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Abstract 
 

Many molecular materials capable of crystallizing into an ordered solid state may 
assume multiple packing arrangements. This behavior is called polymorphism and is 
common among organic molecules such as pharmaceuticals and dyes. Controlling the 
nucleation of specific polymorphic crystals is not well understood, but is tantamount to 
the development and manufacture of new industrial products. One phenomena that has 
been observed to influence crystal orientation, growth rate, and morphology is epitaxy. 
Epitaxy refers to a condition by which a crystalline substrate presents a similar two-
dimensional lattice to a crystalline plane of a nucleating species, resulting in a condition 
that lowers the energy barrier to nucleation and results in a preferential orientation of 
crystal growth on the substrate. Therefore, epitaxial nucleation may provide routes to 
selectively nucleate polymorphs and attain control over otherwise unpredictable 
crystallization events. 

The literature provides several examples of epitaxial relationships between a substrate 
and a crystal overlayer in fields involving inorganic crystals as well as organic crystals, 
and because epitaxy relies on geometric comparisons between lattice parameters, 
computational prediction of epitaxy is an active area of research. Our laboratories have 
developed software; named GRACE, to attempt to predict epitaxial relationships and this 
software has been used to verify epitaxy reported in the literature. One particularly useful 
feature of GRACE is its ability to handle a library of substrates and screen them against a 
corresponding database of crystal structures available as candidate crystal overlayers. In 
this capacity GRACE allows large libraries of substrates and crystals to be reduced to an 
experimentally manageable size, whereby combinatorial crystallizations can be tested for 
selective nucleation arising from epitaxial interfaces. 

This research also focuses on other aspects of nucleation that are not yet fully 
understood. Epitaxial interfaces are by definition, abrupt. However, a specialized class of 
crystals involving a domain that completely overgrows a core crystal by epitaxial 
mechanisms has revealed a zone of intermixing spanning close to a micron. In situ 
Atomic Force Microscopy (AFM) reveals the mechanisms for these observations and 
provides insight into how epitaxial interfaces behave mechanistically. Notably, it was 
revealed that process conditions between phases of growth in the formation of core-
shroud heterocrystals may yield controllable interfacial thicknesses between crystalline 
domains, It was also discovered that the propensity for abrupt, epitaxial interfaces may be 
limited by the thermodynamic behavior of specific crystal interfaces under conditions of 
near-equilibrium. 

Although the use of in situ AFM is excellent for the study of crystal growth, the 
mass-transfer limitations at crystallizing interfaces inside an (AFM) fluid cell are not 
directly discernable and the assumption is typically made that conditions in the bulk 
solution are the same inside the cell. By implementing computational fluid dynamic 
(CFD) simulations for flow and mass transport, in situ AFM was studied to determine 
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how the different conditions at the crystal surface are in comparison to the bulk solution 
outside the cell. The geometry of the internal volume of the AFM fluid cell imparts 
specific fluid flow and mass transport limitations on the environment directly at the area 
of investigation for crystal growth and in some cases may have significant ramifications 
for the appropriate correlation of bulk solution variables to crystal growth variables. The 
results of the CFD calculations indicate that differences are significant, though usually 
minor and these results may prove useful for future fluid cell design. 

Finally, photolithographic techniques were employed to produce millions of micron-
sized particles with shapes mimicking molecular contours and other crystallographically 
significant contours to study how symmetry and packing originates at the micron length-
scale. Although much is known about assembly at the molecular level for symmetry and 
packing, the assembly of anisotropic particles at longer length scales, which involve 
different interactive forces, has not been studied. This work concludes by performing 
preliminary work in elucidating the general behavior towards symmetry and packing in 
two-dimensions of micron-sized particles by using gravitational gradients and 
dielectrophoresis.  
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Crystallization and Polymorphism of Molecular Crystals 

 

1.1 Introduction  

A hierarchy of interactions originating at the atomic length-scale inextricably 

determines the macroscopic properties of materials. At the longest length-scales, 

architectural superstructures such as bridges and skyscrapers are comprised of 

components specifically selected for individual properties integral to the global function 

of the superstructure. The physical properties of each individual component in such 

structures result from the interactions occurring at smaller length-scales. At a somewhat 
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smaller length-scale, composite materials take advantage of the properties resulting from 

a synergy between the constituents of the composite and the interfacial bonds that 

structurally integrate the individual components. At the molecular and atomic length-

scales, polymers, metals, refractory materials, glasses, and naturally occurring materials, 

such as stone and wood, all display unique mechanical, optical, electrical, and magnetic 

macroscopic properties arising from the interactions between molecules and atoms. 

An increasing ability to understand the science of materials at the molecular and 

atomic length-scale has led to the development of a seemingly endless number of 

materials and products we encounter in our lives such as electronic devices, ‘space-age’ 

alloys and composites, explosives, foodstuffs, personal-care products, and 

pharmaceuticals. Many of these materials and products involve molecular crystals 

characterized by a high degree of three-dimensional molecular order giving rise to 

specific physical properties associated with not only the molecules comprising the 

materials, but also by the interactions between these molecules.  

