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Calcite, the most thermodynamically stable form of calcium carbonate
(CaCO3), is commonly found in nature and functions as a structural component
for a variety of organisms including mollusks, sea urchins, and algae. In
particular, the organisms often utilize single crystals that have significantly
increased hardness, modulus, and toughness when compared to a geologic sample
of calcite. The increased mechanical properties are of evolutionary benefit to the
organism and arise due to additives which control the crystal formation and are
incorporated within the single crystalline structures. These additives include
magnesium substitutions, small molecules and amino acids, and nanometer scale
globules of protein. Though the smaller scale additives are now relatively well
understood, the interaction mechanisms between the nanoparticle scale organic
and the crystal remain unknown. A more complete understanding of such particlecrystal interactions could lead to “design rules” which can optimize the
incorporation of nanoparticles into single crystals. This work uses in situ AFM
performed on growing calcite in the presence of nanoparticles with tunable
surface chemistry and reveals three types of nanoparticle-crystal interactions:
attachment-detachment, attachment-incorporation, and attachment-hovering,
where the nanoparticle hovers on the surface as growth proceeds unaffected.
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Additionally, the particle surface chemistry determines whether the interactions
are driven by the charge corona on the particle (a particle driven regime) or by
local behavior at the crystal surface (a surface driven regime). Further, this work
demonstrates that the distribution of particles in an ensemble is divided between
the three types of interactions in an equilibrium which can be affected by both
surface chemistry and the growth conditions. Together, we now have a more
complete picture of how nanoparticles can interact with a growing crystal surface.
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PREFACE
Naturally formed biominerals are stronger and harder than their geologic
equivalents. The evolutionary advantage provided by the improved mechanical
properties comes from precise control of the crystal growth that results in the
finished mineral. Organisms achieve such control by using large quantities of
additives including substituted atoms, small molecules (amino acids), larger
polymeric organics (like peptides), and proteins.1,2 The additives also become
incorporated within the crystal and inhibit dislocation motion, leading to the
mechanical improvements in the bulk crystal.3–5 Together, additives help to shape
and structure the crystals to the organism’s needs. For example, in the mollusk
Atrina Rigida Calcium Carbonate is structured in two layers, one with prisms of
single crystalline Calcite (the most stable polymorph) and the other with tablets of
Aragonite (the least stable polymorph), both with hardness which is up to 3000x
greater than their geologic equivalents.3,4,6 Such powerful control of
crystallization is highly desirable for a huge variety of fields, from materials for
clean energy to synthesis of new pharmaceuticals. To fully take advantage of
crystallization controls requires in depth understanding of the mechanisms which
determine the additive-crystal interactions. At the bulk crystal scale, it is
relatively straightforward to grow crystals with additives of interest and examine
their morphology to see how the growth is affected. There is a significant body of
literature describing such studies for calcite with molecular scale additives.4,7–10 In
particular, Wegner and coworkers were the first to demonstrate synthetic
incorporation of nanoparticles into an inorganic single crystal.11,12 They controlled
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the surface chemistry of latex nanoparticles to facilitate incorporation into both
zinc oxide and calcite. In the calcite case, a thicker corona with a high density of
negatively charged acid groups best facilitated incorporation. Then the Meldrum
and Armes groups began designing polymer based nanoparticles to more closely
mimic the calcite single crystals observed in nature.9 It became clear that simply a
dense network of negatively charged groups is insufficient to facilitate
incorporation and in fact, fully acidic stabilizer chains are required.13–15 Such ex
situ studies have provided a structure for “design rules” to guide synthesis for
facilitating incorporation. To fully understand how the additives interact with a
growing crystal, however, requires nanoscale studies of growing crystal surfaces
in which we directly observe the interaction. Here too there is a body of literature
on atomic and molecular scale additives utilized in situ Atomic Force Microscopy
(AFM). Orme and De Yoreo first demonstrated the effects of amino acids on
growing calcite and proposed an energetic explanation for the observed
modification on growth hillocks.10 Subsequently, in situ studies of additive-crystal
interactions have been performed on crystal systems such as calcium oxalate, lcysteine, zeolites, and hematin.16–23 Detailed studies of molecular scale additives
have only recently been completed however, and as such even larger scale
organics have only begun to be studied. Cho and coworkers recently observed the
direct incorporation of micellar polymeric micelles into a calcite single crystal.24
They propose a size dependent incorporation mechanism where a cavity is formed
in the crystal to accommodate the nanoparticle and the size of the cavity scales
with the size of the nanoparticle. This thesis builds on their work and uses in situ
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AFM to probe the ensemble behavior of particle population as their surface
chemistry varies. There are two regimes of interaction depending on the stabilizer
chains of the nanoparticle. If the particle is stabilized by long, acidic, negatively
charged polymer chains the particle can access polyelectrolyte behavior.
Polyelectrolyte particles swell with increasing pH and are collapsed by cations in
solution. Such behavior makes their interaction with the crystal highly dependent
on the chain conformation, and their interactions are particle driven. Once on the
surface, they can access a “hovering” behavior when the stabilizer chains are
extended, and they remain bound to the surface as growth proceeds underneath
the particle. If a nanoparticle’s stabilizer chains are not polyelectrolytes, the
particle-surface interaction is surface driven, and more sensitive to conditions in
solution. Further, classic studies of additive-crystal interactions focus on single
growth hillocks, where the progression from the morphology of a single growth
hillock is relatively easily compared to the morphology of a bulk grown calcite
crystal. However, for a more macroscale growing crystal, it is highly likely there
will be multiple hillocks on the surface, and the interactions between hillocks
leading to the final morphology is no longer trivial. This work has characterized a
variety of hillock-hillock interactions and presents a framework for evaluating
hillock-hillock pairs which lead to the development of the macroscale crystal
morphology. In situ AFM has proven to be an extremely valuable tool for
studying crystal growth, and this work helps complete the library of work focused
on additive-crystal interactions as well as understanding the link from nanoscale
to macroscale.
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CHAPTER 1
MICROSCOPY TECHNIQUES FOR INVESTIGATING THE CONTROL OF
ORGANIC CONSTITUENTS ON BIOMINERALIZATION

1.1 Introduction
One of the universal characteristics of biomineralizing systems is that
macromolecular constituents, such as proteins and polysaccharides, are found in close
association with the mineral constituents.1, 2 Some of these organic components are
water soluble, but others assemble to create an insoluble scaffold within which the
minerals form. This intimate relationship between the matrix and mineral, along with
the unusual morphologies of biominerals and the common occurrence of metastable
mineral phases, suggests that the organic matrix actively controls mineral nucleation
and growth. Moreover, significant quantities of the organic matrix are typically
occluded within the resulting hierarchically-structured tissues (discussed further in this
issue by Schenk and Kim).3 This composite architecture endows biominerals with
remarkable mechanical properties and, as a result, during the past few decades,
biomineral systems have inspired developments in materials synthesis of new
composite materials.4, 5 However, truly emulating biological processes for novel
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L.A., “Microscopy techniques for investigating the control of organic constituents on
biomineralization”, MRS Bulletin, 2015, 40, 6, 480-489, Cambridge Publishing Inc.
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material creation has yet to be fully realized, because both the mechanisms by which
the macromolecular matrix assembles and mineralizes and the principles underlying
the structure-function relationships of mineralized tissues are poorly understood.
Recent advances in the application of microscopy techniques to define both the
processes of matrix assembly and mineralization and the hierarchical distribution of
matrix and mineral are beginning to fill the gaps in our understanding of both
formation and properties. Here we review some of these advances, using examples
from biological as well as bio-inspired systems to illustrate the insights they have
enabled. Table 1.1 provides a summary of the microscopy techniques discussed,
including their benefits and limitations within the scope of analyzing biominerals and
bio-inspired systems.

Table 1.1 Summary of techniques used to characterize biomineralization and
bioinspired synthesis presented in this chapter with a brief review of their
advantages/disadvantages.
2

1.2 Visualizing matrix assembly and mineral formation
1.2.1 What mechanisms and energetic factors control nucleation and growth?

3

In recent years, investigations of both matrix assembly and mineralization have
been performed to better understand the in vivo mechanisms that control these
processes. In situ methods have been particularly important, because dynamic
behavior occurs in response to differences in energy states and the barriers that
separate those states; thus, such studies provide an opportunity to probe the energy
landscape across which matrix assembly and mineralization take place. For both
processes, the important length scales are from the molecular scale to tens of
nanometers. Consequently, atomic force microscopy (AFM) and transmission electron
microscopy (TEM) have been the most significant techniques used, though the
information gained is typically augmented with other types of data, both in situ and ex
situ.
1.2.2 In situ AFM: Real-time imaging of assembly processes on surfaces
AFM is a type of scanning probe microscopy that uses a sharp tip on the end of
a cantilever to sense changes in sample topography. When the tip is brought to within
the range of the interatomic potential between the tip and surface, variations in the
potential with position lead to vertical deflections of the cantilever. Thus the
topography of the surface can be mapped by measuring the deflection of cantilever as
the tip is raster-scanned over surface. Typically, this deflection is measured by
reflecting a laser from the top of the cantilever onto a photodiode array, giving a
vertical resolution of less than an Angstrom.
AFM can be applied to both organic matrices and mineral surfaces exposed to
fluid, which is either static or flowing.6–8 Consequently, it enables direct observations
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of matrix assembly on substrates,9–11 mineral nucleation on organic matrices,12, 13 and
post-nucleation growth and interaction with organic constituents.7, 14–18 These
measurements can be complemented by a number of other techniques to obtain a
comprehensive picture of chemical interactions, energetic drivers, and mechanisms of
formation. The first, cryogenic electron microscopy (cryoEM), is a form of
transmission electron microscopy (TEM) in which a sample of solution is frozen so
rapidly in liquid N2 or liquid ethane that it forms a thin layer of vitrified water. CryoEM enables the observation of specimens in their native environment without any
staining or fixation, thus providing high-resolution structural information. The
second, in situ dynamic force spectroscopy (DFS) is a special application of AFM that
records the force required to break the bond between a functionalized AFM tip and a
surface. When this rupture force is measured as a function of the bond extension rate,
the resulting relationship provides characteristic parameters of the intermolecular and
mineral-matrix bonds such as the binding free energy per molecule. Vibrational and
electronic spectroscopy can be used to the reveal the functional groups responsible for
the observed changes in free energies and barriers, and molecular simulations can be
employed to test proposed mechanisms and determine underlying structural reasons
for the dominant interactions.
AFM has been used to investigate assembly of protein matrices by introducing
aqueous solutions of protein into a sample chamber referred as a fluid cell, which
contains substrates that promote assembly.9, 10 In vivo, collagen molecules, which form
the organic matrix of bone, align and intertwine to form microfibrils containing “hole
zones,” where there are gaps between the N- and C-termini of successive collagen
5

molecules.19 Observations of collagen assembly on mica revealed formation of
ordered fibrils via two distinct steps that resulted in the same periodicity observed in
collagen fibrils formed in vivo (Figure 1.1A–F).9 First, three single strand collagen
molecules associate with one another to form 1.5 nm-high triple-helices called
topocollagen molecules. These then assembled into ordered, 3 nm-high microfibrils,
which formed the building blocks of the larger scale fibrils. Other studies recorded
development of alternative architectures that depended strongly on the choice of pH
and salt concentration (Figure 1.1G–I). For example, while the ordered structure seen
in Figure 1.1A-F is obtained at pH 9.0 for K+ concentrations of 200 mm and above, at
pH 4.0 the architecture evolves from a monolayer of randomly oriented molecules to a
monolayer of co-aligned molecules to 3D bundles of co-aligned molecules as the K+
concentration is increased from 100 to 300 mM.11 Comparing the in situ results with
coarse-grained molecular models of assembly provided insights into the energetic
underpinnings of collagen architecture.11 Predictions based on variations of the
relative strengths of the inter-collagen and collagen-substrate binding through a
periodic set of strong and weak inter-collagen binding sites gave the observed
evolution in collagen architecture.

6
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Figure 1.1 In situ AFM can be used to investigate matrix self-assembly and
mineralization. (A)–(F) Self-assembly of Type I collagen on mica into an ordered
array with periodicity of 67 nm found in natural collagen. Times (min) are: (A) 12.9,
(B) 25.8, (C) 43.0, (D) 55.9, (E) 60.2, and (F) 77.4. (G)–(I) Architecture of collagen
on mica at pH 4.0 for K+ concentrations (mMol) of (G) 100 (H) 200 (I) 300. (J)–(L)
Nucleation of calcium phosphate on collagen at a solute concentration above the ACP
solubility limit. (J) ACP at 24 min then transforms to octacalcium phosphate at 64 min
(K) and then HA at 98 min (L). Time 0 corresponds to the moment solution was
injected into the atomic force microscopy fluid cell. Insets show transmission electron
microscopy images collected on samples taken from the three stages of development.
(M) Dependence of nucleation rate on time at six different supersaturations σi. Details
of the supersaturation values can be found in Reference 12. Analysis of the data gives
interfacial energies i of ACP = 40 mJ • m–2 and HA = 90 mJ • m–2. (N) Relationship
between growth rate and particle height on surface of collagen with σHA = 3.31, σOCP =
1.71, σACP = –0.02. A critical size of 0.7 nm is determined from the zero crossing of
the average growth rate (dashed line) All scale bars are 200 nm except in (I) where it
is 500 nm in the main image only. (A-F) adapted and reprinted from Ref. 9 with
permission from Elsevier copyright 2006. (G-L) reprinted with permission from
Macmillan Publishers Ltd Ref. 12 copyright 2013.
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Mineral nucleation on organic matrices can also be visualized by AFM.12, 13
Organic matrices are first assembled on flat substrates. Aqueous solutions of the
mineral phase are then passed through the fluid cell and formation of mineral nuclei is
observed (Figure 1.1J–L). If the nucleation process is arrested by switching from flow
of reagents to a liquid in which the mineral has no solubility, such as alcohol, the
sample can be collected and analyzed by TEM or Raman spectroscopy to determine
the mineral phase at a single point in time.12 The use of DFS to measure the binding
energy of the protein to single crystal substrates of the mineral allows one to correlate
the interfacial energy with matrix-mineral binding free energy.13, 20, 21
In bone, nonstoichiometric hydroxyapatite (Ca10(PO4)6(OH)2; HA) crystals
form within a highly organized matrix of collagen.22 There is an ongoing debate
regarding the nucleating potential of collagen fibrils in the absence of any other
proteins.23–25 Recently, AFM measurements of heterogeneous calcium phosphate
nucleation rates on collagen showed that solutions stable for days in the absence of
collagen produced nuclei in hours or less on collagen matrices.12 At supersaturations
below the solubility limit of amorphous calcium phosphate (ACP), HA formed
directly, but when the concentration was raised to slightly above the solubility limit of
ACP, the amorphous phase formed first (Figure 1J) before transforming to
octacalcium phosphate (Ca8H2(PO4)6 • 5H2O; OCP) (Figure 1.1K) and, finally, HA
(Figure 1.1L). Analysis of nucleation rates (Figure 1.1M) gave interfacial energies two
to three times less than those estimated for homogeneous nucleation and barriers that
were smaller by more than an order of magnitude. Analysis of the size distribution of
particles that, on average, grew versus those that dissolved (Figure 1.1N), provided an
9

estimate of the critical nucleus size. However, neither the change from HA nucleation
to ACP nucleation nor the small values of critical size could be understood within
classical nucleation theory. Comparison to cryoEM and titration analyses revealed a
formation pathway involving assembly of multi-ion complexes, which offered a
rationale for the unexpected formation of ACP precursor particles and the low value of
the critical size.
1.2.3 Cryo-EM and tomography: high-resolution, three-dimensional imaging of
hydrated samples
CryoEM techniques26 can provide insights into tissue structures at close to
native state.27, 28 They can also be used to provide quasi-time resolved studies of
nucleation and growth processes.29–33 These studies can complement in situ AFM
studies, and provide a more detailed picture of mineralization occurring within an
organic matrix. For example, cryoEM studies of synthetic intrafibrillar HA formation
in collagen fibrils revealed the early stages of infiltration of ACP particles at the hole
zones in the fibrils (Figure 1.2A,B).34 CryoEM tomography of the fully mineralized
fibrils revealed embedded nm-thick plate-shaped HA crystals with their c-axis parallel
to the fibril axis. Similar cryoEM approaches have been taken to study other
composite systems such as calcium carbonate nucleation under Langmuir–Blodgett
monolayers.29, 35 In these studies, amorphous calcium carbonate (ACC) forms and then
transforms to either calcite (in the absence of the monolayer) or vaterite and then
calcite (with the monolayer present) by dissolution/reprecipitation.29

