 

damage to the plastic components of a Vitrobot. In addition, vitrification was performed 

in a fume hood in order to prevent unnecessary exposure to solvent vapor. The CEVS 

was prepped at 25 ˚C and saturated with two beakers containing 30 mL of the target 

solvent. 200 mesh copper TEM grids coated with a lacey carbon support film were 

pretreated with 1 minute of glow discharge prior to loading the grid into the CEVS. Then 

a drop of the nanoparticle suspension was placed on the front of the grid with a pipette, 

followed by blotting the backside of the grid with filter paper to thin the drop to a thin 
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film across the lacey carbon. Then the grid was plunged through the trap door of the 

CEVS into a bath of liquid cryogen. Liquid ethane was used for water and AA samples, 

and liquid nitrogen was used for IPA and THF samples. Then samples were transferred 

to a sample storage box in liquid nitrogen until they could be examined.  

Samples were imaged using a FEI Tecnai T12 TEM microscope operated at 120 

kV and equipped with a LaB6 electron source or a FEI Tecnai G2 F30 microscope 

operated at 300 kV and equipped with a field emission electron source. Images were 

recorded using a Gatan charge-coupled device (CCD) camera and low dose techniques 

to minimize electron beam induced artifacts.  

In addition to artifacts related to atmospheric water vapor,35-37 non-aqueous cryo-

TEM samples are especially susceptible to beam damage. Of the three non-aqueous 

solvents employed here, IPA is the least sensitive, followed by AA and THF. IPA 

samples can easily burn from over exposure resulting in bubble / void formation as well 

as solvent crystallization (Figure C.1). AA samples are usually mostly amorphous but 

also contain some acicular crystals of AA that can be easily mistaken for the sample of 

interest.  These crystals can be sublimed under the correct temperature conditions, 

damaged by beam-induced radiolysis, and found in pure AA samples confirming that 

these crystals are in fact artifacts of sample preparation (Figure C.2). THF samples are 

by far the most susceptible to radiolysis and beam induced crystallization of the 

amorphous film (Figure C.3).  

Images reported in this paper are modified only in linear adjustments to 

brightness and contrast across the entire image so as to exploit the entire range of 

available gray scale values. Image processing and analysis was conducted using ImageJ 
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(1.46p), an open-source image processing and analysis program written in Java by 

Wayne Rasband at the U.S. National Institutes of Health.38-40 Average dimensions of 

each nanoparticle were determined by measuring multiple particles by hand from 

calibrated images using the line drawing tool in ImageJ. Aggregate compactness was 

semi-quantitatively estimated by determining the number of nanoparticles per projected 

area of the aggregate. This was done by enclosing the aggregate in the smallest convex 

polygon to determine the projected area of the aggregate. The number of particles in an 

aggregate was determined by either 1) counting the number of nanoparticles in the 

aggregate for small aggregates or 2) estimating the number of particles in an aggregate 

following previously established methods for large aggregates.6  

Dynamic Light Scattering and Phase Analysis Light Scattering.  
Suspensions of nanoparticles were characterized using dynamic light scattering 

(DLS) and phase analysis light scattering (PALS) in order to examine in situ particle size 

and zeta potential, respectively. Samples were analyzed using a Brookhaven Zeta PALS 

Zeta Potential analyzer with 90Plus/BI-MAS Multi Angle Particle Sizing Option 

equipped with a 657 nm laser using 10 mm polystyrene cuvettes for water, AA, and IPA 

samples and quartz cuvettes for THF samples. DLS measurements were performed ten 

times for each suspension. The results were than averaged and analyzed using 

Brookhaven’s Multimodal Size Distribution software to determine an intensity-weighted 

size distribution, from which a number-weighted size distribution was calculated. PALS 

measurements were performed ten times with 20 voltage cycles each, averaged, and 

analyzed using the Smoluchowski method provided in Brookhaven’s software to 
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determine zeta potential. THF samples were not analyzed using PALS as the solvent 

would have damaged the casing on the PALS probe. 

Results and Discussion 

Goethite nanoparticles suspended in water, AA, IPA, and THF form aggregates 

of dramatically varying size and appearance. Figure 5.2 presents representative cryo-

TEM images of goethite nanoparticles suspended in water, AA, IPA, and THF. The 

goethite nanoparticles have an average length of 100 ± 39 nm and average width of 11.5 

± 4.1 nm (n=517). In water, there appear to be very few, if any, isolated nanoparticles, 

with many particles aggregated side-by-side such that their long axes are parallel to one 

another. Most goethite nanoparticles form aggregates of a few hundred nanometers in 

diameter, but some form extended networks over a thousand nanometers in diameter. 