A particular class of molecular crystals in which the molecules may adopt several 

different three-dimensional packing arrangements are called polymorphs. Polymorphic 

materials represent an incredibly important class of materials and are studied extensively 

because their physical properties are inextricably determined by the intermolecular 

structure of the crystalline solid state and display complicated behavior in attempts to 

promote certain structures and prevent others. In particular, the pharmaceutical industry 

spends millions of dollars per year in research relating to polymorphism because 
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concerns over product shelf-life, biological efficacy, and intellectual property rights hinge 

on the ability to reliably access a specific polymorph of a given molecule.1  

The work reported in the following chapters represents an effort to influence crystal 

growth at nucleation interfaces to demonstrate a strategic method for the controlled 

growth of complicated crystalline materials. The completion of this work extends 

observations made on the symmetry and packing behavior of molecular crystals to the 

ordered behavior of particles several orders of magnitude larger, at the micron length-

scale. 

 

1.2 Molecular Crystals 

The world in which we live is comprised largely of a class of materials having 

macroscopic properties arising from weak, non-covalent interactions. Molecular crystals 

are a subclass of these materials in which the molecular constituents are highly ordered 

throughout the material by extended directional networks of intermolecular bonds. These 

materials have been the subjects of intense research for technological applications 

because the existence of three-dimensional molecular order gives rise to a plethora of 

unique physical properties controllable by tailoring and fine-tuning the crystal structure 

of the material. Examples of the use of molecular crystals exist in pharmaceuticals, 

electro-optical devices, sensors, visual displays, light-emitting diodes, non-linear optical 

devices, and photovoltaic devices.2 The development of these materials hinge on more 
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than the ability to develop the molecular constituent comprising the material; it relies on 

engineering the intermolecular interactions giving rise to the desired macroscopic 

properties or templating the intermolecular order of molecular crystals with surfaces or 

interfaces.3 Several of the intermolecular interactions governing molecular crystalline 

order are diverse in their behavior and are briefly discussed in the following section. 

 

1.3 Intermolecular Interactions and Crystallinity 

The macroscopic properties of solid state molecular crystals arise from the molecular 

properties from which they are comprised. The kinds of intermolecular interactions 

providing mechanical stability in the solid state have a profound affect on many other 

physical properties as well. All intermolecular interactions are electrostatic in nature; 

however, the physics of the interactions can vary greatly and give rise to richly diverse 

physical behavior. The descriptions provided herein are those intermolecular interactions 

most often encountered in dealing with crystals at the molecular length-scale and have 

the most affect on governing the growth of crystalline material at an interface. 

 

Coulombic Interactions. The presence of an electrical charge has a long-range effect on 

other charges in the same vicinity. The simplest example of this involves the treatment of 

ions as point charges in a vacuum. For this condition, the definition of the Coulombic 

interaction is 
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U =

q1q2

4πε0 R
 (1.1) 

where q represents the charge of the ion,  ε0 is the vacuum permittivity, and R is the 

separation distance between both charges.4 The strength of the Coulombic charge scales 

with the multiplied strength of the charges and inversely with the separation distance. 

This condition holds for the case in which atoms or molecules possess charge and 

contributes to long-range order within a crystal. 

 

Van der Waals Interactions. Van der Waals interactions behave according to competing 

attractive and repulsive contributions. The attractive contribution is attributed to 

dispersive forces arising when fluctuations in the electron density of one molecule causes 

fluctuations in the electron density of an adjacent molecule. The result is an induced 

dipole-induced dipole attractive interaction between neighboring molecules and scales 

according to R-6, where R represents the intermolecular separation distance. The repulsive 

contribution arises neighboring electron orbitals of different atoms begin to overlap. The 

repulsive contribution scales according to R-12 and takes the form of a Mie potential. 

Specifically, the (6-12) Mie Potential is the Lennard-Jones potential and is written as 

  
U = −

A
R6 +

B
R12  (1.2) 



 6 

where A and B are arbitrary parameters used to fit the function to experimental data. Van 

der Waals interactions are anisotropic and are largely affected by the geometry of a 

molecule; therefore, they play a critical role in determining the order in crystalline 

systems. Kitaigorodskii used van der Waals potentials to form the close-packing principle 

governing symmetry and order to achieve packing configurations representing potential 

energy minima of crystalline systems. Although, Kitaigorodskii’s principle departs from 

van der Waals formalism by using the minima described by such interactions as the 

‘intermolecular radius’.5 

 

Hydrogen-bonds. Hydrogen-bonds affect the crystalline packing motifs of molecular 

crystals profoundly. The definition spans a wide spectrum of interactions involving the 

hydrogen atom but always consists of a hydrogen-bond donor (X–H) and a hydrogen-

bond acceptor (A). The interaction occurs between two electronegative atoms, such as 

fluorine, oxygen, or nitrogen, when one of the electronegative atoms is covalently bonded 

to hydrogen. The strong electronegativity of X withdraws electron density from the 

hydrogen atom resulting in a stronger electrostatic interaction between the hydrogen atom 

and A, a neighboring electronegative atom. The geometry associated with the covalent 

bond between X and H and between A and an atom it is attached to results in hydrogen-

bonds being highly directional. Geometric constraints and larger separation distances due 

to molecular steric hindrance cause a wide spectrum of interaction strengths in hydrogen-

bonds; therefore, more formal definitions tend to require that a hydrogen-bond has a 
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separation distance between 1.6 Å and 1.8 Å with bond angles between 150° and 180°. In 

particular, networks of hydrogen-bonds often construct the strongest networks of 

interactions in molecularly crystalline materials and govern the resulting morphology of 

crystals. 