10

Figure 1.2 (A, B) Cryogenic electron microscopy yields insights into the
mineralization of hydrated samples. (A) CryoTEM of a collagen fibril (from horse
tendon) with amorphous calcium phosphate (ACP) particles collecting near the hole
regions of the collagen (white arrows) after mineralization for 24 hrs in buffered
11

CaCl2, KPO4, and 10 g/mL of pAsp. (B) Tomographic reconstruction of the fibril
after the apatite has been fully crystallized (72 hrs in buffered solution) reveals
platelets (colored red) of mineral within the fibril itself. (C)–(E) Electron microscopy
and tomography reveal details of incorporated macromolecular additives. (C) ADFscanning transmission electron microscopy (STEM) of a focused ion beam section of a
calcite crystal (scanning electron microscopy, inset) grown in a 1 w/v% agarose gel.
Despite well-developed rhombohedral crystal, agarose gel fibers are clearly visible
(darker contrast) randomly distributed within the thin section. (D) Selected-area
electron diffraction of the area imaged in (C) demonstrating that the gel-grown crystal
diffracts electrons as a single crystal. (E) ADF-STEM tomographic reconstruction of
an area similar to (C) which emphasizes the network of agarose fibers incorporated
within the crystal. (A and B) Adapted and reprinted by permission from Macmillan
Publishers Ltd: Ref. 34 copyright 2010. (C and D) adapted from Ref. 63 with
permission from AAAS copyright 2009.
1.2.4 In situ TEM: direct observation of nucleation in bulk solutions and within
organic matrices
When nucleation occurs in bulk solution or within a biomimetic matrix, AFM
cannot be used to observe the nucleation process. In situ liquid phase TEM provides a
novel technique in these instances.36–41 A sealed liquid cell on a specialized TEM
holder (Figure 1.3A,B) allows for mixing reagents at the entrance to the cell and flow
of the mixture through the cell.42 Alternatively, the cell can be filled with one reagent
through one of the two flow lines, and the second reagent can be introduced by
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gaseous diffusion through the second line.43 To observe nucleation within a
macromolecular matrix, the macromolecules are added to one of the two reagents and
transferred into the cell prior to introduction of the second reagent. The appearance of
mineral nuclei and the spatial relationship to an organic matrix can then be observed
by TEM imaging. Electron diffraction is used to determine the phase of the mineral
and its evolution. Low-dose methods, beam shuttering, and examination of regions not
previously exposed to the beam are required to separate electron beam effects from
intrinsic phenomena.44, 45 Liquid phase TEM was used to observe calcium carbonate
(CaCO3) nucleation both in organic-free solutions42 and in the presence of an organic
matrix.43 Results on pure solutions produced by mixing of two aqueous reagents
demonstrated that multiple nucleation pathways can be simultaneously operative,
including formation both directly from solution and indirectly through transformation
of initially formed amorphous or crystalline precursors.42 When crystalline phases
formed as secondary phases through transformation of primary ACC, the secondary
nuclei appeared at the surface of the ACC particles and remained in direct contact
until the ACC was consumed. When ACC dissolution was induced, the observed
behavior suggested ACC comprises a spectrum of structures ranging from dense
liquids to solids.

13

Figure 1.3 In situ liquid phase transmission electron microscopy (TEM) enables
observation of nucleation and phase evolution for both mineral and organic
components. Schematic of (A) TEM liquid cell holder and (B) liquid cell. (C)
Globules (gray) formed through Ca2+ counter-ion condensation on polystyrene
sulfonate (PSS), some containing newly formed amorphous calcium carbonate (ACC)
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particles (black). (D) Zeta potential showing shift to more positive values due to Ca2+
binding to PSS to form globules (red—pure CaCl2 solution, blue—CaCl2 solution
containing PSS). (E) Growth rates of vaterite particles (orange, green, blue) formed in
the absence of PSS and ACC particles (black and red) within Ca-PSS globules. (F)
Time series showing ACC nucleation and growth within a globule. In absence of PSS,
vaterite forms randomly (not shown). Scale bars: (C) 50 nm, (F) 20 nm. Adapted and
reprinted (C-F) by permission from reference 43 Macmillan Publishers Ltd: copyright
2015. Also adapted and reprinted (A and B) from reference 42 with permission from
AAAS copyright 2014.
To investigate the role of macromolecular matrices in directing mineralization,
liquid phase TEM was also used to observe the nucleation and growth of CaCO3 in the
presence of poly(styrene sulfonate) (PSS).43 This acidic macromolecule was chosen to
mimic the polysaccharides believed important in the formation of certain marine
biominerals.46–48 In the PSS-free system, the configuration used for these experiments
led to random nucleation with vaterite, a metastable CaCO3 polymorph, being the
dominant phase. When PSS was first introduced in the CaCl2 reagent, calcium binding
to the polymer resulted in formation of Ca-PSS globules with an average diameter of
approximately 10 nm (Figure 1.3C). These observations were complemented by
titration calorimetry, which showed that more than 50% of the Ca2+ ions were
complexed by PSS, zeta potential measurements (Figure 1.3D), and in situ Fourier
transform infrared spectroscopy (FTIR), which demonstrated that the Ca2+ ions bound
to the sulfate groups. Upon introduction of carbonate, ACC particles nucleated first
but only formed within the globules (Figure 1.3C–F). Vaterite appeared at much later
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times but only formed outside of the globules. Both phases grew at diffusion-limited
rates (Figure 1.3E), from which the supersaturation at the time of nucleation could be
determined. The findings demonstrated that ion binding can play a significant role in
directing nucleation, independent of any control over interfacial free-energy, and that
the acidic polymers redirect the nucleation pathway to ACC formation.
1.3 Macromolecular inclusions in biominerals and bioinspired materials
1.3.1 How are large additives incorporated into crystalline lattices?
Understanding the internal structure of biominerals, and the interactions
between biomacromolecules and growing inorganic crystals, is of great interest for
developing bio-inspired synthetic materials with improved property profiles, as
discussed in more detail in the article by Schenck and Kim in this issue. One
outstanding challenge is the compositional and structural characterization of
hierarchically-structured, hydrated, biomineralized tissues, which typically have
significant quantities of nonperiodically arranged organics occluded within crystalline
matrices. While in situ techniques provide insights into the very early stages of crystal
nucleation and growth, due to sample size limitations of AFM fluid cells and in situ
TEM, the final product cannot be structurally characterized. Additionally, for
biological tissues, we often only have the final mineral product since we currently
cannot image the formation processes in vivo.
Fortunately, in recent years, advanced characterization techniques have
provided unprecedented resolution of the internal structure of biominerals and unique
insights into the mechanisms of formation of these structures. The most useful
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techniques enable simultaneous imaging of the organic and inorganic components,
with nanometer-scale resolution, and when possible, chemically rich information.
1.3.2 Electron tomography: 3D structural information
Electron microscopy, in particular scanning TEM (STEM), is particularly wellsuited to simultaneously imaging organic and inorganic components with nanometerscale resolution.49 In addition, local crystallographic information can be obtained by
selected-area electron diffraction (SAED), and where possible, high-resolution lattice
imaging can provide additional insight into crystal structure.50 Immunogold labeling
can be used in conjugation with TEM to visualize the locations of specific proteins
within a tissue sample.51–54 Briefly, small (<10 nm) gold nanoparticles are
functionalized with antibodies and allowed to bind to target proteins within tissue thin
sections. The high electron density of the gold nanoparticles facilitates imaging by
TEM.
More recently, electron tomography, in which a series of images of the sample
are taken at varying tilt angles with respect to the electron beam and reconstructed into
a 3D image of the sample,55, 56 has emerged as a technique for obtaining additional
spatial information about the distribution of organic inclusions within biominerals.
Energy dispersive spectroscopy (EDS) and electron energy-loss spectroscopy (EELS)
can provide additional chemical information about the samples, but both techniques
require high accelerating voltages. One of the main challenges in performing these
types of experiments on biomineralized tissues is that samples must be electron
transparent, which often requires thinning of samples via focused ion beam (FIB)
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milling. As alternatives to FIB, other techniques can be used to obtain ultrathin
sections such as cutting with a (cryo)ultramicrotome or wedge polishing hard tissue
samples.20, 57 Additionally, beam damage can be a problem for samples with high
organic content as it can introduce imaging artifacts such as amorphization of
crystalline regions, crystallization of amorphous regions, and destruction of organic
regions.
Mollusk shells are a model biomineral that have been extensively studied due
to their dramatically higher hardness and fracture toughness as compared to geologic
minerals.58 Electron microscopy and tomography have revealed details regarding the
incorporation of biomacromolecules within the CaCO3 single crystals that make up
both the prismatic (calcitic) and nacreous (aragonitic) layers.59–61 In all of these
studies, a common picture emerges of single-crystal components (from SAED) with
nanoscale inclusions, which are often arranged along preferred crystallographic
orientations (from electron tomography). In another study, a combination of annular
dark field STEM, electron tomography, SAED, and EELS were used to analyze the
remarkably structured calcite building blocks of coccolithophores (single-celled
algae).62
Inspired by biominerals such as mollusk shells, there have been several recent
studies on the incorporation of nanoscale aggregates of organic macromolecules into
synthetic single crystals of calcite (see Schenck and Kim article for additional
discussion).63, 64 The internal structure of calcite crystals grown within an agarose gel
was revealed by electron tomography (Figure 1.2C–E). Similar to biogenic crystals,
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the presence of the nanoscale gel fibers within the crystal did not appear to disrupt the
local crystalline structure. Even more interestingly, the cavities in which the fibers
were encased appeared to be faceted and contained high-energy homocharged {012}
facets as well as the expected {104} cleavage planes.
These studies reveal the power of electron tomography for revealing the
internal structure of biominerals and bio-inspired crystals. What these static techniques
cannot capture, however, are the mechanisms by which the organic macromolecules
become trapped within the crystals without significantly disrupting the lattice. Future
studies will aim to apply AFM, cryoEM and/or liquid cell TEM to visualize the
growth of crystals in the presence of these nanoscale additives.
1.3.3 Atom probe tomography: spatially resolved chemical information at the
nanoscale
Atom probe tomography offers both 3D imaging and chemical composition
measurements at the atomic scale (around 0.1-0.3 nm resolution in depth and 0.3-0.5
nm laterally).65, 66 This technique is currently the only way to chemically map
inclusions in biominerals, in detail, at the nanoscale. Using FIB and nanomanipulators,
needle-shaped samples are milled and mounted to a Si post array. Then a pulsed
ultraviolet laser sequentially triggers field evaporation of single atoms or small
clusters from the surface of the tip. The resulting ions are projected onto a position
sensitive detector (PSD) and their time-of-flight, and thus chemical identity, is
determined. The detector simultaneously measures 1) the time between the laser flash
and the arrival on the PSD to determine the mass over charge ratio of the ions and 2)
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the X-Y position and the order of arrival of the ions on the PSD to reconstruct the
original position of the atoms in the sample. By repeating this operation, the atoms are
progressively removed from the sample, and a 3D image of the material can be
reconstructed at the atomic scale (Figure 1.4A). The small size of the sample,
however, limits the overall image size and since the ejected organic fragments tend to
be larger than single ions, the resolution of their location is slightly reduced. Though
this technique was originally developed for studies of metals and semiconductors,
recent advancements have made studies of composite and biological materials
possible66–68 and, despite challenges, the results reported so far are groundbreaking.
The first pioneering application of APT to the study of biomineral composites
was to the tooth of a chiton, a small marine mollusk whose teeth are designed to
scrape algae off of rocks.69 Their teeth have a hard magnetite exterior and several
organic-inorganic interfaces that are of interest. The APT revealed a 2–4 nm
boundary-like region where the organic and inorganic materials are interspersed. The
authors speculate that this interphase likely improves adhesion between the chemically
disparate regions. A similar approach has been applied to dentin from elephant teeth.70
APT revealed long organic fibers running parallel to the tooth direction with crosssectional dimensions on the order of the width of a collagen microfibril (Figure 1.4B).
They also found that the fibers have locally increased concentrations of Mg2+ and Na+
ions (Figure 1.4C–D) and theorize that the exterior of the fibers may be coated with
noncollagenous proteins, which selectively bind ions and may aid in mineralization. In
other work, details of the chemical composition and spatial heterogeneity of rodent
enamel have been elucidated using APT.71 The unique chemical insights from APT
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allow for conclusions to be drawn about mechanisms of biomineral formation and
function based on spatially resolved chemical information.