Aggregates in AA are similar in appearance to aggregates in water, but their aggregate 

size is typically smaller. Aggregates in IPA, in contrast, are less compact, exhibit a far 

smaller fraction of nanoparticles in parallel arrangements with their neighbors, and are 

almost twice the size found in water. Finally, aggregates in THF appear somewhat more 

compact than aggregates in IPA but are substantially larger in size.  
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Figure 5.2 Cryo-TEM images of goethite nanorods suspended in A) water, B) acetic 
acid, C) isopropyl alcohol, and D) tetrahydrofuran. 

Image analysis of the distribution of acute angles formed by the aggregation 

nanorods is presented for each solvent in Figure 5.3. In water, the most common angle 

formed by aggregated rods is less than 5˚. Substituting AA for water results in an 

increase in the frequency of angles greater than 5˚.  Transferring the goethite 
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nanoparticles to IPA or THF changes the most common angle from less than 5˚ to 

somewhere in the range of 50 – 65˚.  

 

Figure 5.3 Histograms of frequency of acute angles between goethite nanorods 
normalized to the total number of observations in A) water, B) acetic acid, C) isopropyl 
alcohol, and D) tetrahydrofuran. n is the number of angles measured and x is the average 
angle ± standard deviation. 

Figure 5.4 presents the number-weighted size distribution of goethite aggregates 

in each solvent as measured using DLS. These DLS results are consistent with cryo-

TEM observations of increasing aggregate size as the coordinative ability of the solvent 

decreases. Figure 5.4 also presents the experimental zeta potentials for suspensions in 
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water, AA, and IPA. No consistent trend between aggregate size and zeta potential is 

observed, though the goethite particles remain positively charged in water, AA, and IPA.  

 

Figure 5.4 Number-weighted distributions of goethite aggregate size in water, acetic 
acid, isopropyl alcohol, and tetrahydrofuran normalized, as measured by DLS, to the 
most common aggregate size. Zeta potentials are presented in the inset table. *Zeta 
potential for THF is unavailable due to solvent incompatibility with the instrument probe.  

As with the goethite samples, the size of anatase aggregates increases with the 

following order: water < IPA < AA < THF. Representative cryo-TEM images of anatase 

nanoparticles suspended in water and IPA (Figure 5.5) and AA and THF (Figure 5.6) 

are presented below.  The anatase nanoparticles have an average length of 26.9 ± 4.9 nm 

and an average width of 16.9 ± 3.5 nm (n=131). The characteristic remnants of anatase 

growth by oriented aggregation are observed in all four solvents (e.g., near the lower 

right-hand corner of the image shown in Figure 5.5C); however, oriented aggregates 
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most likely formed during the hydrothermal treatment of the particles at 200 ˚C, which 

has previously been reported.9 In water, the anatase crystals most commonly occur in 

small clusters composed of about 10 to 20 primary particles and occasionally occur as 

isolated crystallites. In AA, anatase nanoparticles do not appear to be dispersed as well 

as in water or IPA, forming much larger aggregates that do retain a similar compactness 

to anatase particles in IPA. Finally, the aggregates observed in THF were the largest and 

appeared the most compact. 
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Figure 5.5 Images of anatase nanoparticles suspended in A,B) water and C,D) isopropyl 
alcohol. 

Compactness was semi-quantitatively measured by calculating the two-

dimensional (2D) density of particles in images of aggregates. The 2D density for 

anatase particles in water (15 ± 5 particles / 104 nm2; n = 40), IPA (20 ± 10 particles / 

104 nm2; n = 9), and AA (15 ± 5 particles / 104 nm2; n = 4) were similar. In contrast, the 
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2D density for anatase particles in THF was higher (40 ± 10 particles / 104 nm2; n = 7), 

supporting the qualitative observation that the aggregates are most compact in THF. 

 

Figure 5.6 Cryo-TEM images of anatase particles suspended in A,B) acetic acid and 
C,D) in tetrahydrofuran. 

Number-weighted size distributions of anatase aggregates in each solvent from 

DLS measurements generally agree with observations by cryo-TEM (Figure 5.7). Zeta 
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potentials are also presented here.  Again, the nanoparticles remain positively charged in 

each solvent, with those in water the most strongly charged.  

 

Figure 5.7 Number-weighted distributions of anatase aggregate size in water, acetic acid, 
isopropyl alcohol, and tetrahydrofuran normalized, as measured by DLS,  to the most 
common aggregate size. Zeta potentials are presented in the inset table. * Zeta potential 
for THF is unavailable due to solvent incompatibility with the instrument probe. 