 

1.4 Classical Theory of Homogeneous Nucleation  

Solid state molecular crystals originate from a nucleation event triggering the growth 

of a new solid phase from either a liquid, vapor, or other secondary phase. The nucleation 

event occurs in response to a condition of high chemical potential whereby the creation of 

a new crystalline phase minimizes the Gibbs free energy of the system. The classical 

theory of homogeneous nucleation dates back to 1939 and was first developed by Gibbs 

and Volmer.6 Classical homogeneous nucleation is best described as a mechanistic self-

assembly process in the absence of an interface through which individual molecules 

begin to coalesce into a spherical, disordered, prenucleation aggregate. The 

thermodynamic force driving growth of the prenucleation aggregate is associated with a 

smaller volumetric free energy of the new phase. However, the thermodynamic penalty 

associated with the work required to create new surface causes a resistance to growth of 

the aggregate. Thermal fluctuations in the system give rise to temporal variations in the 

size of the aggregate until a statistically predictable critical size is reached. The critical 

size of the aggregate is defined as the size associated with the onset of order within the 
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aggregate to more effectively minimize the volume free energy of the new phase. When 

the nucleus reaches the critical size, continued addition of molecules to the surface of the 

nucleus may proceed irreversibly in order to further minimize the free energy of the 

system. Mathematically, the energetic competition between creating additional surface 

area and minimizing the free energy of the system by increasing the volume of the new 

phase can be written for a spherical nucleus as 

  
ΔG =

4
3
πr3ΔGv + 4πr 2γ  (1.3) 

where the total free energy change,  ΔG , is expressed in terms of spherical geometry 

relating to the volumetric free energy change,  ΔGv , and the surface energy, γ , of the 

growing crystal. Figure 1.1 illustrates that the volumetric free energy is always negative 

and results in an expression of free energy exhibiting a local maximum as a function of 

the radius of the prenucleation aggregate. The radius associated with the global maximum 

is defined as the critical radius of nucleation,  rc , and describes the minimum amount of 

growth required for a prenucleation aggregate to become a crystal. The value of  rc can be 

evaluated in terms of the surface energy and the volumetric free energy of the nucleus by 

differentiating Eq. 1.3 with respect to r.  
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Figure 1.1. Depiction of Eq. 1.1, including the individual traces of the energetic penalty 

associated with creating new surface area, γ, of a nucleating phase and the free energy 

minimization that accompanies the volumetric free energy, ΔGv, of the nucleating phase. 

The maximum is characterized by the critical radius of nucleation, rc, and the critical 

energy of nucleation, ΔGc. 

 

Eq. 1.4 presents the result of differentiating  ΔG  with respect to r. The global maximum 

in terms of the radius,  rc , can be evaluated in terms of the surface and volumetric 
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energies by setting Eq. 1.4 equal to zero and solving the resulting quadratic with respect 

to the radius (Eq. 1.5). 

  
dΔG

dr
= 8πrγ + 4πr 2ΔGv  (1.4) 

  
rc =

−2γ
ΔGv

 (1.5) 

Similarly, Eq. 1.6 expresses ΔGc  in terms of the surface and volumetric energies of the 

nucleus and substituting the value of  rc  into Eq. 1.6 yields Eq. 1.7, which is a useful 

expression relating the critical energy for nucleation to the critical radius of nucleation.  

  
ΔGc =

16πγ 3

ΔGv
2  (1.6) 

  
ΔGc =

4πγ
3

rc
2  (1.7) 

If the surface energy and the volumetric free energy are known for the nucleus, it is 

theoretically possible to predict the critical size necessary to grow thermodynamically 

stable crystals. The classical theory of nucleation is a thermodynamic construction but 

predicts nothing in terms of the kinetics of nucleation and crystal growth. The following 

section discusses the kinetics associated with nucleation. 
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1.5 Nucleation Kinetics 

Classical thermodynamics do not generally reveal intricacies existing at the molecular 

level, and systems displaying metastability are ultimately governed by a kinetic influence 

preventing thermodynamic minimization. Within a supersaturated medium under 

thermodynamic pressure favoring crystallization, thermal fluctuations of local 

concentration give rise to the prenucleation aggregates discussed in the previous section. 