Figure 1.4 (A) Schematic of an atom probe tomography experiment in which the
sample is ablated by a laser (forming ions) onto a mass spectrometer to determine the
type of atoms within the removed section. (B) Tomographic reconstruction of an
elephant dentin sample shows the isosurface for the organic fragment number density
(blue surface is the threshold for dense organic) revealing fibers aligned along the z
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axis. (C) and (D) Selected sections from the reconstruction in (B) with mass density
for organic fragments (C) and Na+ (D) locations shown. The highest density regions
for each are often, but not exclusively, the same, which implies that something in the
organic macromolecules may bind the ions. Scale for (C) and (D) are the same as (B)
x–y plane. Adapted and reprinted with permission from Ref. 70, copyright 2012.
1.3.4 X-ray spectroscopy: mapping amorphous to crystalline transformations
X-ray spectroscopy techniques, including x-ray absorption fine structure
(EXAFS) and x-ray absorption near-edge spectroscopy (XANES), coupled with x-ray
photoelectron emission microscopy (X-PEEM), have yielded many insights into the
structures of biominerals.72–79 Sample preparation is relatively minimal compared to
other techniques (typically embedding in resin and polishing), but some of the
techniques are surface-sensitive (depending on the wavelength of x-rays used),
requiring additional attention to avoid artifacts from surface-layers left by polishing.
EXAFS spectra contain information about local structure and therefore can
distinguish between amorphous and crystalline phases. X-PEEM studies have
provided a detailed picture of the amorphous to crystalline transformation in a variety
of biomineralized tissues. The use of amorphous precursors in biomineralization has
attracted much attention as a synthetic route to morphologically complex single
crystals.80 For example, a recent study of larval sea urchin spicules, mineralized
skeletal components, revealed that ACC nanoparticles unexpectedly persisted despite
crystallization of the surrounding material.81 To-date, most studies have focused on
characterizing the inorganic component of biominerals, however, the organic
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component can also be probed by looking at the carbon K-edge in the EXAFS spectra,
as shown in several recent studies.82–84
1.3.5 Vibrational spectromicroscopy: chemically rich 3D maps of tissue composition
Vibrational (Raman and infrared) spectromicroscopy can non-destructively
provide spatially-resolved (0.5-1 µm) compositional information about the organic and
inorganic components of biominerals.85, 86 These techniques consist of a spectrometer
coupled to a standard or confocal optical microscope, with the excitation source (laser
or IR) focused on the sample through an objective lens. Two-dimensional images,
with a spectrum at each pixel, are generated by raster-scanning the stage under the
excitation source over a selected area.
Confocal Raman microscopy was recently used to analyze stomatopod
raptorial appendages, which are used by the organism to “club” or “spear” prey
(depending on the species) at very high velocities.87,88 In this study, the authors
constructed compositional gradient maps which revealed a transition from ACC to
amorphous calcium phosphate at the bulk-impact interface, and finally, to highly
crystalline sulfate-containing fluorapatite (FAP) along the actual impact surface.77
Importantly, the sensitivity of the Raman technique allowed discernment of FAP from
apatite, which could not be done on the basis of standard x-ray diffraction alone.
Confocal Raman spectromicroscopy can also be used to characterize
compositional changes within 3D structures.89–92 In addition to 2D and 3D
compositional maps, polarized Raman microspectroscopy can provided quantification
of molecular and crystallographic orientation. For example, Masic et al. were able to
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observe multiscale orientational changes in rat tail tendon (Type I) collagen under
stress.93 Finally, one of the most promising applications of Raman is in vivo imaging,
and the capability to couple Raman microscopes with other techniques, such as
fluorescence microscopy. For example, bone formation in zebrafish larvae was
recently observed in vivo.94, 95 Anesthetized fish were analyzed under a waterimmersion objective using a fluorescence-enabled modified Raman setup. Spectra
were acquired along growing bones in the fin rays and showed a clear transition from
little or no calcium phosphate to a predominance of calcium phosphate, correlated
with calcein fluorescence (a calcium-binding marker). Furthermore, the mineral peaks
suggested that octacalcium phosphate (OCP), or an OCP-like intermediate phase, may
be present, a finding previously undocumented in vivo.
1.4 Conclusions
The development and application of advanced microscopy and spectroscopy
techniques, some of which can be performed in situ, have been essential for
understanding the structure and formation of biominerals and bio-inspired materials.
The information provided by these techniques about the chemistry, crystallography,
phase distribution, structure, energetics, and kinetics of these materials forms the basis
for an increasingly diverse understanding of the fundamental mechanisms by which
natural systems can create structures. Yet we are only beginning to effectively mimic
these processes synthetically. Fully understanding incorporated organic materials and
the role they play in composite crystals will lead to further developments at the
leading edge of characterization and synthesis.
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Numerous recent advances in AFM imaging promise to provide new insights
into biomineralization processes. High speed imaging96–98 with image collection times
below 100 ms should enable researchers to probe the conformational fluctuations and
transformations that control the emergence of order during the assembly of an organic
matrix. Frequency Modulated AFM (FM-AFM)99–101 is capable of both imaging the
structure of the near-surface water layers at solid interfaces in solutions and measuring
the small attractive forces barriers between the tip and sample during the approach to
the surface. These capabilities will lead to new insights into the role of solvation
forces and solvent-mediated matrix-mineral interactions in directing biomineral
formation.
Several of the other techniques described in this review, such as liquid phase
TEM, are still in their infancy. Development of liquid cells for TEM instrumented for
pH measurement, heating and cooling, and quantitative mixing will enable a wider
range of experiments with well-defined solution saturation states. Solution
supersaturation is a critical parameter to quantify in order for the resulting data
regarding nucleation and growth modes to be interpreted in terms of theoretical
predictions or compared to computer simulations. These and other developments will
further enhance the applicability of liquid phase TEM for studying crystallization and
matrix assembly.
New techniques, beyond those described here, are also emerging that have the
potential to provide even more detailed spatial and temporal resolution of
biomineralization processes in hydrated (fluid) environments. For example, the recent
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implementation of scanning transmission x-ray microscopy end stations on
synchrotron sources with resolution down to 10–20 nm102 has enabled elemental
mapping of hybrid organic/inorganic structures in fluid.103, 104 Another development is
a new type of scanning electron microscope (e.g., airSEMTM) in which fully-hydrated
and uncoated samples can be imaged in air, allowing in situ observation of processes,
such as calcium transport, in living organisms.95, 105 The airSEMTM enables correlative
imaging of tissues under ambient conditions by light and fluorescence microscopy and
electron microscopy with elemental analysis by EDS.94, 106 Finally, new sample
preparation techniques such as cryo-FIB, in which cryogenically frozen samples are
thinned by a focused ion beam will enhance our ability to prepare electron-transparent
samples of biological samples under near-native conditions.107
The future holds the promise of integrating several of these techniques to allow
for correlative imaging and, for example, link structural and compositional variations
to changes in properties, such as elastic moduli or hardness. Ultimately, the knowledge
gained through such studies will enable materials scientists to reproduce the
remarkable properties of biominerals through bio-inspired approaches to materials
synthesis.
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2.1 Abstract
In recent years, it has become clear that single crystals can form composite
structures with occluded additive materials. In the calcite model system, we have yet
to fully understand the interactions at the organic-inorganic interface which is usually
formed in these composites. We utilize in situ Atomic Force Microscopy (AFM) to
visualize polymer nanoparticles with tunable surface chemistry as they interact with a
growing calcite surface. Our results reveal three possible particle surface interactions:
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attachment-detachment, attachment-incorporation, and attachment-hovering, where
the particle remains on the surface while growth proceeds underneath. We also show
that an ensemble of particles of a given surface chemistry is divided between these
three interactions in an equilibrium. Further, the particle distribution within the
equilibrium is dependent on surface chemistry. This work provides a framework for
understanding how nanoparticles can interact with growing crystals.
2.2 Introduction
Biomineralization provides countless examples of the complexity that is
accessible by manipulating crystallization via atomic substitution, or by using
additives such as small molecules or proteins.1–3 The structural diversity among
biominerals is in part due to naturally-occurring macromolecular additives, which
affect the nucleation and growth of the crystals and can become incorporated.2,4 The
mechanisms by which atomic substitutions and small molecules interact with the
growing crystal are relatively well understood.5–11 Incorporation of larger organic
additives has been studied previously ex situ and more recently with in situ Atomic
Force Microscopy (AFM) using peptides, proteins, and synthetic anionic block
copolymer nanoparticles.12–16 In particular, in situ studies have demonstrated that
additive-crystal interactions with multivalent additives are complex, requiring a
multistep process through a weak and strong binding state.17,18 Thus a better
understanding of the mechanisms of additive-crystal interactions is required to guide
the rational synthesis of nanoscale additives designed to incorporate into single
crystals. In this study, in situ AFM is used to analyze the surface interactions between
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block copolymer nanoparticles (>10 nm diameter) and growing calcite (CaCO3)
crystals.
One key aspect of additive-crystal interactions is that the occlusion mechanism
depends on the additive size. Single atoms, small molecules (e.g., amino acids) and
proteins are all found within calcitic biominerals and affect crystal growth
differently.5,7,19,20 For example, Mg2+ is readily incorporated into calcite by
substituting for Ca2+ cations in the crystal structure.7,21 In the case of amino acids the
interaction with calcite is more complex, with chemical functionality determining the
preference for binding to crystal surfaces at a growing step edge.6 For example,
glycine and aspartic acid preferentially bind to acute step edges of calcite growth
hillocks.6 Additionally, molecules that cannot easily fit into the crystal structure must
be accommodated by larger vacancies within the crystal.5 For larger molecules, i.e.
peptides or polymers, length scales become important because the number of potential
bonding units in a chain impacts the ability of such macromolecules to adsorb at a step
edge. For example, a study using synthetic peptides showed that their potency of
inhibition increases significantly for longer chains.22 The dynamics of binding and
crystal growth are even more complex for synthetic polymers; some longer chains can
actually enhance crystal growth rates when present at very low concentration.22 At the
largest length scale, globular proteins and nanoparticles interact with a much larger
surface area of the crystal, and as such the surface chemistry of such additives is
expected to play a critical role in determining its mechanism of interaction with a
growing crystal. For nanoparticles, very little is known about the design rules for
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efficient occlusion other than the importance of anionic character and chemical
functionality of the stabilizer chains.23–25
Based on extensive research over the past twenty years, the key factor driving
nanoparticle incorporation into calcite is the surface chemistry and charge density of
the anionic steric stabilizer chains. Particle incorporation was first demonstrated by
Wegner and co-workers, who developed various anionic latexes that become occluded
within calcite and ZnO single crystals.26,27 More recently, Meldrum and co-workers
demonstrated that surface-carboxylated polystyrene latexes could also be incorporated
into calcite.24 However, isolated anionic carboxylate groups were insufficient to
ensure efficient occlusion: instead, polycarboxylated stabilizer chains were required,
which suggests cooperativity is important for binding to the calcite lattice.24 The same
team , working closely with various other groups, subsequently showed that micellar
diblock copolymer nanoparticles of ~15 nm diameter comprising an anionic poly(2(succinyloxy)propyl methacrylate) (PSPMA) stabilizer block could also be
incorporated into calcite crystals.25,28 Recent progress has been made towards an
empirical understanding of “design rules” for optimizing organic nanoparticle
incorporation into calcite.23 In particular, it appears that the relative surface density of
anionic stabilizer chains can determine whether or not nanoparticle occlusion is
observed.29 Nevertheless, more detailed understanding of the nanoparticle occlusion
mechanism(s) should inform the rational design of next-generation nanoparticles. In
this context, direct observation of the nanoparticle-crystal interaction mechanism
requires an in situ technique like AFM.
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A recent in situ AFM study by De Yoreo and co-workers revealed the
mechanisms by which individual carboxylated PSPMA-PDPA block copolymer
micellar nanoparticles are incorporated into calcite.13 A series of experiments
demonstrated that these anionic copolymer nanoparticles strongly interact with calcite
growth hillocks, binding to step edges, and quickly become engulfed under calcite
growth conditions. Moreover, the occlusion mechanism appears to differ depending on
the nanoparticle dimensions.13 Particles of ~3 nm diameter are incorporated as spheres
within the crystal lattice, but larger particles of ~15 nm diameter are compressed into
an cylindrical shape, apparently leaving a small void between each particle and the
nanoscale cavity that contains it within the crystal.13 To understand the surface
adsorption behavior of these anionic particles requires observing the particle-crystal
interaction with a growth hillock “paused” at equilibrium. Such experiments
demonstrated that the nanoparticles attach almost exclusively to step edges once they
are bound to the calcite surface, implying either highly specific adsorption or rapid
surface diffusion to these features.13 Despite these useful mechanistic insights, the role
of the anionic corona in influencing the mechanisms of nanoparticle-crystal surface
interaction remains unknown. Exploring this aspect of nanoparticle occlusion within
calcite is the primary objective of the present study.
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2.3 Results
2.3.1Experimental Design

Scheme 2.1 Summary of the three types of diblock copolymer nanoparticles used in
this study. (A) Non-ionic poly(glycerol monomethacrylate)-stabilized poly(benzyl
methacrylate) nanoparticles (Ph-PGMA63-PBzMA100); (B) Poly(glycerol
monomethacrylate)-stabilized poly(benzyl methacrylate) nanoparticles with a single
carboxylic acid group located at the end of each PGMA stabilizer chain (HOOCPGMA71-PBzMA100); (C) Anionic poly(methacrylic acid)-stabilized poly(benzyl
methacrylate) nanoparticles (PMAA85-PBzMA100).
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To effectively probe the mechanism(s) of nanoparticle-crystal interactions
requires a series of nanoparticles with tunable surface chemistry. Polymerizationinduced self-assembly (PISA)30,31 via reversible addition-fragmentation chain transfer
(RAFT) emulsion polymerization enables the synthesis of bespoke sterically-stabilized
diblock copolymer nanoparticles with identical hydrophobic cores but different
surface chemistries conferred by the hydrophilic stabilizer chains.23,32 Moreover, the
core-forming block can be selected to be optimal for the experiment. For example, an
in situ AFM growth experiment works best with relatively hard, nonfilm-forming
nanoparticles, which minimizes tip effects and also nanoparticle deformation after
adsorption. Similar nanoparticles have been previously utilized for the study of
occlusion within calcite23,25,28,29,33 and zinc oxide34: nanoparticles with relatively long
carboxylated stabilizer chains that are negatively charged under the growth conditions
(~pH 8) are most readily incorporated. Given such a library of ex situ results, we
expected that only nanoparticles with similar stabilizer chemistry would exhibit high
levels of incorporation. The specific diblock copolymer nanoparticles utilized in this
study comprise poly(benzyl methacrylate) (PBzMA) cores and either an ‘uncharged’
poly(glycerol methacrylate) (Ph-PGMA), ‘singly-charged’ poly(glycerol
methacrylate) (HOOC-PGMA) or ‘anionic’ poly(methacrylic acid) (PMAA) corona
(Scheme 1). Only the latter PMAA-based nanoparticles led to extensive incorporation
into calcite. The single terminal anionic charge was imparted to HOOC-PGMA
stabilizer chains by selecting an appropriate RAFT chain transfer agent (CTA)
containing a carboxylic acid group. We targeted a mean degree of polymerization of
100 for the hydrophobic core-forming PBzMA block to minimize the effects of
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nanoparticle size and deformation during calcite occlusion. As a result, these
copolymer nanoparticles are relatively robust compared to the anionic copolymers
with poly(2-hydroxypropyl methacrylate) cores used in previous studies13,25,28 and are
subsequently less susceptible to AFM tip artifacts. To examine the effect of
systematically increasing the anionic character of the charge corona, we grew calcite
in the presence of each type of nanoparticle both in the bulk (ex situ) and also using in
situ AFM. The combination of ex situ and in situ experiments allows us to make direct
comparisons between the three types of stabilizer block at different length scales.
2.3.2 Nanoparticle Characterization

Figure 2.1 Zeta potential (red) and DLS diameter (blue) measurements versus pH for
both PMAA-PBzMA (filled circles) and HOOC-PGMA-PBzMA (open squares)
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nanoparticles. Measurements were conducted in the presence of 1 mM KCl and
titrated from basic to acidic pH using HCl.
Prior to any detailed AFM study of nanoparticle-calcite interactions, we
examined the nanoparticles themselves. First, the zeta potential and z-average
diameter were each determined as a function of pH (Figure 1). The zeta potential
measured at pH 8 (the pH used for calcite growth) for all three nanoparticle types is
listed in Scheme 1. There is no pH-dependence for the zeta potential of the non-ionic
Ph-PGMA-PBzMA nanoparticles, whereas the HOOC-PGMA-PBzMA and PMAAPBzMA nanoparticles acquire progressively greater anionic character at higher pH as
the carboxylic acid groups become deprotonated. The diameter of the HOOC-PGMAPBzMA nanoparticles remains relatively constant at ~34 nm while the PMAAPBzMA nanoparticles increase from ~25 nm to ~45 nm diameter between pH 4 and
pH 8. This observation is consistent with polyelectrolyte brush behavior, where a
higher pH causes swelling of the coronal layer via extension of the increasingly
anionic chains35,36. Therefore polyelectrolytic PMAA chains are likely to be in a morestretched conformation than the PGMA chains due to coulombic repulsion between
adjacent anionic groups. The HOOC-PGMA particles do not possess polyelectrolyte
coronas and therefore do not exhibit such swelling behavior. We used transmission
electron microscopy (TEM) and static AFM imaging on poly(L-lysine)-treated mica in
fluid to confirm that these PBzMA-based nanoparticles could be imaged after their
adsorption at a planar surface using AFM (Fig. S1). Indeed, nanoparticle diameters are
very similar when imaged by TEM and AFM (~15 nm).
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2.3.3 Calcite Growth Ex Situ