As with goethite and anatase suspensions, the size of the aggregates changes 

dramatically with the change in solvent. However, the effect is more dramatic in the case 

of the substantially smaller ferrihydrite nanoparticles (6.4 ± 1.3 nm by 4.9 nm ± 1.0 nm; 

n=438). Figure 5.8 presents representative cryo-TEM images of ferrihydrite 

nanoparticles suspended in water, IPA, THF, and AA. In water, the ferrihydrite 

aggregates have structures consistent with previous work that characterized aggregation 

during early stages of growth by oriented aggregation.2,3 In IPA, the nanoparticles 
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appear to form very dense spheroid aggregates, which then appear to have aggregate 

together but this may be an artifact of sheer stress caused by blotting during sample 

preparation. A similar degree of aggregation is observed for ferrihydrite nanoparticles in 

THF although the morphology of the aggregates is not spherical, as was observed with 

IPA.  

For ferrihydrite, suspensions in AA present a unique characterization challenge 

due to the nanoparticle’s small size relative to artifacts due to AA crystallization.  This 

makes locating and imaging suspended nanoparticles very difficult. In the very few cryo-

TEM observations of ferrihydrite suspended in AA, it appears as though the particles 

may be well dispersed, with tens of nanometers separating the individual particles.  
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Figure 5.8 Cryo-TEM images of ferrihydrite nanoparticles suspended in A) water, B) 
isopropyl alcohol, C) tetrahydrofuran, and D) acetic acid. 

Number-weighted size distributions obtained from DLS measurements (Figure 

5.9) generally agree with observations for ferrihydrite suspensions in water, IPA and 

THF. DLS measurements for ferrihydrite suspended in AA, however, are much larger 

than observed cryo-TEM. With AA, if the nanoparticles were truly isolated as suggested 

by the cryo-TEM images, their size would be near the detection limit of the instrument. 
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This weak signal could therefore easily be masked by the presence of even a small 

amount of larger particles. Therefore, the cryo-TEM results are considered inconclusive 

at this time. Zeta potential measurements (Figure 5.9) are surprising as a charge reversal 

from positive in water to negative in IPA and AA was observed.  The zeta potential is, 

however, very small for particles suspended in IPA and AA as compared to water and 

weak electrostatic repulsion may explain the dense aggregation observed for particles in 

IPA and is consistent with the DLS results for particles in AA.  

 

Figure 5.9 Number-weighted distributions of ferrihydrite aggregate size in water, acetic 
acid, isopropyl alcohol, and tetrahydrofuran normalized, as measured by DLS,  to the 
most common aggregate size. Zeta potentials are presented in the inset table. * Zeta 
potential for THF is unavailable due to solvent incompatibility with the instrument probe. 

When considering all three nanoparticles in each solvent, two trends become 

apparent. First, suspensions in water tend to form the smallest aggregates, while 
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suspensions in THF form the largest aggregates. Second, the compactness of the 

aggregates follows the same order with aggregates in water the least compact and 

aggregates in THF the most. These observations are consistent with nanoparticles in 

water (compared to the other solvents here) having the highest zeta potential and 

therefore highest surface charge density. This trend also appears to follow solvent 

properties of coordination, dielectric constant, and hydrogen bonding. Of the solvents 

tested here, water has the highest dielectric constant,22 the highest coordination ranking 

with transition metals,25 and greatest expected hydrogen bonding with the surface; 

whereas THF has the lowest values for each of these properties. Careful selection of 

these solvent properties may facilitate formation of loosely aggregated particles that can 

then reorient under appropriate conditions to form oriented aggregates or enable 

inhibition of aggregative crystal growth.  

With goethite, the arrangement of crystals within aggregates seems to coincide 

with solvent coordination ability. Aggregates formed in AA or water, which are 

predicted to more strongly coordinate with the metal oxide surfaces, are composed of 

crystals frequently aligned along the long axes of the rods. However, when in the lower 

coordinating solvents THF or IPA, the rods appear to be arranged more frequently in 

starburst–like patterns. Furthermore, dielectric constant appears to be of little 

significance.  As both AA and water have very different dielectric constants and yet 

form similar structures, whereas AA and THF have very similar dielectric constants and 

form very different structures. 

 With anatase, the main difference between solvents is a change in the size of the 

aggregates, followed by their compactness. Aggregate size increases from water, IPA, 



 

! 126 

AA, to THF.  This trend is similar to observations with goethite, except IPA and AA 

switch order. This change may indicate that dielectric constant plays a larger role at 

small particle sizes in the aggregation of nanoparticles as the increase in aggregation 

follows the decrease in dielectric constant. 