The kinetics describing collisions leading to the formation of dimers, trimers, and larger 

aggregates is best characterized by Eq. 1.8, which is an Arrhenius function containing a 

collision frequency term, Z, and an energy term,  ΔG , representing the energy involved in 

adding a solute unit to another solute unit or cluster.4,7 Here, k is Boltzmann’s constant 

and T is the temperature. The collision frequency, Z, is a function of the surface area of 

the nucleus and for spherical geometry is related to the radius by Eq. 1.9.  

  
Rate = Z exp

ΔG
kT

⎛
⎝⎜

⎞
⎠⎟

 (1.8) 

  
Z = Z ' 4πr 22( )  (1.9) 

Substituting Eq.’s 1.7 and 1.8 into Eq. 1.9 results in Eq. 1.10 and describes statistical 

growth kinetics at the length-scale of the critical radius of nucleation. 

  
Rate = Z ' 4πrc

2( )exp −
4πγ
3kT

rc
2⎛

⎝⎜
⎞
⎠⎟

 (1.10) 
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The form of this equation contains valuable information. The collision frequency is 

ultimately a function of some sort of pressure. In solution this is the supersaturation, in 

vapor it is a direct vapor pressure of the solute, and from the melt this is the chemical 

potential. Increasing the pressure has the direct effect of increasing the rate at which 

nuclei of the critical size form. Also, because thermal energy is involved heavily in this 

process, temperature has a profound effect on the rate of cluster formation and increasing 

the temperature has the effect of increasing the rate of nucleation. Figure 1.2 presents the 

effect of arbitrarily increasing the pressure while holding the temperature constant, and 

conversely holding the pressure constant and increasing the temperature. It can be readily 

seen that manipulations of pressure and temperature have a direct impact on the 

nucleation rates governing crystal growth. 
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Figure 1.2. Depiction of Eq. 1.10, graphically presenting the effect that pressure and 

temperature impart on the nucleation rate. Dashed lines indicate variations in pressure, 

P, at constant temperature while gray lines indicate variations in temperature, T, at 

constant pressure. 

 

1.6 Polymorphism 

Polymorphism describes a phenomenon whereby a molecule possesses the capability 

to adopt more than one three-dimensional packing arrangement in the solid state. 

Differences in the crystalline structure of polymorphs give rise to distinct, and often 

profound differences in macroscopic properties including optical and electronic behavior, 

elastic modulus, solubility, biological efficacy, and melting temperature. At one time, this 

phenomenon was thought to be rare, but as advances in technology have continually 

provided improvements for probing the crystalline nature of matter coupled with an 
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increased awareness of polymorphic behavior exhibited by materials, polymorphism is 

now known to be quite common.  

Despite intense research efforts aimed at understanding this phenomenon, 

polymorphism is still a poorly understood area of science and the lack of suitable control 

over the polymorphic behavior of many materials continues to plague industries in which 

these materials are prevalent. Perhaps the largest industrial sector involved in polymorph 

research is the pharmaceuticals industry. A crucial stage in the developmental process of 

many pharmaceutical products involves processing the compound to a finished, solid 

state product. These materials are almost always crystalline and are often polymorphic. 

Because the physical properties relating a product to biological efficacy and shelf-life are 

linked to the crystal structure, reliable control of the crystallization of a specific 

polymorph is tantamount to the product development process.8 Also, because it is well 

known that claims for drug efficacy are inextricably linked to crystalline polymorphism, 

the concern for protecting intellectual property with patents becomes incredibly important 

and involves claims relating to the crystal structure of the product. Therefore, failure to 

search exhaustively for all accessible polymorphs of a given compound may result in the 

discovery of additional polymorphs by industrial competitors and result in undermining 

any and all efforts relating to the protection of intellectual property.  

The case of Abbott Laboratories’ pharmaceutical Ritonavir, a protease inhibitor for 

the Human Immunodeficiency Virus (HIV), represents a catastrophic hallmark of the 

effects polymorphic activity can have in industry.9 After two years of production, the 
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ability to produce the biologically active form of Ritonavir was entirely lost due to 

contamination of the production line with an alternative polymorph. The new polymorph 

contaminated the manufacturing process and resulted in completely converting the 

desired form to the new, and useless, variety. This eventually led to a complete halt of 

Ritonavir production and its removal from market for a year while the problem was 

solved. The fallout caused considerable monetary loss to Abbott Laboratories and almost 

drove the company to market crisis. 

Contributing factors leading to polymorphism can be explained by examining the role 

that intermolecular interactions have in crystal growth. Van der Waals, hydrogen-bonds, 

and electrostatic interactions are ultimately responsible for the self-assembly of molecular 

crystals. As these interactions are characteristically weak with respect to the covalent 

bonds comprising intramolecular structure, long-range order often propagates to construct 

crystalline structures that are kinetically driven and do not exist in the most 

thermodynamically stable configuration. Polymorphism is attributed to two different 

causes. The first involves phenomena in which distinct packing motifs that are 

characteristically unrelated to one another, each afford sufficient minimization of Gibbs 

free energy to nucleate beyond the critical radius of nucleation and allow growth into 

thermodynamically frustrated kinetic structures. The second includes polymorphs in 

which the crystalline packing arrangement of the molecules is not distinctly different 

between polymorphs, but the conformation of the molecule is distinct.  
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This ‘conformational polymorphism’ is commonly found in systems comprising 

molecules exhibiting large degrees of geometric freedom in their ability to twist and bend 

to access energetic minima during nucleation and growth. The difference in internal 

energy between polymorphs is often only 1-2 kcal/mol and this energy is of the same 

order of magnitude as the energy involving rotations about single bonds.10 Given that a 

baseline of molecular thermal energy is on the order of 0.5 kcal/mol, it can be envisioned 

that access to multiple packing arrangements and/or multiple conformational 

arrangements is an incredibly delicate process governed by the subtle interplay of kinetics 

and thermodynamics.  