Figure 2.2 Representative scanning electron microscopy (SEM) images of calcite
grown ex situ at 20 °C with the three types of nanoparticles used in this study (see
main text for further details). (A) Control calcite crystal prepared in the absence of any
nanoparticles. (B) Representative crystals grown in the presence of non-ionic PhPGMA-PBzMA nanoparticles. (C) Representative crystal grown in the presence of
anionic HOOC-PGMA-PBzMA nanoparticles. (D) Representative crystal grown in the
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presence of PMAA-PBzMA nanoparticles. In each case the ammonia diffusion
method was utilized at pH 8 using 5 mM CaCl2 and a copolymer nanoparticle
concentration of 0.75 wt%.
The most common method to examine the effect of nanoparticles on calcite
formation is to grow bulk ex situ crystals in aqueous solution in their presence, as
reported in various studies.5,23,25 In control experiments performed in the absence of
any nanoparticles, rhombohedral crystals with clean, smooth {104} facets are formed
(Fig. 2A). Crystals grown in the presence of non-ionic Ph-PGMA-PBzMA
nanoparticles remain rhombohedral, as expected (Fig. 2B). However, if anionic
nanoparticles are present during calcite formation, the crystal morphology is affected.
Calcite rhombohedra grown in the presence of HOOC-PGMA-PBzMA nanoparticles
have blunted edges and much rougher {104} facets, suggesting some weak
interactions between these nanoparticles and growing crystal (Fig. 2C). The presence
of PMAA-PBzMA nanoparticles has a much more dramatic impact on the crystal
morphology (Fig. 2D). The {104} facets are retained as endcaps, but crystals become
rounded and extended into bullet-like shapes, indicating a very strong interaction
between such nanoparticles and the crystal lattice. Previous ex situ growth studies
have shown that such a drastic change in morphology often correlates with significant
incorporation5,20,37–39. Although these images provide a useful initial guide, direct
observation at much shorter length scales via in situ AFM is required to appreciate the
true nature of the nanoparticle-crystal interaction.
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2.3.4 In situ AFM
To conduct in situ AFM studies, growth solution is flowed over the surface of
a freshly-cleaved single crystal of calcite using a fluid cell containing the AFM tip.40,41
Under carefully controlled conditions corresponding to relatively low supersaturation
(supersaturation  is defined in Equation 1, where AP is the activity product and Ksp is
the equilibrium solubility product), calcite only grows via addition of CaCO3 growth
units to hillocks, which are sources for atomic steps originating from screw
dislocations within the crystal.40–42
𝐴𝑃

𝜎 = ln(𝐾 )
𝑠𝑝

Equation (2.1)

Observing in situ growth via this mechanism allows direct observation of
nanoparticle-crystal interactions at conditions close to those found in nature (ambient,
room temperature, and a low degree of supersaturation). Based on previous AFM
literature and classical crystal growth theories, we anticipated three possible
interactions for nanoparticles with a growing calcite crystal.8,12,42 These are: (i)
attaching and then detaching from the surface, (ii) attaching and becoming
incorporated into the crystal, as reported by Cho et al.13 and (iii) an intermediate
scenario where a nanoparticle “hovers” on the calcite surface, while steps continue to
flow beneath it.12 It is hypothesized that all three interactions can occur to some
degree. However, the specific nanoparticle surface chemistry is expected to determine
the major interaction for a given nanoparticle type. With sufficient data, we can
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analyze the behavior of an ensemble of particles to compare the effects of varied
charge coronas on the particle-crystal interaction.

Figure 2.3 Time-resolved in situ AFM studies of calcite growth in the presence of
three types of sterically-stabilized diblock copolymer nanoparticles ( = 1.15,
nanoparticle concentration= .00075%wt). Zero time (t = 0) refers to when the
nanoparticle-containing growth solution is first added to the AFM cell. A-C: growth in
the presence of non-ionic Ph-PGMA-PBzMA nanoparticles. D-F: growth in the
presence of weakly anionic HOOC-PGMA-PBzMA nanoparticles. G-I: growth in the
presence of strongly anionic PMAA-PBzMA nanoparticles. The (+) and (-) define the
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obtuse and acute facets of the growing calcite hillock, respectively. Movies S1-S3
available online depict a more complete series of images. Images are deflection (color
scale  20 mV) taken in contact mode.

Calcite growth studies using in situ AFM allows direct observation of the
nanoparticle-crystal interactions. A typical series of images from these time-resolved
experiments is shown in Figure 3A-3C (non-ionic Ph-PGMA-PBzMA nanoparticles),
3D-3F (weakly anionic HOOC-PGMA-PBzMA nanoparticles), and 3G-3I (strongly
anionic PMAA-PBzMA nanoparticles) (Movies S1-S3). First, a control growth hillock
is formed in the absence of any nanoparticles (Figs. 3A, 3D, 3G). Once such a hillock
is identified, the growth solution is switched to one of identical composition, ionic
strength and pH that contains nanoparticles. Then the nanoparticle-crystal interactions
can be directly imaged under growth conditions. The Ph-PGMA-PBzMA
nanoparticles (Figs. 3A-3C) have negligible effect on the growing hillock and
minimally interact with the calcite surface, although they are most likely present very
near to the calcite-solution interface (note the increased noise in Figs. 3B-3C). Such
observations are fully consistent with the unmodified bulk calcite crystal shown in
Figure 2B. The HOOC-PGMA-PBzMA nanoparticles bind to the acute facets of the
growing hillock (Figs. 3E and 3F) but do not seem to modify this feature, which is
similar to the minimal changes observed for the bulk calcite crystal in Figure 2C. In
striking contrast, the strongly anionic PMAA-PBzMA nanoparticles initially cause
roughening of both the obtuse and acute steps, leading to hillock rounding (Fig. 3H).
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This hillock modification is consistent with the morphology of the bulk calcite crystals
(Fig. 2D). Subsequently, the hillock becomes heavily decorated by nanoparticles on
the acute facets (Fig. 3I). The selected stills provide a useful summary, but
understanding the nanoparticle-calcite interaction mechanism(s) in more detail
requires higher resolution images.
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2.3.5 Nanoparticle-Crystal Interactions

Figure 2.4 High resolution in situ AFM images of the highly anionic PMAA-PBzMA
nanoparticles interacting with a growing calcite face at  = 1.15. The height
measurements in the bottom right are from line scan measurements of the highlighted
nanoparticles. Over time, three types of behavior can be observed, although the
51

highlighted nanoparticles start at similar relative height. The orange nanoparticle
attaches between the first and second image, then detaches between the third and
fourth image. There is a gradual reduction in the height of the green nanoparticle until
it is apparently incorporated within the crystal. The blue nanoparticle “hovers” on the
surface, staying attached but not becoming incorporated within the crystal. This Figure
is also available as Movie S4.

Imaging the nanoparticle-crystal interactions at higher resolution reveals three
types of behavior, as anticipated (Fig. 4): (i) after initial attachment, the nanoparticle
immediately detaches again from the surface (orange box); (ii) the nanoparticle
attaches to the surface and there is a progressive reduction in its apparent height as it
becomes incorporated within the crystal (green box), producing a small cavity similar
to those reported by Cho et al.13; (iii) the nanoparticle attaches to the calcite surface
and “hovers” above it without changing its height significantly until either it becomes
detached or is eventually occluded (blue box). Close inspection of the image series
shown in Fig. 4 confirms multiple examples of these three modes of interaction.
Sampling large populations of nanoparticles is required to quantify the relative
contribution made by each mode for the three types of nanoparticles studied herein.
By tracking individual nanoparticle heights over time, we can build up a better
understanding of their behavior and hence reveal the relative contributions made by
each of the three modes of interactions (Figure 5A; see Supplementary Figures S4 and
S5 for plots of individual nanoparticle behavior). Qualitatively, more PMAA-PBzMA
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than HOOC-PGMA-PBzMA particles bind to the calcite surface within an equivalent
amount of time. Tracking nanoparticle height as a function of time reveals that the
strongly anionic PMAA-PBzMA and weakly anionic HOOC-PGMA-PBzMA
nanoparticles appear to become incorporated within calcite at approximately the same
rate, implying a similar incorporation mechanism for both types of nanoparticles (Figs.
S4 and S5). A summary of the three modes of interactions reveals that a similar
fraction of both types of nanoparticles are incorporated (40-45% of population),
whereas the fraction of particles that hover and detach vary significantly between the
two types. For the PMAA-PBzMA nanoparticles, ~40% hover while only ~15%
become detached. Conversely, ~10% of the HOOC-PGMA-PBzMA nanoparticles
hover while >50% detach (Fig. 5A). When the nanoparticles are sorted with respect to
which type of interaction they undergo as a function of time, it becomes evident that
most of the PMAA-PBzMA nanoparticles either begin incorporating into the calcite
lattice or detach immediately (Figs. 5B and S7). Furthermore, it appears that
nanoparticles that bind to the surface in later images are much more likely to “hover”.
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Figure 2.5 Comparison of the three modes of interaction of HOOC-PGMA-PBzMA
and PMAA-PBzMA nanoparticles with calcite as determined by in situ AFM studies.
(A) Histograms showing the relative proportion of each nanoparticle population to
exhibit either detachment, hovering or incorporation. (n=50 for PMAA-PBzMA and
n=27 for HOOC-PGMA) (B) Histograms showing the number of nanoparticles each
of the three types of behavior for PMAA-PBzMA nanoparticles over time. The image
number refers to the last image obtained before a significant (>10%) height reduction
is observed. A comparable histogram obtained for HOOC-PGMA-PBzMA
nanoparticles is shown in Fig. S7 (albeit for fewer nanoparticles). See Methods section
for further details on image analysis and nanoparticle selection.

2.4 Discussion
The nature of the steric stabilizer chains (and resulting anionic charge density
of the nanoparticles) clearly dictate nanoparticle-crystal interactions. Thus, the nonionic Ph-PGMA-PBzMA nanoparticles have essentially no interaction with growing
calcite. The weakly anionic HOOC-PGMA-PBzMA nanoparticles only slightly
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modify bulk calcite crystals but still interact strongly enough for any given
nanoparticle to potentially participate in one of the three modes of interaction. The
strongly anionic PMAA-PBzMA nanoparticles attach in much greater numbers to the
calcite surface but still exhibit each of the three modes of interaction. The in situ AFM
data shown in Figure 5 lead to the following three important questions regarding the
nature of the nanoparticle-crystal interaction. (1) How does the variation in coronal
charge density affect initial nanoparticle binding to the surface? (2) Why do only the
PMAA-PBzMA nanoparticles “hover” in large numbers? (3) Why do nanoparticles
that eventually bind later tend to “hover” rather than become incorporated directly?