With ferrihydrite, a dramatic change in aggregate size and the arrangement of 

nanoparticles in the aggregates was observed when changing the suspending solvent. 

Aggregates in water are relatively smaller and much more open as compared to their 

counterparts in IPA or THF. This divide follows both coordinative ability and dielectric 

constant as water has higher values in both of these properties. These results suggest that 

smaller nanoparticles are more susceptible to electrostatic, DLVO-based control where 

as larger particles may be more influenced by the solvent’s ability to coordinate with 

surface of the nanoparticle.  

Conclusion 

The coordinative character of a solvent appears to be the strongest effect on the 

aggregation of oxide and oxyhydroxide particles suspended in neat solvent. The smallest 

and most open aggregates were observed in water while the largest and most compact 

were observed in THF, the molecule expected to have the weakest coordination with the 

particle surfaces. In addition, the varied size and shape of the particles employed enabled 

a more detailed elucidation of how solvent properties influence aggregation.  With the 

acicular crystals of goethite, an increase in the frequency of side–by–side contacts was 

observed with the most coordinating solvents.  With the very small and nearly spherical 

ferrihydrite, the trend may more simply be described by DLVO theory. The decrease in 



 

! 127 

dielectric constant and the dramatic observed decrease in surface charge density lead to 

expected increases in aggregation.  

Non-aqueous cryo-TEM is a challenging technique that requires patience to 

produce samples of sufficient quality to examine. Through its application here, the role 

key solvent properties play in the aggregation of metal oxide and oxyhydroxide 

nanoparticles has been studied. Future work will examine the effects of aging 

suspensions in non-aqueous solvents as well as mixtures of solvents to fine tune control 

of aggregate size and morphology.  

Supporting Information Available  

Cryo-TEM images of many cryo-TEM artifacts with these non-aqueous solvents 

are available in Appendix C. 
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Appendix A. Supporting information from Chapter 2 

Graphs showing the distributions of product nanocrystal rod lengths, widths, and 

aspect ratios. 
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 Figure A.1 Graphs showing the distribution of rod length as a function of initial 
primary particle length (ppli), sodium nitrate concentration, and fraction of material with 
rod morphology. The distributions are arranged in increasing aging time from bottom to 
top. Solid and dashed white lines are the median and mean length, respectively. The 
solid and dashed black lines are the median and mean length, respectively, for all rods 
measured in each graph. The number to the right of each distribution is the number of 
rods measured. 
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 Figure A.2 Graphs showing the distribution of rod width as a function of initial primary 
particle length (ppli), sodium nitrate concentration, and fraction of material with rod 
morphology. The distributions are arranged in increasing aging time from bottom to top. 
Solid and dashed white lines are the median and mean length, respectively. The solid 
and dashed black lines are the median and mean length, respectively, for all rods 
measured in each graph. The number to the right of each distribution is the number of 
rods measured. 
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 Figure A.3 Graphs showing the distribution of rod aspect ratio as a function of initial 
primary particle length (ppli), sodium nitrate concentration, and fraction of material with 
rod morphology. The distributions are arranged in increasing aging time from bottom to 
top. Solid and dashed white lines are the median and mean length, respectively. The 
solid and dashed black lines are the median and mean length, respectively, for all rods 
measured in each graph. The number to the right of each distribution is the number of 
rods measured. 
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The crystallographic constant to determine rod volume from two-dimensional 

measurements. 

 

 Figure A.4 This constant is the area of the largest parallelogram that fits within an area 
of width × width (equal to unity) with two additional constraints placed on it. One, the 
parallelogram has an acute angle of 49.599°, which is the acute angle between {110} in 
goethite.70

 Two, it has one side in common with width × width. 
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Appendix B. Supporting information from Chapter 3 

Graphs showing the distributions of product nanocrystal rod lengths, widths, and 

aspect ratios. 
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 Figure B.1. Graphs showing the distribution of rod length as a function of initial 
primary particle length (ppli), pH, and fraction of material with rod morphology.  Solid 
and dashed white lines are the median and mean length, respectively. The solid and 
dashed black lines are the median and mean length, respectively, for all rods measured in 
each graph. The number to the right of each distribution is the number of rods measured. 
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 Figure B.2. Graphs showing the distribution of rod width as a function of initial 
primary particle length (ppli), pH, and fraction of material with rod morphology.  Solid 
and dashed white lines are the median and mean length, respectively. The solid and 
dashed black lines are the median and mean length, respectively, for all rods measured in 
each graph. The number to the right of each distribution is the number of rods measured. 
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 Figure B.3. Graphs showing the distribution of rod aspect ratio as a function of initial 
primary particle length (ppli), pH, and fraction of material with rod morphology.  Solid 
and dashed white lines are the median and mean length, respectively. The solid and 
dashed black lines are the median and mean length, respectively, for all rods measured in 
each graph. The number to the right of each distribution is the number of rods measured. 
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Appendix C. Supporting information from Chapter 5 