The classical theory of nucleation can be used to illustrate the behavior of nucleation 

between two polymorphs where the values associated with their respective surface energy 

and volumetric free energy are different. Recalling the discussion in Section 1.5 

regarding nucleation kinetics and the dependence nucleation rate has on  ΔGc  and  rc , it is 

readily apparent that statistically higher rates of formation will accompany lower values 

of  ΔGc . Figure 1.3 depicts how a smaller  ΔGc  may lead to the continued growth of a 

polymorph trapped in a form not representing the most thermodynamically favorable 

state.  

The persistence of mature, thermodynamically unfavored polymorphs is attributed to 

the insurmountable activation energy necessary for a mature crystal to undergo complete 

solid state transformation. Observations of this have been documented long before 
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Volmer and Gibbs developed the modern nucleation theory. Ostwald made the 

observation in 1897 that, “when leaving a metastable state, a given chemical system does 

not seek out the most stable state, rather the nearest metastable one that can be reached 

without loss of free energy.”11 Although this principle is not accepted as universally true, 

it agrees well with countless observations of polymorphism and helps to explain the 

persistence of metastable polymorphs for seconds, minutes, hours, or days before 

conversion to more thermodynamically favored forms. 
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Figure 1.3. Depiction of the influence variations of surface energy and volumetric free 

energy can have on the nucleation of different polymorphs. The critical radii of nucleation 

for polymorphs I and II are denoted by rc
I and rc

II, respectively. Similarly, the critical 

energy for nucleation of polymorphs I and II are denoted by ΔGc
I and ΔGc

II, respectively. 

The energetic barrier for the formation of polymorph I is less than that for polymorph II 

and favors earlier formation of a stable nucleus, but ultimately possesses a larger free 

energy with continued crystal growth and will not exist as the thermodynamically favored 

form. 
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Although it may appear relatively straightforward to predict and control the 

nucleation of a specific polymorph from the depiction of polymorph nucleation in Figure 

1.3, it is experimentally far more complicated. If the kinetics governing nucleation rates 

of different polymorphs were equal, the growth of polymorphs would be purely 

determined by thermodynamics. In reality, the kinetics governing nucleation rates involve 

several differing parameters among polymorphs including surface energy, temperature, 

supersaturation/solubility, intermolecular crystal anisotropy, and entropy. It is for this 

reason that precise control and prediction over the polymorphic behavior of crystals 

remains elusive. 

 

1.7 Energy–Temperature Behavior of Polymorphs 

Section 1.6 presented how the relative stability of two or more polymorphs depends 

on their respective Gibbs free energies. The Gibbs free energy of a substance is a function 

of temperature affecting both the enthalpy and the entropy of the substance. Analysis of 

the thermodynamic behavior of polymorphs with respect to temperature provides 

considerable insight into strategies for controlling the growth of specific polymorphs and 

for attaining a higher level of understanding of the energetic forces driving polymorphic 

conversion.  

The second law of thermodynamics claims that at a temperature of absolute zero, the 

enthalpy of a substance is equal to the Gibbs free energy. Therefore, the most stable 
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polymorph at this temperature should exhibit the lowest Gibbs free energy. As 

temperature is increased the enthalpy of the substance also increases but the Gibbs free 

energy of the system decreases as a result of a dominant increase in entropy. Specific 

symmetry, order, and degrees of freedom for molecules and atoms comprising different 

polymorphs result in unique dependencies on entropy as a function of temperature, giving 

rise to differing trajectories of Gibbs free energy as a function of temperature. Thus, it is 

common for the Gibbs free energy of two polymorphs to cross at some characteristic 

temperature, allowing qualitative mapping of energy–temperature phase behavior 

between them.  

Two distinct trends in energy–temperature behaviors exist for polymorphism and are 

referred to as monotropy and enantiotropy. Enantiotropy is assigned to systems in which 

the Gibbs free energy for two polymorphs cross at a temperature below the melting 

temperature. Monotropy is reserved for systems in which the Gibbs free energy 

trajectories are extrapolated to cross above the melting temperature if they cross at all. 