2.4.1 Charge Corona Effect on Particles in Solution
We cannot properly analyze nanoparticle-crystal interactions without first
considering the chemical structure of the nanoparticles in the growth solution. Both
Ph-PGMA-PBzMA and HOOC-PGMA-PBzMA possess flexible stabilizer chains
with either zero or relatively low charge density. In contrast, PMAA should act as a
polyelectrolyte brush because of its highly anionic nature at pH 8.35,36 When immersed
in a solution at a pH above its pKa, a PMAA brush becomes swollen and extended due
to deprotonation, resulting in coulombic repulsion between the highly anionic
chains.35 In Figure 1, DLS studies indicate that the mean diameter of the PMAAPBzMA nanoparticles substantially increases on switching from below pH 4 (25 nm)
to pH 8 (45 nm). Similar pH-dependent behavior has been observed for PMAA
brushes.35 Such polyelectrolyte brushes are known to be strongly affected by ionic
strength, and can become swollen with increasing salt concentration.35,36 Such
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swelling is an osmotic effect driven by cation binding to the PMAA chains, since this
generates an osmotic pressure via a net increase in charge density.35 However, the
PMAA chains eventually become saturated with ions and collapse (the so-called
“salted brush” regime).35 Therefore, PMAA stabilizer chains should become highly
extended in calcite growth solution (1.8 mM Ca2+ and 36 mM Na+ ions at pH 8). In
contrast, the HOOC-PGMA chains are not polyelectrolytes and thus do not exhibit
such swelling behavior.
2.4.2 A Model for Nanoparticles Interacting with a Growing Crystal
The observations made in these in situ AFM experiments combined with
previous studies of peptides on calcium carbonate and oxalate lead us to present a
model that describes the likely interactions of nanoparticles (or nanoscale additives)
with growing crystals in the low supersaturation regime. This model is depicted in
Scheme 2: the nanoparticle first binds to the surface via electrostatic interactions
between the anionic carboxylate groups and the cationic Ca2+ ions in the crystal
lattice. On attachment, relatively fast nanoparticle diffusion occurs to the step edges in
most cases or if the particles happen to attach at a step edge, they need not diffuse. The
concept of step edge diffusion is based on the experiments conducted by Cho et al.,
who clearly demonstrated that nanoparticles are bound almost exclusively to the step
edges under equilibrium conditions, thus suggesting relatively fast surface diffusion, at
least initially.13 Once the nanoparticle becomes strongly bound to the surface, its
diffusion becomes hindered by the ionic bond(s) between the charged group(s) and the
surface. Subsequently, the bound nanoparticle adopts either a swollen or a collapsed
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state. Weaver et al.43 showed that similar binding behavior for peptides is best
explained by invoking multistep time-dependent adsorption to the growing crystal
surface. This concept is analogous to the brush-like PMAA stabilizer chains becoming
“salted out” and collapsing. In their swollen, extended state such anionic chains are
extended, so the Ca2+ and CO32- ions can still access the step edge; this binding
configuration allows the step to propagate under the pinned nanoparticle, which
“hovers” on the surface. However, if the PMAA chains are instead “salted out” then
the nanoparticle collapses and access to the step edge is blocked. Thus the step grows
around the pinned nanoparticle, leading eventually to its incorporation within the
crystal. Swollen nanoparticles can also subsequently collapse, hence “hovering”
nanoparticles can also eventually become occluded. The PMAA-PBzMA
nanoparticles have a much greater tendency (Fig. 5A) to become swollen and “hover”,
with the anionic character of the PMAA chains being the most likely reason for such
behavior. This study has provided new insights into nanoparticle-crystal interactions in
real time on the nm length scale; our observations should inform the design of nextgeneration organic nanoparticles that enable the extent of occlusion within host
crystals to be maximized.
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Scheme 2.2 Schematic representation of the possible modes of interaction of two
types of anionic nanoparticles interacting with a growing calcite surface. On contact
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with the surface, the nanoparticles first undergo fast diffusion to become bound at a
step edge. Subsequent relaxation of the copolymer chains determines to what extent
the growth species (Ca2+ and CO32- ions) can access binding sites on the step edge.
Hence the nanoparticle either (I) detaches or (II) continues to interact with the surface
by “hovering”. For the highly anionic PMAA-PBzMA nanoparticles, the copolymer
chains can either (IIB) remain rigid (slow relaxation) to allow access of growth ions to
the step edge or (IIA) relax quickly, thus blocking growth species. For the HOOCPGMA stabilizer chains, faster relaxation (II) blocks growth ions from diffusing to the
step edge. When such mass transport is blocked, the pinned nanoparticle becomes
occluded as the step grows around it.
2.4.3 Initial Binding Process: Importance of the charge corona
On adding the strongly anionic PMAA-PBzMA nanparticles to the growing
calcite crystal, in situ AFM studies reveal a substantial change in the hillock
morphology (including roughening of the step edges) before these nanoparticles are
observed at the surface (Fig. 3H). Similar local roughening is common for small
molecules interacting with calcite, so the roughening we observe is possibly due to
attachment of unbound polymer, osmotically driven out of the micelle in an
equilibrium process44. Any free polymer will bind tightly to the step edge due to the
PMAA block, so even a very low concentration of free polymer could cause a change
in hillock morphology5. It is also possible that there is some contamination from free
PMAA homopolymer, which could also cause hillock rounding. In either case, the
smaller size of the free polymer, as compared to the nanoparticles, would allow for
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faster diffusion to the growing crystal surface. The step roughening should also
enhance initial nanoparticle attachment to the surface by generating more kink sites
(high energy binding sites) on the step edges42. The weakly anionic HOOC-PGMAPBzMA nanoparticles behave very differently. First, although attachment of some
smaller units occurs at the acute step edges (Figure 3E), much less severe hillock
modification is observed prior to nanoparticle attachment. Also, the nanoparticles do
not appear to attach as strongly or to the same extent. With the non-ionic PGMAPBzMA nanoparticles, there is no hillock modification over a comparable time scale
(Fig. 3B), and step progression is clearly observed with no change in morphology or
nanoparticle attachment (Supplementary Fig. S3).
Once the nanoparticles interact with the calcite surface, Figure 5A illustrates
the strikingly different behavior for the two types of anionic nanoparticles. For the
HOOC-PGMA-PBzMA nanoparticles, there is only a single terminal anionic
carboxylate group per chain, so crystal binding is relatively weak and the
nanoparticles tend to either immediately detach or become incorporated. In contrast,
the PMAA-PBzMA nanoparticles can bind more strongly and access a much greater
number of binding states as a result of the cooperativity conferred by the highly
anionic PMAA chains. Therefore, for any given PMAA-PBzMA nanoparticle
attachment, subsequent “hovering” or incorporation within the growing crystal lattice
is much more favorable. This behavior is reflected in the quantitative data shown in
Figs. 5B and S7: a much greater number of PMAA nanoparticles are observed at the
calcite surface. Our in situ data are consistent with earlier (albeit more qualitative) ex
situ data; determination of zeta potential alone is not sufficient to predict efficient
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occlusion. Instead, the precise nature of the nanoparticles and their surface charge
density must be considered23,24,29.
The nature of the stabilizer chains accounts for the observed interactions.
When a nanoparticle initially attaches to the surface, it either remains adsorbed or
subsequently becomes detached. If it stays bound, the long stabilizer chains must
undergo relaxation to satisfy the local charge balance. For the HOOC-PGMA-PBzMA
nanoparticles, such relaxation is likely to be fast, since the stabilizer chains only
possess a single terminal anionic charge and the chains never adopt a stretched
conformation. The PMAA-PBzMA nanoparticles most likely have more extended
stabilizer chains so relaxation is more complex, possibly involving both fast and slow
relaxation modes. For highly swollen PMAA-PBzMA nanoparticles with extended
stabilizer chains, relaxation is likely to be relatively slow. Such extended chains are
likely to be highly permeable to neighboring ions, making it easier for the crystal to
grow beneath attached nanoparticles. “Hovering” occurs when such nanoparticles
remain at the calcite surface in their swollen state for some time prior to ion-induced
collapse. PMAA-PBzMA nanoparticles are more likely to display this hovering
behavior because they are more prone to undergo slower relaxation. For either type of
nanoparticle, once the stabilizer chains relax at the surface, the step edge is forced to
grow around the nanoparticle, leading to its incorporation within the crystal lattice.
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2.4.4 Particles binding later hover: Effect of free polymer in solution
A surprising feature of the two histograms shown in Figure 5 is that most of
the nanoparticles that bind later remain in their swollen state and “hover.” Though
they may subsequently become incorporated, the concept of a time-dependent
distribution of nanoparticles between these two states is surprising because such
experiments usually assume a steady state has been attained, not least because the
inflowing solution supplies a constant concentration of nanoparticles and growth units
(i.e., Ca2+ and CO32- ions) for the crystal. However, the assumption of a steady state
ignores the potential effect of free (co)polymer chains in solution, rather than existing
in the form of nanoparticles. In principle, there is a micelle-unimer equilibrium for
these diblock copolymer nanoparticles, with a background concentration of individual
copolymer chains (unimers)44. Given that the PMAA-PBzMA diblock copolymer is
highly anionic, its free chains most likely behave as molecular additives, binding to
the step edge and hindering crystal growth. Such behavior might account for the
substantial changes in hillock morphology observed for PMAA-PBzMA nanoparticles.
In addition, if the hydrophobic core-forming PBzMA block is sufficiently large to
prevent incorporation, the build-up of copolymer at the surface and particularly at step
edges would provide an additional barrier to nanoparticles entering the collapsed state
on the surface. This behavior would increase the relative fraction of particles in the
hovering state, thus explaining the apparent time dependence for both types of
nanoparticles. In principle, an increase in “hovering” over time could also be induced
by the AFM tip interacting with nanoparticles under continuous imaging. In view of
this possible imaging artifact, we ceased imaging for a few minutes between each
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series of images prior to resuming AFM studies. This precaution had no effect on our
observations.
2.5 Conclusions
Charge density and surface chemistry are critical factors for determining
nanoparticle-crystal interactions during crystal growth, including efficient nanoparticle
occlusion. Previous work has shown that atoms must be comparable in size to Ca2+ to
substitute into the ionic crystal, small molecules require negatively-charged functional
groups, and nanoparticles must have highly anionic coronas in order to become
incorporated within calcite. In the latter case, the number of anionic (e.g., carboxylate)
groups per chain is a key factor in governing the nanoparticle-crystal interaction. The
in situ AFM studies detailed in this report provide the first observation of “hovering”
behavior for nanoparticles; this phenomenon has previously only been reported for
peptides on growing calcium oxalate monohydrate crystals. We suggest that such
“hovering” is one of three possible modes of interactions that appropriate
nanoparticles may have with a growing crystal. The other two interactions are either
simply surface attachment and detachment or attachment followed by immediate
occlusion. Furthermore, for a highly anionic nanoparticle collapse of its steric
stabilizer chains is the primary factor in determining its surface interaction, such that
faster collapse enables its incorporation to proceed rapidly. Additionally, there is some
evidence that free (co)polymer chains may modify the crystal surface, demonstrating
that appropriate care must be taken to account for all the species likely to be present in
the aqueous solution. This study can inform the design of next-generation
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nanoparticles for even more efficient occlusion within calcite. For example, tuning
solution chemistry to promote collapse of the electrolyte corona could be used to
control the amount of nanoparticle incorporation. Going forward, consideration of the
interaction of nanoparticles with the surface hydration layer of calcite and other
crystals can also help to fine-tune incorporation amounts.45,46 Furthermore, our model
for nanoparticle-crystal interactions is likely to be applicable to other host crystals,
leading to the ability to custom design single crystal composites that pair disparate
materials within a single structure.
2.6 Materials and Methods
2.6.1 Particle Synthesis
The synthesis of PGMA and PMAA macro-CTAs via RAFT solution polymerization
has been described in detail elsewhere25,28. The synthesis of similar PBzMA-core
nanoparticles via RAFT emulsion polymerization was recently reported by Armes and
co-workers47.
2.6.2 Dynamic light scattering and Zeta Potential
Dynamic light scattering (DLS) and zeta potential measurements were performed at
25°C using a Zetasizer Nano-ZS instrument (Malvern Instruments, UK) at a fixed
scattering angle of 173° using Dispersion Technology Software version 6.20.
Copolymer dispersions were diluted in 1 mM KCl. Aqueous dispersions were adjusted
to pH 9 using KOH and titrated to approximately pH 3 with HCl.
2.6.3 TEM
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Transmission electron microscopy (TEM) studies were conducted using a Philips CM
100 instrument operating at 100 kV and equipped with a Gatan 1 k CCD camera.
Diluted nanoparticle dispersions (~0.10 % w/w) were dried on freshly glowdischarged carbon-coated copper/palladium grids (Agar Scientific, UK) and
subsequently exposed to 0.75 w/v % uranyl formate solution for 30 s at 20oC prior to
analysis.
2.6.4 Ex Situ “Bulk” Calcite Growth
Crystals were grown in a desiccator via the classical ammonia diffusion method48. All
samples were 10 mL in total volume and used 5 mM CaCl2 solution in Petri dishes.
Crystals were grown on glass cover slips, which had been sonicated for 5 min each in
DI water (18.6 M) and ethanol to remove any surface contamination before being
placed in the growth solution. The nanoparticle dispersions (15 wt%) were used neat
in 0.5 mL aliquots for each sample. Crystals were allowed to grow in the desiccator
saturated with ammonium carbonate for two days. Then the glass slides containing the
calcite crystals were removed and dried with N2 gas. The slides were then mounted on
aluminum SEM imaging stubs and coated with ~100 nm of conductive carbon before
being imaged using a Tescan MIRA3 FE-SEM.
2.6.5 In Situ AFM Experiments
Imaging experiments were performed using a Multimode AFM with a Nanoscope III
Controller (Digital Instruments) using the method reported by Cho et. al13. Solutions
were prepared by adding 5 L of 15 wt% nanoparticle dispersion (final copolymer
concentration = 5 M) to premade aqueous solutions of CaCl2 (1.8 mM) and NaCl
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(39.4 mM). For imaging, geologic calcite (Iceland Spar, Ward’s Scientific) was glued
with epoxy to the steel AFM sample disk with a freshly-cleaved {104} face for
imaging. Using a commercial fluid cell (MTFML, Bruker Nano) and a syringe pump
to control fluid flow, growth solution was flowed through the cell at 20°C at a typical
rate of 0.30 mL/min. Imaging was performed using Bruker Nano DNP-S model
cantilevers with a nominal radius of curvature for the tip of less than 10 nm. Images of
the calcite surface were recorded in either contact mode (primarily) or tapping mode
using scan rates of ~3 Hz and typically 256 lines per image. The key to imaging the
nanoparticles was minimizing the force applied by the tip, otherwise unacceptable
levels of nanoparticle displacement were observed. Even in the best case scenario,
there was clear (but consistent) movement of the nanoparticles by the tip towards the
edges of the image. However, in the minimal force case, this tip effect was consistent
and reproducible (see Supplementary Information and Fig. S6). Detailed imaging
areas were typically 1x1, 3x3, or 5x5 m. For consistent image sequences, images
were always taken in the up direction. For imaging the anionic nanoparticles adsorbed
onto mica, the mica was freshly cleaved and treated with poly(L-Lysine) to ensure its
surface charge reversal and hence promote nanoparticle binding to the surface.
2.6.6 AFM Image Analysis
Images were analyzed using Nanoscope Analysis software. Nanoparticles were
selected for inclusion in statistics only if their initial height was between 9 and 20 nm
(so as to minimize the unwanted inclusion of any nanoparticle aggregates) and there
were no other nanoparticles within 50 nm of the measured particle. Heights were
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determined through individual line scans across at least six images (or until the
nanoparticle either detached or became fully incorporated). All nanoparticles were
tracked by hand to ensure there was no double counting. Residency time on the
surface was determined by taking the time at the last image before the nanoparticle
changed significantly in height. Qualification for the designation of “hovering”
required less than 10% variation in the observed nanoparticle height for at least three
consecutive images (~5 minutes real time. For the PMAA-PBzMA nanoparticles,
three different experiments were conducted to analyze 50 nanoparticles. For the
HOOC-PGMA-PBzMA nanoparticles, two separate experiments yielded a total of 27
nanoparticles for analysis.
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2.8 Supporting Information
2.8.1 Tip Effects
AFM tip effects were minimized in a similar manner to previous in situ AFM
studies of calcite1. However, the diblock copolymer nanoparticles used in this work
are inherently elastic. Thus they are particularly sensitive to the tip scanning the
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surface. Some of the nanoparticles are inevitably pushed to the exterior of the imaging
area, as shown in Supplementary Information Figure S6. This effect is mitigated by
minimizing the force that the tip applies to the surface. However, the nanoparticles are
nevertheless still perturbed by the tip (Fig. S6). Additionally, it was observed that
some of the “hovering” nanoparticles subsequently detached or became incorporated
into the calcite crystal. In principle, it is possible that the “hover and detach” process is
purely an artifact of the imaging. In practice, it is more likely that some fraction of the
“hovering” nanoparticles are not able to attain their collapsed (adsorbed) state and do
subsequently detach. However, we cannot deconvolute the artifact from what may be
happening elsewhere on the surface and therefore we present the “hovering” data as a
separate category. It is likely that tip scanning reduces the number of binding events
per image with increasing image number as compared to a pristine (un-imaged) area of
the crystal face. Again, this perturbation should equally affect the different
nanoparticles; we are confident that we have accurately captured a population of
nanoparticles and their behavior, but the effect must be considered in the analysis of
the nanoparticle dynamics.
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Figure 2.6(S1). Tapping mode AFM images, line scans and transmission electron
micrographs (TEM) of (A, C) PMAA-PBzMA and (B, D) HOOC-PGMA-PBzMA
nanoparticles. AFM images of the nanoparticles absorbed onto poly(lysine)-treated
mica were obtained in deionized water. TEM images were obtained by drying a dilute
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dispersion of nanoparticles onto a carbon-coated TEM grid before staining with uranyl
formate. According to TEM (17.1 nm average) and AFM studies (15.2 nm average),
the PMAA-PBzMA (A, C) and HOOC-PGMA-PBzMA (B, D) nanoparticles are very
similar in size (~12 nm).

Figure 2.7(S2). A typical in situ AFM image used to track nanoparticle interactions
(PMAA-PBzMA) with the surface of a calcite crystal. Yellow circles highlight the
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nanoparticles which meet the requirements for further tracking and analysis.
Nanoparticles indicated by pink circles do not qualify for tracking because they have
already begun to be incorporated. Each nanoparticle indicated by a yellow circle has
had its height tracked and recorded and is included in the larger data set.

Figure 2.8(S3). Time series of in situ AFM images during calcite step growth in the
presence of uncharged Ph-PGMA-PBzMA nanoparticles. Inset (A) shows a control
hillock before addition of these nanoparticles. The steps clearly move unhindered with
no nanoparticle attachment despite their presence in solution near the crystal surface
(as indicated by the greater noise and streaking in images).
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Figure 2.9(S4). Relative nanoparticle height over time for a single in situ AFM image
series of HOOC-PGMA-PBzMA nanoparticles on the surface of a calcite crystal. Each
line corresponds to an individual nanoparticle tracked across multiple AFM images.
Three types of nanoparticle behavior were observed; (i) immediate detachment from
the surface within one image (orange lines, n = 17), (ii) hovering on the surface before
either detachment or incorporation (blue lines, n = 6), and (iii) incorporation directly
into the crystal (green lines, n = 27). The distribution of hovering nanoparticles
between later detachment and incorporation is likely to be strongly affected by the
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AFM tip and is therefore not studied in further detail. Nanoparticles that are directly
incorporated into the calcite appear to do so at similar rates.

Figure 2.10(S5). Relative nanoparticle height over time for the PMAA-PBzMA
nanoparticles. Each line corresponds to an individual nanoparticle tracked across
multiple AFM images. The color coding by behavior type is the same to that in Figure
S4: orange represents nanoparticle detachment (n = 7), blue represents nanoparticle
hovering (n = 17), and green corresponds to immediate nanoparticle incorporation into
the crystal (n = 26). Incorporation appears to occur at similar rates for all
nanoparticles.