 

 Figure C.1 Cryo-TEM images of artifacts in isopropyl alcohol samples including A) 
bubble / void formation in a goethite sample, B) beam induced crystallization in a 
ferrihydrite sample, and C) before and D) after beam damage causing void formation in 
a ferrihydrite sample. 
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 Figure C.2 Cryo-TEM images of artifacts found in acetic acid samples of ferrihydrite 
including A) acicular crystals before sublimation and B) after sublimation, C) beam 
induced radiolysis damaging both the amorphous film and acicular crystals, and D) 
acicular crystals in a pure acetic acid only sample.  
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 Figure C.3 Cryo-TEM images of artifacts found in tetrahydrofuran samples of goethite 
suspensions including: A) beam damage resulting in void formation and B, C, & D) 
various manifestations of beam induced crystallization of the amorphous film. 
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Appendix D. Step-by-step Image Analysis with ImageJ 

Software 
ImageJ is an open-source image processing and analysis program written in Java 

by Wayne Rasband at the U.S. National Institutes of Health. It is freely available at 

http://rsb.info.nih.gov/ij/index.html with numerous user written plugins also available 

for download. The ImageJ employed here has been outfitted with the MBF ImageJ for 

Microscopy Collection of 200+ user plugins collated and organize by Tony Collins at the 

McMaster Biophotonics Facility. An online manual describing the collection is available 

at www.macbiophotonics.ca/imagej/. 

Semi-automated Primary Particle Counting 
The following is step-by-step instructions to perform semi-automated primary 

particle counting. Menu and submenu commands are given in parentheses.  

1. Original .dm3 image files recorded using Gatan Digital Micrograph are first 

opened (File>Open). 

2. Image is reduced to 8-bit depth for processing (Image>Type>8-bit). 

3. A pseudo flat field filter is applied to smooth out the back ground variations due 

to variations in the thickness of the carbon support film (Plugins>Pseudo Flat 

Field). 

a. Mean filter kernel size: 150 

b. Keep flat field: check 

c. 32-bit result: uncheck 

d. The Keep flat field option is a quality control check on the mean filter 

kernel size. If individual particles are discernable in the flat field filter, 
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the filter size needs to be increased. The flat can be discarded after 

examination. 

4. A threshold is manually applied to the resulting image to highlight sample pixels 

red so as to completely identify particles to be counted. Some background pixels 

will be highlighted as individual pixels as well, but these will be excluded later 

through binning the sizes to be counted. (Image>Adjust>Threshold) 

a. Adjust the sliders in the control window to set threshold level, but do not 

click Auto, Apply, Reset, or Set. 

5. The Nucleus Counter plugin is then run to segregate and count primary particles 

(Plugins>Particle Analysis>Nucleus Counter). 

a. Set the minimum and maximum projected areas to include in the particle 

count. These values were determined through trial and error until suitable 

values were determined and then systematically applied to all samples. 

i. Smallest Particle Size: 35. 

ii. Largest Particle Size: 400. 

b. Subtract Background: check 

c. Watershed filter: check 

d. Add Particles to ROI manager: uncheck 

e. Show Summary: check 

6. The Nucleus Counter produces a masked image with each counted particle 

outlined.  Check the masked image for accuracy of the semi-automated process 

in estimating the number of particles. Repeat steps 4 & 5, adjusting threshold 

sliders and binning range, if needed. 
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Particle Dimension Measurements 
Dimensions were manually measured using the linear line tool and the ROI 

manager. Lines are manually drawn on an image followed pressing the letter “t” after 

each line to add it to the ROI Manager list.  Previously drawn lines can be viewed by 

checking “Show All” and “Labels” on the ROI Manager window. Once all lines are 

drawn for an image, the ROI List can be saved for future reference by clicking in the 

ROI Manager window: More>Save… To save the entire list instead of just one 

measurement, it is important to click “Deselect” in the ROI Manager before trying to 

save the list.  The length of each drawn line can be retrieved by clicking “Measure” in 

the ROI Manager, which will then displace a list of each line, its label, and its length.  