For monotropic systems, polymorphic control is often much more straightforward 

provided that conditions near thermodynamic equilibrium are accessible during crystal 

growth. Figure 1.4 presents the difference in energy–temperature behavior between 

monotropy and enantiotropy for two polymorphs. 
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Figure 1.4. A comparison of energy vs. temperature for two polymorphs displaying (A) 

enantiotropy and (B) monotropy. Traces denoted as HI, HII, and HLiq represent the 

enthalpy of phases I, II, and the liquid, respectively. Traces denoted as GI, GII, and GLiq 

represent the Gibbs free energy of phases I, II, and the liquid, respectively. Significant 

temperatures denoted by T highlight the melting temperatures of forms I and II and also 

the temperature at which the thermodynamic stability changes from form I to form II in 

(A). The enthalpy associated with a phase change between the solid and the melt, or a 

solid state transformation from form I to form II are represented by the values of ΔHI-II, 

ΔHI-Liq, and ΔHII-Liq. Note that for monotropic systems (B), there exists only one 

thermodynamically favored form in the solid state. 

!
"#$

!!
!"!!

!!
!%"#$

!!
!!%"#$ !!

!""#$

!!
!!""#$

!
!!

!
!

&
!

'
!"!!

'
!""#$

'
!!%"#$

'
!""#$

'
!!""#$

Temperature Temperature

&
!!

&
"#$

&
!

&
!!

&
"#$

!
"#$

!
!!

!
!

En
er
gy

En
er
gy

A B



 22 

1.8 Crystal Morphology 

The classical theory of homogeneous nucleation assumes the simplest of all 

geometrical considerations for a nucleus, namely spherical geometry. Section 1.6 

presented the complicated nature of the nucleation and growth for polymorphic crystals 

given this geometric simplification. Molecules possess complex geometry, and crystalline 

order arises from highly directional intermolecular interactions. To extrapolate the 

concept of directionally specific surface energies of a crystal nucleus is reasonable, 

further complicating all aspects influencing crystal growth kinetics and thermodynamics.  

As polymorphism refers to differences in definitive internal structure of crystals, 

morphology refers to external structure. The interplay between polymorphism and 

morphology cannot be completely separated because the properties of an exposed face on 

the external surface of a crystal can be directly attributed to the internal structure. Distinct 

morphologies of crystals arise from the specific kinetic and energetic factors associated 

with the orientation and chemical nature of the internal structure and its anisotropic 

interaction with the external environment at the growth interface. Thus, crystal 

morphology has become a topic of study aimed not only at further development of 

polymorphism control, but also for how to develop industrial processes involving many 

other crystalline materials.12 From a process standpoint, considerable effort has been 

invested into the selection of crystal growth conditions, solvent systems, additives, 

mechanical compaction, and grinding methods to control crystal morphology for 
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processes in which crystals of a particular shape are far less costly to deal with than 

another. 

Several theories explain and predict crystal morphology, both during growth and 

under equilibrium conditions. Bravais and Friedel developed the earliest of these theories 

between 1907 and 1913.13,14 Bravais and Friedel reported observations that revealed in 

many cases, the distance of a face from the center of the crystal was inversely 

proportional to the lattice spacing of that plane within the crystal structure. Rejecting 

energetic differences associated with specific crystal faces, the observed trend in 

morphology was rationalized by envisioning that the ease of adding a layer to the crystal 

would be proportional to the thickness of the layer as a result of the number density of 

lattice sites per unit area on that plane. The result of this would favor the shortest axis in 

the three-dimensional lattice to advance the most rapidly away from the center of the 

crystal, drawing other faces into existence as it advances and would describe a physical 

morphology dependent on the hierarchy of crystalline lattice axis lengths and angles. 

Donnay and Harker refined this approach by developing rules relating the crystal 

symmetry to the possible growth planes.15 Ramifications for Donnay and Harker’s 

refinement result in allowing higher order planes to determine crystal morphology when 

those planes contain crystallographically symmetrical equivalence. Collectively, this 

geometric theory is known as the Bravais–Friedel–Donnay–Harker (BFDH) theory. 
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Accounting for the internal energetics of the crystal allows more accurate prediction 

of crystal morphology at the expense of calculation intensity.  Energetic consideration 

helps to explain phenomena relating to drastically differing morphologies of crystals 

grown in different solvents or growth environments. The attachment energy (AE) method 

calculates the amount of energy released with the addition of a growth slice to a 

particular growing crystal surface.16 The implementation of AE requires that a list of 

logically dominant faces first be computed by BFDH theory. The growth rate of 

individual faces are proportional to the attachment energy because higher attachment 

energies result in the greatest impact on the minimization of the volumetric free energy of 

the crystal. This is a rather elegant way of reducing the competition between surface 

energetic penalties and volumetric free energy minimization to specific crystallographic 

directions. Eq. 1.11 presents a simplification of the calculation of the attachment energy 

where Elatt is the lattice energy, Es is the energy of a crystallographically unique slice, and 

Eatt is the resulting attachment energy. 