73

Figure 2.11(S6). In situ AFM images showing the effect of the AFM tip on PMAAPBzMA nanoparticles on the surface of calcite. Similar observations were also made
for HOOC-PGMA-PBzMA nanoparticles (not shown). The lower magnification
image obtained at 186 seconds reveals the region where the sample was imaged. There
are clearly some tip artifacts, but these will be identical for all samples analyzed and
the most likely effect is to remove some of the “hovering” nanoparticles, thus
preventing further binding and incorporation.
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Figure 2.12(S7). Histogram showing the number of nanoparticles that either detach,
hover or incorporate for HOOC-PGMA-PBzMA nanoparticles over time. The image
number refers to the last image obtained before a significant (> 10%) height reduction
is observed. Note the similarity to the histogram shown in Figure 5B of the main
manuscript.
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CHAPTER 3
TUNING PARTICLE-SUBSTRATE INTERACTIONS WITH SOLUTION
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3.1 Abstract
Incorporation of functional materials into single crystals is a long held goal of
the crystal growth community because of the potential to synthesize composites with
properties that would not be expected based on their constituents. Recently, progress
has been made using long polymeric stabilizer chains for both polymeric and
inorganic nanoparticles. An understanding of the mechanisms of particle-crystal
interactions is needed before chemistries can be designed that optimally incorporate
nanoparticles into single crystals. In situ Atomic Force Microscopy (AFM) has proven
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to be a valuable tool for directly observing particles as they interact with and are
incorporated into single crystals of calcite. In this work we use evidence from in situ
AFM experiments to propose two regimes of particle-crystal interactions: (ii) particle
driven where the structure of the charge corona determines the interaction with the
crystal, and (ii) surface driven, where the local environment on the crystal surface
determines the interaction.
3.2 Introduction
Incorporating additives into single crystals is of significant interest because of
the potential for synthesizing composites with emergent properties. Calcite serves as
an ideal model system for studying additive-crystal interactions because it relatively
easily incorporates additives into micron size single crystals. Previous work has
extensively studied the role of atomic substitutions, small molecules, peptides, and
nanoparticles using both ex situ and in situ methods in the context of biomineral
formation.1–6 Of particular interest are nanoparticles, because optimizing nanoparticle
incorporation into single crystals would enable designer single crystal composites. A
wide variety of nanoparticles, such as latex, metal oxides, and block copolymer
micelles readily become incorporated into calcite single crystals.6–9 However,
generally nanoparticle incorporation requires that the particles are stabilized by
polymer chains with high densities of negatively charged groups, usually carboxylic
acids.9–12 Therefore understanding the interactions at the organic-inorganic interface
when the particles are on the crystal surface is critical. We expect that particle-surface
interactions will be strongly affected by the bound hydration layers present on crystal
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surfaces in aqueous solution because water at the interface is highly structured.13 Ions
in solution can potentially affect both the structuring of the hydration layer and the
structure of the nanoparticles, so solution chemistry is likely an important factor when
considering particle-crystal interactions. In this work we utilize in situ Atomic Force
Microscopy (AFM) to directly observe nanoparticles on a growing crystal surface,
because it makes possible detailed analysis of additive-surface interactions.1,4,14–16
In particular, polymer nanoparticles have been the focus of nanoparticle-crystal
interactions in situ because they have easily tunable surface chemistry. In depth
investigations directly observing polymeric nanoparticles on a growing calcite crystal
using in situ (AFM) have begun to reveal the particle-crystal interactions. Cho and
coworkers were the first to study the nanoparticle-calcite interaction and showed that
individual polymeric particles land on the crystal surface, diffuse to step edges, and
subsequently become occluded in the crystal by step propogation.17 Our group
recently studied the behavior of populations of nanoparticles as they interact with the
surface. (Chapter 2) By tracking large numbers of nanoparticles as they interacted with
the surface we showed that the particle-crystal interaction for polymeric nanoparticles
is determined by the structure of the charge corona. Depending on the charge corona
chemistry, the population of particles is divided between three possible behaviors:
detachment from the surface, hovering on the surface, or collapsing on the surface and
becoming incorporated. The collapsed state best facilitates incorporation into the
crystal because it forces steps to grow around and occlude the particle. This work
utilizes in situ AFM to help complete our understanding of the effects of different
solution conditions on particle-crystal interactions.
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3.2.1 Polyelectrolyte Nanoparticles are Affected by Solution Conditions
Polymeric nanoparticles in water have a dense coating of hydrophilic stabilizer
chains that keep the particles from aggregating in solution. These chains are typically
spaced within one radius of gyration of one another, which causes the chains to behave
as if they were polymer brushes.18 To explore the effects of growth conditions on
particle-crystal interactions we chose polymeric nanoparticles with two different
surface chemistries; one with a carboxylic acid group at the end of each stabilizer
chain (HOOC-PGMA-PBzMA, Figure 1), and one with fully acidified stabilizer
chains (PMAA-PBzMA, Figure 1). The PMAA-PBzMA particles act as a weak
polyelectrolyte and exhibit swelling with increasing pH because the chains are forced
to separate and extend by coulombic repulsion and osmotic pressure as the acidic
groups become deprotonated.18–20 Increasing cation concentration can also swell the
particles as the ions enter the area around the chains to balance the charges.18,19,21
However, once charge balance is satisfied the polyelectrolyte chains collapse, which is
called the “salted” or “collapsed” state.18–20 Though this effect can be caused by any
cation, divalent cations are much more effective at collapsing a polyelectrolyte than
monovalent because they can crosslink the stabilizer chains.20,21 The HOOC-PGMAPBzMA particles will not behave as a polyelectrolyte and cannot access such a
dynamic collapse. They only have one negative charge at the end of each chain, which
makes the conformation of the PGMA chains relatively relaxed and flexible as well as
insensitive to changes in pH and cation concentration. With particles of two different
surface chemistries and charge corona structures, we can compare the particle-surface
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interactions as a function of changing supersaturation and ionic strength as well as the
effects of changing the concentration of divalent or monovalent ions.

Scheme 3.1: Experimental Design. We use two different types of polymeric
nanoparticles to evaluate the importance of solution conditions like supersaturation
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and ionic strength. Here we show a control growth hillock on calcite (A) from which
we subsequently choose a growth condition and nanoparticle (B). Then we observe the
effects on the hillock and track the nanoparticles over time as growth proceeds (C).
Our workflow is as follows (Scheme 1): First, using a fluid flow setup
optimized for calcite growth, a hillock is grown on a sample of geologic calcite using
a solution of CaCO3 in an AFM (Scheme 1A). The supersaturations are low enough so
only hillock growth is accessible.14,22 Once a stable hillock is formed, the growth
conditions (supersaturation or ionic strength) can be increased or decreased by simply
changing ion concentrations in the inflowing solution (Scheme 1B: Experimental
Conditions 1-3, IS1-3). Then a growth solution containing the particle of interest is
added (Scheme 1B: PMAA-PBzMA or HOOC-PGMA-PBzMA). Finally, we take a
series of images of the hillock as growth proceeds with the nanoparticles present and
track the particle population. We performed experiments that spanned both
supersaturation and ionic strength (Scheme 1B: Experimental Conditions 1-3, IS1-3).
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3.3 Results and Discussion
3.3.1 Nanoparticle Structuring in Solution

Figure 3.1: Z-average diameter and zeta potential measurements as a function of
calcium chloride concentration for both nanoparticle types used in this study. pH = 8
set using KOH, CaCl2 diluted from 1 M stock solution (CaCl2:2H20, Sigma Aldrich).
Before imaging the particle-crystal interactions we studied the solution
behavior of the nanoparticles as a function of calcium chloride concentration at pH 8
(Figure 1). For both nanoparticle types, the zeta potential becomes less negative at
very low concentrations (0.5 mM calcium chloride). Strikingly, at the same calcium
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chloride concentration, the diameter of the PMAA-PBzMA nanoparticles is reduced
by ~30 nm while the diameter of the HOOC-PGMA-PBzMA nanoparticles is
unchanged. The decrease in diameter is consistent with the PMAA stabilizer chains
collapsing in the presence of divalent cations. When monovalent sodium is used
instead of divalent calcium, we observe charge screening for the PMAA-PBzMA
nanoparticles, but no decrease in diameter for concentrations as high as 45 mM NaCl
(Supplementary Figure S1).
3.3.2 Divalent Cations Increase Surface Interactions
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Figure 3.2: Representative AFM images (at t~10 min after adding nanoparticles) from
experiments spanning supersaturation. Qualitatively supersaturation has a major
impact on the particle-crystal interaction. An increase in supersaturation brought by
increasing [Ca2+] and [CO32-] in solution greatly enhances the attachment of both types
of particles to the surface. In particular, for the PMAA-PBzMA particles, a film of
particles forms on the surface at the highest sigma. Particle concentration is
0.00075%wt. =0.76 corresponds to 1.4 mM CaCl2 and =1.54 is [CaCl2] =2.2 mM.
The [NaCl] is adjusted to keep the ionic strength (IS) constant at 35 mM.
From our previous studies, we know that a collapsed particle state should lead
to increased attachment to the crystal surface and increased incorporation. Our DLS
data indicate that increased divalent cation concentration will increase particle
collapse in solution. Therefore, we should be able to drive the particle
attachment/incorporation by increasing [Ca2+] and supersaturation. Figure 2 presents
an in situ sampling of the particle-crystal interaction at supersaturations corresponding
to 20% [Ca2+] around =1.15 ([Ca2+] =1.8 mM). The effect is clear even upon
qualitative analysis (Fig. 2). Both types of nanoparticles attach with greater frequency
at condition 3, while hardly attaching at all at condition 1 (Fig. 2). The
polyelectrolyte PMAA-PBzMA particles qualitatively attach in greater quantities than
HOOC-PGMA-PBzMA, so much so that at 3 the PMAA-PBzMA particles begin to
form a film on the surface which persists even under continuous tip rastering in
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contact mode (Supplementary Figures S2 and S3). Previous reports indicate that
normally such a film would be subject to movement by the tip. (Chapter 2)
We can quantitatively measure the attachment by analyzing the area of the
crystal surface that is covered by particles in a given image (Methods, Supplementary
Figure S4). Our surface coverage measurements indicate that an increase in [Ca2+]
increases attachment to the surface for both particle types (Figure 3). The large
increase in attachment for the PMAA-PBzMA particles is likely related to the
polyelectrolyte character of PMAA. Polyelectrolyte behavior is driven by cations, so
calcium is key to understanding the particle-crystal interaction in this case. Though
we cannot strictly deconvolute the effects of supersaturation from [Ca2+],
polyelectrolytes are extremely sensitive to divalent cation concentration (as shown in
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the DLS), so we believe the disproportionate increase in attachment is most easily
explained by the increasing cation concentration.

Figure 3.3: Area coverage measured by ImageJ at three different supersaturations, and
constant IS=35. Both particle types increase in coverage with increasing
supersaturation. From =1.15 to =1.54 the PMAA attachment increases significantly
and disproportionally. Data are the mean of measurements across five images from
t~10 to t~15 min after particle injection. Error bars are one standard deviation above
and below the mean
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3.3.3 Polyelectrolyte particle-surface interactions depend on particle structure

Figure 3.4: Structural changes in the charge corona of a polyelectrolyte nanoparticle
with pH and cation concentration such as the PMAA-PBzMA nanoparticles used in
this study. Chains are extended by osmotic pressure and coulombic repulsion at the pH
of calcite growth (pH 8) but are collapsed if there is sufficient concentration of cations
to satisfy the negative charges on the chains.
The PMAA-PBzMA particles are polyelectrolytes and as such their charge
corona is changed when cation concentration varies. With increasing pH, the PMAA
chains first become extended and osmotically swollen as Coulombic repulsion forces
the chains apart from one another (Fig. 4). However, once enough divalent cations are
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localized in the PMAA chains, the charges balance, and the chains crosslink and
collapse (Fig. 4). Zeta potential and diameter measurements illustrate that the collapse
effect occurs with increasing [Ca2+] but not with [Na+] (Figure 1 and Supplementary
Figure S1). Any cation should be able to salt and collapse a polyelectrolyte at high
enough concentrations, but divalent cations are much more potent than
monovalent.20,21
On the crystal surface, if the particle remains in the swollen/extended state it is
more likely to detach from the surface or “hover” on the surface as we have previously
reported. (Chapter 2) In contrast, the collapsed state leads to more particle-crystal
bonds forming and therefore makes incorporation more favorable as the steps are
forced to grow around the particle (Fig. 4). Increasing [Ca2+] increases the number of
PMAA-PBzMA nanoparticles in the collapsed state, increasing attachment to the
surface. The collapsed state also most easily displaces the hydration layer on the
surface. Though in principle increasing [Na+] should eventually cause the same effect,
we do not observe it here. In fact, as long as Ca2+ is present, it dominates the
interaction. Because the state of the particle determines its interaction with the
growing crystal we have termed this regime particle driven interaction.
In an attempt to quantify the expected increase in particle incorporation, we
performed an ex situ experiment studying the impact of varying supersaturation in the
presence of the PMAA-PBzMA nanoparticles (Supplementary Fig. S5). However, at
higher driving forces we observed the presence of some polycrystalline aggregate
structures (calcite and vaterite by XRD, Fig. S6), so we could not analyze individual
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single crystals to measure incorporation. Therefore, we focused on in situ growth
studies to remove this variable and study the effect of the particles on growth only.
3.3.4 Background electrolyte reveals a second interaction regime

Figure 3.5: Representative AFM images (at t~10 min) after introduction of 0.00075
%wt particles. Effect of varying ionic strength by changing [NaCl] in the growth
solution. The increase in the number of HOOC-PGMA-PBzMA particles (yellow
arrows, top right) which attach to the crystal surface is notable. The PMAA particles
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appear to attach readily at both ionic strengths (yellow arrows, bottom). =1.15
corresponds to [Ca2+] =1.8 mM. The ionic strength is varied by changing [NaCl].
If the PMAA nanoparticles in the collapsed state more easily attach and push
away the hydration layer, than disrupting the hydration layer using monovalent ions
could also enhance attachment without affecting the particle. Some monovalent
cations are already present during the growth in the form of Na+ as part of the
background electrolyte, though their effect on the growth is generally understood to be
limited to minor binding at the acute step edges.23,24 We vary [Na+] by controlling the
ionic strength with [NaCl] in the growth solution while keeping [Ca2+] constant. A
representative set of images reveals the HOOC-PGMA-PBzMA nanoparticles appear
to have little or no interaction with the crystal at condition IS1 but are clearly visible
on the surface at condition IS3 (Fig. 2). A change in IS does not affect the structure of
HOOC-PGMA-PBzMA nanoparticles so any change in the attachment cannot be
particle driven. We can more quantitatively estimate the area covered by particles on
the surface using a threshold in ImageJ (Methods, Supplementary Figure S4 for
details). These analyses indeed show that the HOOC-PGMA-PBzMA particles cover
more area at a higher IS (Fig. 6). In contrast, according to our area measurements, the
PMAA-PBzMA particles are relatively unaffected by varying [NaCl] while still
covering more of the crystal surface than the HOOC-PGMA-PBzMA particles (Fig.
6). The effects of [NaCl] lead us to hypothesize there are indeed two different
interaction regimes.
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Figure 3.6: Area coverage measured by ImageJ at three different ionic strengths, and
constant =1.15. There is no apparent change for the PMAA-PBzMA nanoparticles
while no binding increases to ~1% coverage for HOOC-PGMA-PBzMA
nanoparticles. Data are the mean of measurements across five images from t~10 to
t~15 min after particle injection. Error bars are one standard deviation above and
below the mean.
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3.3.5 Non-polyelectrolyte particle binding depends on hydration layer structure