  Eatt = Elatt − Es  (1.11) 

Because this model implements energies for growth, it results in morphologies often 

referred to as ‘growth morphology’ and assumes that no surface relaxation exists at the 

interface. It also does not differentiate between the chemical functionality that decorates 

opposite faces of a crystal slab and, therefore, is best suited to centrosymmetric crystal 

structures. 
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Equilibrium crystal morphology presents unequivocally the morphology resulting 

from the relative anisotropic energies of crystal faces. From a practical standpoint, the 

equilibrium is useful in elucidating the important energetic factors relating to 

crystallographically unique intramolecular and intermolecular anisotropy. The calculation 

method implies that the temperature is at absolute zero and the exterior of the crystal is a 

perfect vacuum. Calculation of the equilibrium energy is related to the attachment energy 

method (Eq. 1.11), but expands it in complexity because it takes into account the 

directionality of the two faces accompanying any given slice inside the crystal. Eq. 1.12 

lists the calculation method for determining the ultimate equilibrium morphology a 

crystal theoretically possesses. 

  
Esurf =

1
2

lim M→ inf

Elatt ( M ) − Es ( M )
Ahkl

  (1.12) 

Here, Elatt(M) is the energy associated with a slice of M-thickness inside the crystal, 

Es(M) is the energy associated with a slice of M-thickness in vacuum, and Ahkl is the area 

of a plane with hkl Miller indices. Similar to the attachment energy method, the 

equilibrium morphology method also assumes that there is no relaxation at the surface 

and that the surface represents a perfect termination of the bulk crystal. The ½ term 

appearing in Eq. 1.12 represents the fact that a single calculation is representing only one 

of the two faces associated with a slice inside the crystal because the chemical 

functoinalities may differ on opposite faces. 
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Hartman and Perdok developed a variation of the equilibrium method rejecting that 

growth planes are ideal, flat planes.17 The Hartman–Perdok method involves calculation 

of the strengths and directions of intermolecular interactions within the crystalline lattice. 

An analysis of ‘strong bonds’ arising from hydrogen-bonds, van der Waals interactions, 

and Coulombic interactions propagating throughout the crystal structure is performed in 

this method and results in a crystal morphology arising from the internal energetics. The 

concept of strong bonds is governed by their likelihood of being broken by thermal 

energy at a given temperature. The crystal morphology in this method is more or less 

governed by a hierarchy of bond strengths larger than kT.  

Figure 1.5 presents an example of crystal morphologies calculated by the above 

methods for adipic acid, an organic molecule of industrial significance.18 A highly 

oblique monoclinic unit cell containing strong hydrogen-bonds parallel to the a-axis 

characterizes the structure of adipic acid, and observed morphologies for this crystal are 

quite varied in the literature and seem to be largely governed by the solvent environment 

during crystal growth. Morphological predictions assist in efforts aimed at understanding 

the interactions occurring at the surface of a growing nucleus that help to determine the 

final macroscopic shape of a mature crystal. Therefore, surface interactions at the growth 

interface can have a severe impact on not only the final shape of the crystal, but also the 

promotion or frustration of crystal growth. The lack of energetic considerations in BFDH 

theory can be seen in Figure 1.5-A. In contrast to BFDH morphology, both the AE and 

Hartman–Perdok methods consider the crystal energetics in predicting crystal 
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morphology and cause elongation in the direction of hydrogen-bonding. The AE method 

is useful for analyzing the natural propensity for growth as a function of direction within 

the lattice and is often referred to as the growth morphology (Figure 1.5-B) and can be 

compared to the equilibrium morphology resulting from the Hartman–Perdok method 

(Figure 1.5-C).  
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Figure 1.5. A comparison of morphologies for adipic acid resulting from a variety of 

prediction theories. (A) Crystal morphology resulting from BFDH theory, (B) Crystal 

morphology resulting from AE or ‘growth morphology’, and (C) Crystal morphology 

resulting from Hartman–Perdok theory, an ‘equilibrium morphology’. 

 

1.9 Summary 

Nucleation and growth of crystals is a complicated field of science. Although a 

wealth of information has been collected over the last several hundred years, there is 

much left unknown. More recently, the phenomenon of polymorphism has gained 

A

B C

a-axis



 29 

considerable attention as it is found to be not only more prevalent than it was once 

thought to be, but also much more important to industrial and technological activity. The 

origins of polymorphism are known to arise from a delicate balance between kinetics and 

thermodynamics and are influenced not only by the internal crystalline structure of 

specific forms, but also by the resulting complicated energetics and kinetics associated 

with a natural propensity to adopt specific crystal morphologies in response to the 

crystallization environment. The bulk crystal surface represents an interface between the 

crystalline phase and the exterior environment. Thus far, Chapter 1 has discussed the 

theoretical nucleation of crystals from a homogeneous model, in which a growing 

nucleus is devoid of contact with any surfaces. In concert with the morphological 

interfaces developing in response to the internal structure of a growing crystal, contact 

with interfaces during the growth of a nucleus has profound effects on crystal growth. 