Figure 3.7: The interaction between HOOC-PGMA-PBzMA particles and calcite is
determined by the local crystal surface environment. Calcite structure is adapted from
Margraff, Reeder, 1985 (AMSCD).
The HOOC-PGMA-PBzMA particle corona is not affected by a change in pH
or ion concentration since PGMA is not a polyelectrolyte (Figure 1). Therefore, its
interaction with the surface can only be affected by highly localized changes in the
near-surface environment. Computational and experimental work has suggested that
the limiting factor governing binding of additives to calcite is the dehydration of the
two or more hydration layers of bound water on the crystal surface.13,25 We propose
that the increase in HOOC-PGMA-PBzMA particle attachment with ionic strength can
be explained by the cations (or anions) facilitating the interaction by disrupting the
hydration layer or by enhancing the favorability of binding sites on the hydration layer
itself (Fig. 7). In the case of sodium or chloride, the effect is weaker than that of
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calcium or carbonate; though sodium does interact with the calcite surface (in
particular the acute step edge), it does not bind as strongly as calcium or carbonate.23,24
Since only the local surface environment drives the interaction in this case, we have
termed this the surface driven interaction regime. It is possible that at much higher IS
(e.g., >1 M NaCl), salting-out of the PMAA-PBzMA corona could occur, but since
such high electrolyte concentrations could cause particle aggregation or grow
undesired crystal phases we did not purse this option. The relatively limited effect of
varying IS on the PMAA-PBzMA particles lead us to conclude that the surface driven
effect is substantially weaker and only present if there are no polyelectrolyte particles.
We can now predict based on our in situ results that increasing IS results in an
increase in particle-crystal interaction for HOOC-PGMA-PBzMA in general. To test
our prediction, we performed a bulk growth experiment of calcite ex situ with the
HOOC-PGMA-PBzMA nanoparticles using the ammonia diffusion method. The bulk
growth shows that indeed the interaction between the nanoparticles and the crystal is
enhanced by increasing from 5 mM NaCl to 500 mM NaCl (Supplementary Figure
S7). The crystal morphology becomes increasingly roughened only in the presence of
nanoparticles. Increased roughness implies at a minimum there is increased surface
interaction and modification. It can also indicate increased incorporation either near
the crystal surface or throughout the bulk of the crystal. With refined control over the
nanoparticle-crystal interactions, we can probe the nuances of the particle-surface
interactions.
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3.3.6 Micelle Bonding Permanency

Figure 3.8: Growth and recovery of a hillock as PMAA-PBzMA nanoparticles round
the hillock and form a bound film (t=0 min to t=47 min) and then are gradually
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removed via incorporation near the hillock peak once a control growth solution is
added (t=47 min to t=63 min). Growth at =1.54 (2.2 mM Ca2+) and .00075%wt
nanoparticles.
Typically during in situ AFM experiments studying the effect of an additive is
limited to the kinetic changes to the hillock under growth or dissolution conditions.
However, with a more complete understanding of particle-surface interactions, we can
now study the kinetics of nanoparticle-surface binding. Either the particles are bound
irreversibly and act as a step pinner to block growth, or the bonding is an equilibrium,
and the particles can freely attach and detach from the surface. The bound film of
nanoparticles at the highest supersaturation tested (3=1.54) makes it possible to
conveniently test such kinetic binding principles. We performed a growth experiment
at growth condition 3 with nanoparticles present, but instead of simply continuously
imaging the growth in the presence of particles, once a film of particles was observed,
the growth solution was changed to a pure calcium carbonate solution (3=1.54) with
no polymer particles. Figure 8 and Movie S1 reveal that though the particles attach
and form a film over ~12 min, more than twice that time is required for them to begin
to disappear from the surface. It appears that they are primarily becoming incorporated
near the hillock peak (Fig. 8 t=47 min to t=63 min). Further, consistent with our
previous report, (Chapter 2) we observe the growth hillock (particularly the acute step
edges) becoming severely rounded (Fig. 8 t=12 min). However, once the nanoparticles
are no longer on the hillock surface, the growth hillocks regain their original
rhombohedral morphology (Fig. 8 t=63 min). Lower magnification imaging reveals
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the crystal cannot completely recover from the effects of the nanoparticles on the
growth (Figure 9). Once the particles are bound to the surface, growth apparently
proceeds along the hillock peak and ridges even while particles are still flowing in
(Fig. 9 t=12 min to t=42 min). Upon switching to pure growth solution, a hopper like
region emerges under the particle film before the hillock fully recovers (Fig. 9 t=36
min to t=60 min). Once the hillock fully recovers, growth proceeds rapidly upward,
apparently generating a macrostep, or multi-growth unit high step edge (Fig. 9 t=60
min-t=95 min).

Figure 3.9: A film is formed on the crystal surface after the particles are added (t=0).
Subsequently, growth apparently proceeds along the hillock peak and ridges while
particles are present (t=36 min) and accelerates under control growth conditions (t=36
min to t=60 min). The original hillock recovers, maintaining its rhombohedral
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morphology in a hopper-like region (t=76 min to t=95 min). Growth proceeds rapidly
upon hillock recovery (t=60 min to t=95 min). The 3D images at bottom visualize the
apparently rapid vertical growth upon hillock recovery from 60 to 95 min. Growth at
=1.54 (2.2 mM Ca2+) and .00075%wt nanoparticles.
There are several possibilities to explain the complex binding behavior
observed in Figures 8 and 9. The permanency of the micelle binding on first glance
seems to be dependent on the distance between the binding site and the hillock peak or
ridge. Particles further from the peaks and ridges apparently fully halt growth while
those further up do not (Fig. 9). The hillock peak and upper ridges have locally high
curvature relative to areas of continuous step flow, so the acidic stabilizer chains
cannot form as many bonds with the surface (Figure 10). Less surface binding makes
the stabilizers more permeable to growth ions and ion pairs, so there is a local increase
in the fraction of particles that “hover” on the surface as the hillock peak and ridges
continue to grow. The modified morphology of the final hillock resembles the
“hopper-like” bulk crystal morphology that is known to form in the presence of some
additives, and this mechanism could explain their formation.26,27 Further, it is also
common in bulk crystal growth for single crystals modified by acidic additives to take
on a “bullet-like” shape with {104} faceted end caps connected by a roughened
cylinder with macro-steps (multiple step high edges) covering it.28,29 A local geometry
dependent binding mechanism as described here could also help explain this increase

102

in roughening and apparent increase in macrostep formation in single crystals.

Figure 3.10: When on a terrace or bound to a step edge, the polymer nanoparticle
locally blocks growth unit access, preventing growth. However, in an area of locally
high curvature such as a peak or ridge, the stabilizer chains are more permeable and
growth units can access the kink sites.
3.4 Conclusions
We have shown that for nanoparticles with long polymeric stabilizer chains,
two general regimes of particle-crystal surface interaction exist. If the stabilizer chains
are polyelectrolyte in character the particle-crystal interaction is particle driven and
will be dominated by the structure of the charge corona. At higher divalent cation
concentrations the charge corona is more likely to enter the collapsed state, which
enhances attachment and incorporation into the crystal. If the stabilizer chains are not
polyelectrolytes, the particle-crystal interaction will instead be surface driven, and as
such dependent on the local surface environment. For calcite in particular, an increase
in the disruption and dehydration of bound waters on the calcite surface by an increase
in ion concentration is most likely the determining factor in the surface driven case.
We have further demonstrated that the bonding of polyelectrolyte nanoparticles is
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complicated by local surface geometry, where near hillock peaks and ridges particles
are more likely to hover on the surface and allow growth to proceed while areas of
only step flow will have growth halted. Such limiting of growth can help explain
macrostep formation and the “bullet-like” morphologies observed in bulk calcite
growth with highly anionic polymeric nanoparticles. The interaction regimes we
propose enhance our understanding of the ensemble behavior of particle-crystal
interactions and that nanoscale understanding using in situ AFM can inform bulk
crystal growth experiments. More generally, we confirm that both surface chemistry
and growth conditions are key for driving nanoparticle-crystal interactions.
3.5 Methods
3.5.1 Nanoparticle Synthesis
The synthesis of PMAA and PGMA macro-CTAs via RAFT solution polymerization
was similar to methods described elsewhere.6,29 Similar PBzMA-core nanoparticles
were recently synthesized via RAFT emulsion polymerization by Armes and coworkers.30
3.5.2 Dynamic light scattering and Zeta Potential
Dynamic light scattering (DLS) and zeta potential measurements were performed at
25°C using a Zetasizer Nano-ZS instrument (Malvern) at a fixed scattering angle of
173°. Copolymer dispersions were diluted in DI water before the addition of ion
containing solutions. The ionic solutions were diluted from 1 M stock solutions of
CaCl2 (CaCl2:2H20, 99%/ACS Reagent, Sigma Aldrich) and NaCl (Sodium Chloride,
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100%/ACS Reagent, JT Baker). Aqueous dispersions were adjusted to pH 9 using
KOH.
3.5.3 In Situ Calcite Growth
In situ calcite growth experiments were performed using a method similar to that
previously reported by this group (Chapter 2) and that of Cho et al.17 Briefly, a freshly
cleaved geologic calcite {104} surface (Iceland Spar, Ward’s Scientific) is glued using
epoxy to an AFM sample disk and mounted in the AFM. The surface is imaged dry
(~3 Hz imaging rate, 256 samples/line, contact mode) to find an area with minimal
surface roughness, making nucleation of hillocks more likely. Then a control (1.8 mM
Ca, 3.6 mM NaCO3, 18.6 M DI water) solution is flowed over the surface and
imaging proceeds to find a hillock which is separated and stable. A syringe pump
(Harvard Apparatus) controls solution flow at 0.3 mL/min at room temperature. Then
the growth solution is changed to the supersaturation or ionic strength of interest
without any nanoparticles. Finally, a final solution change to one with the
nanoparticles present (5 L of “neat” 15 wt/v% particles per 100 mL of growth
solution) is made. Experiments were performed using a Multimode III AFM (Veeco
Instruments) with a fluid flow cell (Bruker) and a Nanoscope III controller (Digital
Instruments). Images were analyzed and processed using Nanoscope Analysis
software (Bruker).
3.5.4 Image Analysis
Images were processed using Nanoscope Analysis and FIJI (Image J) software. An
example series of images for the area of coverage can be seen in Supplementary
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Figure 2. First, the deflection images were set to the same scale (20 mV). Then they
were imported into FIJI and cropped to only include the original image area. For easier
thresholding we converted the images to 8 bit grayscale. We then chose a threshold (in
this case 90) which maximized the particle area without selecting non particle features
on the crystal surface. The same threshold was applied to all images. Finally, the
Particle Analysis feature measured the particle surface coverage by percent. This
procedure was repeated for five images per experiment and the data averaged. We
report the mean with the error of one standard deviation above and below.
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3.7 Supplementary

Figure 3.11(S1): Diameter and zeta potential of PMAA-PBzMA nanoparticles with
increasing [NaCl] measured at pH 8 (set using KOH). There is a limited effect on the
PMAA-PBzMA diameter. NaCl was diluted from 1 M stock solution (NaCl 100%
ACS Reagent, JT Baker).
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Figure 3.12(S2) A time series for PMAA-PBzMA particles at the highest
supersaturation (=1.54). The particles attach densely and eventually form a film on
the surface.

Figure 3.13(S3): The polymer film formed at high supersaturation (=1.54) by the
PMAA-PBzMA particles is unaffected by the tip. At lower supersaturations the tip
always moved some population of the particles to the edges of the imaging area (red
circle).
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Figure 3.14(S4): Visualization of particle analysis procedure. See Methods for details.
A deflection image is set to 20mV scale, then the image is thresholded to ensure only
particles are selected. Finally the thresholded area is measured.

Figure 3.15(S5): Ex situ growth with PMAA-PBzMA particles at initial calcium
concentrations of: (A) 1 mM, (B) 2 mM, (C) 5 mM, (D) 10 mM and control growth
without particles at (E) 1 mM, (F) 5 mM, (G) 10 mM. The crystals grown at higher 
and with the nanoparticles appear to have fewer single crystals and more polycrystals
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and non-calcite polymorphs of CaCO3 (XRD Fig. S7). The particle concentration is
0.75 %wt.

Figure 3.16(S6): XRD patterns corresponding to samples of Figure S6. We observe
an increase in polycrystals of calcite and other phases at higher  and when
polyelectrolyte nanoparticles are present. Ex situ growth was performed using the
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ammonium diffusion method with [CaCl2] as listed in Figure S4 and particle
concentration 0.75% wt.

Figure 3.17(S7): (A inset) control calcite growth at 5 mM [Ca2+]. (A-C) calcite
growth with increasing [Na+] of (A) 5 mM, (B) 100 mM, (C) 500 mM. (D-F) calcite
growth in the presence of 0.75% wt of HOOC-PGMA-PBzMA nanoparticles at [Na+]
of (D) 5mM, (E) 100 mM and (F) 500 mM. Increased rounding and roughening of
single crystal edges and facets in the presence of nanoparticles indicates increased
interaction, as predicted by the in situ experiments.
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CHAPTER 4
A SURVEY OF HILLOCK-HILLOCK INTERACTIONS USING IN SITU ATOMIC
FORCE MICROSCOPY (AFM): FRAMEWORK FOR LINKING NANOSCALE TO
MACROSCALE GROWTH
4.1 Introduction
The history of crystallography is filled with studies that attempt to
fundamentally characterize growth from the nanoscale to the macroscale with a
particular emphasis on growth from melt and vapor. However, direct observation of
nanoscale growth mechanisms in solution has only been made possible relatively
recently with the development of the Atomic Force Microscope (AFM) and other
advanced optical imaging techniques.1,2 Such in situ solution studies have revealed
nanoscale growth mechanisms such as: hillock growth around a screw dislocation, 2D
island growth, and deposition of particles from solution.3–6 These mechanisms, long
believed to exist in theory have now been directly observed in a wide variety of crystal
systems in solution and provide an excellent opportunity to study nanoscale growth
kinetics.3,5–15 For poorly soluble materials, AFM studies control the solution
conditions such that only hillock growth is observed on a growing crystal surface
because growth around the hillock can be conveniently quantified to understand the
growth kinetics both under a variety of control growth conditions and in the presence
of additives (see Chap. 2 and 3 for examples of such studies).16 In principle, hillock
characteristics such as the slope, step velocity, and step spacing (terrace width) can all
vary with solution conditions and/or with additive type and concentration.
Significantly, multiple studies have phenomologically linked hillock morphology to
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bulk crystal morphology.9,13,14,17 For crystals in which a single growth hillock
dominates the surface, it is intuitively straightforward to understand how hillock
morphology leads to crystal morphology.18 Once there are multiple dislocations on a
surface, however, the growth is more complex. Multiple hillocks growing on a single
crystal can interact, and how they may overlap and combine to result in the wellstudied bulk morphologies remains poorly understood. This work provides a
framework for understanding hillock-hillock interactions and presents a variety of
interactions which have been observed in situ on calcite.
A few crystal systems have been extensively characterized using in situ AFM,
especially calcite (CaCO3), KDP (Potassium diphosphate), COM (Calcium Oxalate
Monohydrate), L-cysteine and a variety of protein systems.3,4,7–9,16,19–24 Perhaps the
best characterized crystal in terms of hillock properties is KDP.4,19,25–29 DeYoreo and
coworkers were the first to extensively characterize KDP hillock growth at the
nanoscale.4,19,25 They showed that for the {101} facets, growth could occur via
dislocation induced step flow (hillock) or a 2D island growth mechanisms.4,19 In
surprising contrast, on the {100} facet both the slope and step spacing are
supersaturation dependent, demonstrating that nanoscale growth kinetics are facet
related.11,19 Growth on KDP can be suppressed by additives in the solution, and when
the additives are removed from solution, growth recovers. A classical picture would
predict that growth would resume with the same mechanisms as before the additive
was present. However, in situ data shows that in fact macrosteps (multi-step high
units) facilitate growth recovery, implying there are additional features to account for
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in understanding additive-crystal interaction.26 Even for a well-studied system such as
KDP at the nanoscale, there is surprising complexity in the growth mechanisms.

Figure 4.1: Generation of a new step edge from a dislocation source once the edge
length L exceeds the critical length Lc required for propagation (A and B). The
rhombohedral symmetry of calcite results in anisotropy on terraces and two distinct
step edges (C and D). From “Teng H.H., Dove P.M., Orme C.A., De Yoreo J.J.,
“Thermodynamics of Calcite Growth: Baseline for Understanding Biomineral
Formation,” Science, 1998, 282, 5389.” Reprinted with permission from AAAS.
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In the case of calcite, much is known about individual hillock growth, in
particular step velocity behavior under the influence of a variety of additives, as well
as a function of supersaturation.3,6,13–15,30–37 Calcite has a rhombohedral symmetry
(Figure 1C), resulting in two distinct types of step edge on the crystal surface during
growth (obtuse + and acute -, Figure 1D).3,18 Most notably, calcite step growth is kinklimited, meaning that under control conditions the factor most limiting growth is
generation of new kink sites on the step edge.15 Further, step edges only flow from the
dislocation source after the edge has reached a critical length (Lc, Figure 1A and 1B).
Additionally, the height of an individual step will always be one unit cell (Figure 1D),
but the dislocation source can be multiple Burgers vectors in size.16 Thus, multiple
step unit high edges and hillocks can be generated on the calcite surface, typically
“double” (two Burgers vectors and two steps high) or “triple”(three Burgers vectors
and three steps high) step edges.16 Upon the injection of additives into the growth, the
kinetics and morphology of the hillock is modified. Orme and DeYoreo were the first
to show that additives interacting with calcite directly modified the hillock
morphology, and that the modified hillock mimics the morphology of a bulk grown
crystal (Figure 2).13,17 Such a modified individual hillock can also be seen in Chapters
2 and 3 when growth occurs in the presence of a polyelectrolyte nanoparticle (as well
as Figure 2 for various molecular additives). Such variation in morphology, especially
in the presence of additives, is of significant interest to the biomineral community
because understanding additive-crystal interactions helps us both further understand
biology and inform new synthetic methods for single crystal growth. In situ AFM has
been especially useful in this field because of the large variety of possible additive-
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crystal interactions. To date, however, the focus has been on studying the
thermodynamics and kinetics of single hillocks growing on the surface. To more fully
probe the development of calcite growth from the nanoscale to the macroscale requires
a more wide ranging analysis using in situ AFM. In particular, capturing multiple
hillocks interacting over long time periods can help to understand how the final
morphology of the crystal is established. Here, I report a survey of a variety of
hillock-hillock interactions and present a few case studies that demonstrate the types
of interactions that are possible.

Figure 4.2: The empirical connection between individual nanoscale growth hillocks
and bulk crystal morphology. (A) A control growth calcite crystal and hillock with no
additive present. (B) Calcite grown in the presence of Mg2+. SEM reprinted with
permission from Han and Aizenberg.38 (C) Calcite growth with the amino acid DAspartic acid. Reprinted with permission from Orme et. al.13 (D) Calcite growth with
the protein AP8 extracted from the nacreous layer of the mollusk abalone. Reprinted
with permission from Fu et. al.39 Figure reprinted with permission from “De Yoreo
J.J., Dove P.M., Shaping Crystals with Biomolecules, Science, 2004, 306, 5700, 13021302.”17
4.2 Results and Discussion: Categorizing Hillock-Hillock Interactions
4.2.1 Burgers vector length (“Single” or “Double” Hillock) and step annihilation
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Figure 4.3: A “double” hillock generating two unit high edges intersects the steps
from a “single” Burgers vector source. The double high steps (blue lines) neatly
annihilate two single high steps each (blue circle), as expected from classical theory.
Growth at =1.15, [Ca2+] =1.8 mM.
Hillocks are generated from screw dislocations, and they can have different
Burgers vector lengths. It has previously been demonstrated that on the same calcite
face screw dislocations with different Burgers vectors can be in close proximity.16
Most hillocks are one growth unit high because one unit dislocations are lower in
energy, but some can be more than one unit high (Fig. 3). When steps from different
sources intersect, they will annihilate each other and form a flat terrace (Fig. 3). If one
source is twice as high, the higher step edge will naturally dominate the smaller,
because it overlaps the single step source 2:1 (Fig. 3). Therefore, sources that generate
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multiple step unit-high edges will dominate their local growth region, but those
regions will be relatively infrequent on the crystal surface, because they are relatively
high energy. A more complete experimental survey of growing calcite surfaces could
test this concept and reveal the true frequency of the different hillock types.
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4.2.2 Relative height

Figure 4.4. Images and corresponding relative height over time for two different
hillock pairs. A and B exhibit a surprising instability after ~25 min, where one hillock
suddenly accelerates in growth relative to the other, beginning an overgrowth process.
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C and D demonstrate the expected classical behavior of the two hillocks growing in
parallel over time. C and D were imaged over a shorter time, so could enter the
unstable growth state later. Growth at =1.15, [Ca2+] =1.8 mM.
A truly classical growth picture would suggest that for a given pair of hillocks
of the same Burgers vector, they should remain the same relative height as they both
grow in parallel upward (Fig. 4, A and B for t<25 min, C and D for all observed time).
However, this is not always the case. Often, one hillock will accelerate in height
relative to the other such that the taller of the two hillocks overgrows the smaller, even
when both are “single” hillocks (Fig. 4, A and B for t>25 min). The hillock stability
appears to have a time dependence as well. Over a shorter timescale the growth
appears classical, but at longer timescales (>25 min) the instability emerges. This
observation implies some inherent local instability exists, with a variety of possible
explanations. Chernov observed that subtle variations in hillock slope led to relative
domination of one hillock over another for ADP (ammonium dihydrogen phosphate).2
He also showed that the hillock hierarchy could be manipulated by changing
supersaturation.2 The slopes of calcite hillocks are not well studied, so this could help
explain the instability. Another possibility is the adsorption of growth units through
the hydration layers on the calcite surface. The two (or more) bound layers of water on
the surface act as a barrier to growth, which makes growth unit adsorption a complex
process.40,41 Multistep adsorption implies there is some variability in the attachment
time for a growth unit. Additionally, we are observing growth at relatively low
supersaturation (typically = 1.14) and as such, it is possible that variation in growth
unit attachment could lead to local depletion of growth units, starving one hillock
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while feeding another. The observed instability could also be explained by attachment
of contaminants near the step edge, which might disrupt the hydration layer and
accelerate kink site generation, accelerating growth for one hillock in favor of another.
With more relative height data like those in Fig. 4, an average hillock lifetime could be
deduced at various growth conditions, which could provide more detailed kinetic
insights. The local instability we observe is also probably dependent on the hillock
separation, and there is most likely a maximum separation beyond which the hillocks
no longer “interact.”
4.2.3 Step edge curvature and hillock spacing
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Figure 4.5: Curvature varies depending on the type of steps interacting and apparently
on the hillock offset/separation. A: two hillocks nearly perfectly aligned have very
little curvature between their step edges. B: A larger offset between the hillock peaks
leads to different step edges interacting. Even when an acute and obtuse edge directly
intersect (red), a single sharp corner remains, indicating a single kink site. C: It
appears that only the acute-acute interactions (blue) generate kink sites and have a

125

reduced curvature. Non acute-acute interactions (red) retain high curvature and a
limited number of kink sites. Growth at =1.15, [Ca2+] =1.8 mM.
Calcite step edges reflect the symmetry of the bulk crystal (Fig. 1). The result
is two step edges which form obtuse angles with the surface (Fig. 5, +), and two which
form acute angles with the surface (Fig. 5, -)3. The angles originate from the angles in
the carbonate molecule within the structure. When two different step edges from two
different sources intersect, they form a high energy kink site at the point of
intersection (Fig. 5B and C, red). These intersections only occur if the hillock cores
are sufficiently offset so the step edges are able to intersect one another (gray lines,
Fig. 5). When they do intersect, the high energy sites are much more favorable for
attachment, and the result is local reduction in curvature, generating even more kink
sites (Fig. 5B and C, blue). However, we observe much greater curvature (and fewer
kink sites) at obtuse-obtuse intersections and less curvature (and more kink sites) at
acute-acute intersections. Such a disparity could arise because the acute and obtuse
steps have different local energy landscapes and as such different attachment
processes for growth units at each site type40,41. Based on this preliminary
understanding, one way to potentially manipulate kink site generation and therefore
the hillock-hillock interactions is to change the kink site energies through additives.
4.2.4 Additives and Multiple Hillocks
Previous work has demonstrated several additives that attach preferentially to
only acute step edges and change the local kinetics of a single hillock.13,14,42 Additive
effects on individual hillock kinetics are fairly well documented, but their potential
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effects on multiple hillock dynamics remains unknown. In the presence of the amino
acid Glycine, some surprising effects are revealed (Figure 6). Though the additives
preferentially bind to and inhibit growth on the acute step edges, the acute steps not
only continue to grow but retain a significant presence on the surface. Further, we
know that a macroscopic crystal will have a large rounded section (Figure 2).
Therefore the relationship between acute and obtuse steps is surely impacted by the
additives, and understanding that change would lead to an improved model for
macroscopic crystal formation. When a hillock becomes overlapped with Gly present,
it seems that it is not easily completely overgrown. In fact, some of the overlapped
hillock remains exposed to growth solution (Figure 6B, red arrow). So all of the stepstep interactions are apparently impacted simply by adding Gly. Another unusual
observation is the nucleation of new hillocks on the calcite surface in the presence of
Glycine (Figure 3C and D, blue). Such a nucleation event on growing calcite has not
been reported previously to our knowledge. Can additives themselves nucleate growth
hillocks by generating surface defects? In principle it is possible but has yet to be
studied in depth. Extensive imaging experiments are required to build a more complete
picture of the larger scale impacts of even small molecules on calcite growth.
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Figure 4.6. Two calcite growth experiments illustrating unusual growth behavior with
Glycine. (A, B) Two modified hillocks overlap one another. In B, a small remnant of
the overlapped hillock appears to protrude from the larger hillock (red arrow). (C, D)
Hillocks appear to nucleate mid-growth (blue), revealing additional complexity. The
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horizontal lines in C and D are 10s of nm scale surface defects. Growth at =1.15,
[Ca2+] =1.8 mM, [Gly]= 1.8 mM.
4.2.5 Open Questions
With a wide enough survey of calcite crystal surfaces such as those in Figures
3-6 we could map the average hillock type distribution and understand which hillock
types dominate the nanoscale to macroscale transition. To achieve such a goal requires
longer imaging times to ensure capture of any instabilities (as seen in Figure 4).
Further, though hillock-hillock pairs are a useful starting point to understand which
hillocks tend to dominate, a true survey requires imaging over even larger areas to
observe as many hillocks as possible simultaneously. One could also perform
equivalent experiments to those mentioned in this chapter on hillocks grown from
synthetic calcite. To my knowledge, no such comparison between growth on a
geologic and synthetic crystals has ever been published. Synthetic crystals are on the
order of 10s of microns in size while geologic crystals are centimeter scale. The
dislocation density could vary substantially crystal to crystal, which would change the
hillock density on the surface and potentially change the growth. Such a dataset will
make answering several important questions possible: (1) does each hillock have an
“area of influence” around it? If so, then there is a limit beyond which no hillockhillock interactions will occur for a hillock of a given size. Such an “area of influence”
existing would also imply there are slightly different growth regimes inside and
outside that region, one area of “hillock growth” and one of “step flow.” If true, it is
an additional complicating factor to our understanding of real crystal surfaces. (2)
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Does the growth mode at low supersaturation truly end in a single hillock dominating
and forming the crystal? If not, what are the kinetic processes that lead to multiple
hillocks equilibrating to form the smooth surfaces characteristic of bulk grown single
crystals? (3) How are macrosteps formed on the crystal surface? (4) What is the effect
of additives on the ideas presented here? For example, calcite grown with additives
often has a “bullet-like” morphology as seen in Figure 2, what is the nanoscale origin
of the roughened surface?
4.3 Conclusions
We have chronicled a variety of factors and interactions that can influence
growth from the nanoscale to the macroscale as hillocks overlap. We observe
previously unreported instability between hillock pairs on calcite, leading to one
hillock dominating and overlapping another. The instability could be related to kink
generation, relative hillock slope, local supersaturation gradients, or a combination of
factors. We also observe curved step edges that are related to the relative offset and
spacing between hillock cores. Further, we observe hillocks with different Burgers
vector lengths, and the larger step edges dominate the smaller. We have established a
framework for further characterizing hillock-hillock interactions, but we have also
opened a host of new questions. Answering these questions will provide greater
insight into growth both with and without additives. Significant further study is
required before we can complete our understanding of real crystal growth.
4.4 Methods
In situ AFM
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AFM data was collected after our previous methods in Chapters 2 and 3. Briefly,
growth solution is flowed through a commercial fluid cell (Bruker) in an AFM
operating in contact mode (Multimode III, Veeco Instruments).
Image Processing and Analysis
Images were processed using the Nanoscope Analysis software (Bruker). Height
measurements were conducted within the program and the linescan data exported to
Origin to construct the plots.
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CHAPTER 5
CONCLUSIONS
In situ AFM has now answered several fundamental questions about how particles
interact with crystal surfaces at the nanoscale. Further, we know understand some of
the mechanisms that allow us to control those interactions using surface chemistry and
the growth conditions. We have established a framework for characterizing how a
given nanoparticle chemistry and growth condition interact with crystals, and begun to
explore how nanoscale growth progresses to macroscale crystals. However, several
major areas remain unexplored. For example, it is unclear how changing the growth
mechanism at the nanoscale affects particle-crystal interactions, 2D growth could
make incorporation more or less likely depending on how it affects particle stabilizer
chains. This work focused on the interactions of purely carboxylic acid functionalized
nanoparticles, the effects of other negatively charged groups or particles which are
zwitterionic could reveal new particle-crystal dynamics that are dependent on the
particle’s unique chemistry. Understanding effects of varying the length of the
stabilizer chain could also prove valuable, the hovering behavior we report is likely
dependent on the chain length and such a study would reveal the threshold for
polyelectrolyte nanoparticle behavior for different surface chemistries. Chain length
could also affect the fraction of the particle population in the different conformations,
and as such would affect the fraction of the population that is more likely to hover or
collapse. Still further, though there is a growing library of inorganic nanoparticles
which have been incorporated using similar polymer chemistries, little in situ data
exists observing their interactions with a crystal surface. It is possible that changing
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the mechanical and chemical properties of the nanoparticle core (or its size) will
change its interaction with a crystal, where a stiffer core might inhibit the single
crystal’s ability to compress the particle to fit within the structure. Perhaps the best
way to evaluate the particle size effect would be to use the ratio of the particle size to
the stabilizer chain length. Similarly, we have only scratched the surface of
understanding the links between nanoscale hillock growth and macroscale crystals.
We have characterized the basic step interactions and some of the hillock dynamics as
one hillock tends to win out in a pair. We have also potentially observed the formation
of macrosteps aided by additives, but the differences in dynamics for hillock-hillock
interactions both with and without additives remain largely unknown. Calcite remains
an excellent model systems for understanding the incredible complexity that is
possible in even the most apparently simple systems, and can provide much more
insight into the fundamentals of crystal growth.
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