Chapter 2 presents factors important to this phenomenon. 
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2 
 

 

 

 

 

Heterogeneous Nucleation and Epitaxy 

 

2.1 Introduction  

The classical theory of homogeneous nucleation precludes the presence of any 

additional surface on which a nucleus may grow. Chapter 1 presented a discussion on 

how this simple model can involve polymorphic selectivity and influence crystal 

morphology. But surfaces play a key role in the nucleation of mature crystals and can 

determine crystal orientation, morphology, nucleation rates, polymorph selection, or the 

complete suppression of growth. The literature is abundant with observations 
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highlighting the important role surfaces impart to crystal growth and has become a major 

topic of research to develop strategies controlling crystal growth.1,2,3,4 A nucleus 

contacting an additional surface compounds the complex nature of crystal growth, 

effectively playing a role in minimizing the energy barrier necessary to continued growth 

into a mature crystal. Nucleation surfaces are so important that homogeneous nucleation 

is most likely a purely theoretical phenomenon to the extent that crystallization is thought 

to almost always result from contact with an interface, such as the interior surface of a 

vessel or foreign substances in the crystallization environment.5,6 This phenomenon is 

called heterogeneous nucleation and this chapter presents several topics describing the 

role surfaces or interfaces play on the nucleation of crystals. 

 

2.2 Heterogeneous Nucleation 

The work associated with creating new surface of a secondary phase from a 

homogeneous phase can be described by Eq. 2.1 considering that a change in the surface 

area, dA, is directly proportional to the surface energy, γ, between the two phases. In 

terms of how the surface energy imparts a change in Gibbs free energy, the γdA term can 

be attributed to the non-pressure-volume work associated with the free energy at constant 

temperature and pressure, and will directly relate to the free energy as dG.  

  Work = dG = γ dA  (2.1) 
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Contact with additional surfaces in the nucleation environment, such as foreign particles, 

a vessel wall, or other substrate allows a nucleating species to minimize the surface 

energy penalty of creating new surface provided that the surface energy of the interface 

between the nucleus and the substrate or vessel wall is less than that between the nucleus 

and the homogeneous phase.  

Thomas Young proposed a description of a force balance useful for explaining this 

phenomenon in 1805, which was developed further by Dupré to encompass 

thermodynamic relevance, and is now known as the Young–Dupré equation.7 Figure 2.1 

depicts the elements necessary to derive the Young–Dupré equation and presents the 

interplay between three distinct phases by constructing an energetic force balance with 

reference to a solid surface. Eq. 2.1 presents the mathematic basis for the depicted model 

in Figure 2.1 of the Young–Dupré equation where  γ n−α ,  γ α−s , and  γ n−s  are the surface 

energies between the nucleus and the homogeneous phase, the homogeneous phase and 

the solid, and the nucleus and the solid, respectively.8 

 γ n-α cos(θ) = γ α -s − γ n-s  (2.1) 
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Figure 2.1. Depiction of the components necessary for deriving the force balance 

described by the Young–Dupré equation. Here α represents the homogeneous phase, 

which could be vapor or liquid depending on the nucleating environment. The relative 

surface energies between the nucleus–solid interface and the nucleus–α-phase interface 

are balanced by a contact angle, θ, which becomes a measure of the nucleus’s ability to 

wet the solid surface. 

 

The quantity of energy reduction achieved by the nucleus wetting the solid surface can be 

determined by analyzing the energy associated with the process of wetting. Eq. 2.2 

derives the energy difference between states of a nucleus in homogeneous nucleation and 

that in which the nucleus is in contact with a surface. The values of the γ terms are 

identical to those listed in Eq. 2.1 and mathematically describe the energetic cost in 

creating surface between the nucleus and the solid while reducing the energetic cost for 

both surfaces between the solid and homogeneous phase and the nucleus and the 

homogeneous phase.  
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ΔE = γ final − γ initial = γ n-s − γ n-α + γ α -s( )  (2.2) 

Solving for  γ n−s  in Eq. 2.1 and substituting the result into Eq. 2.2 gives Eq. 2.3, which 

expresses  ΔE  in terms of  γ n−α  as a function of the contact angle, θ , between the nucleus 

and the solid. 

  
ΔE = −γ n−α 1+ cosθ( )  (2.3) 

Eq. 2.3 allows direct examination of the critical energy of nucleation as a function of θ 

and explains that for any angle less than 180° (the case for homogeneous nucleation) 

there is a reduction in the energetic barrier. 

Though useful from a theoretical perspective, the Young-Dupré equation is idealistic 

in its treatment of surfaces. According to the Younh–Dupré equation, surfaces are 

perfectly smooth and free of any defects or heterogeneities. Real surfaces are almost 

always rough at some characteristic length-scale, as well as chemically heterogeneous.8 

Cracks, scratches, and surface contaminants exist at somewhat larger length-scales, and 

lattice steps, growth hillocks, and etch pits exist for crystalline solids at the molecular 

length-scale. Local variations in chemical composition also contribute to surface 

heterogeneity and can play a role in causing the contact angle of a nucleus to deviate 

from the value associated with an ideal surface. These tend to affect the contact angle by 

creating smaller apparent values of θ due to an underestimation of the idealized area, Ao, 

with respect to the real surface area, A.9 Somewhat non-rigorously, roughness can be 
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dealt with by the addition of a roughness parameter, β, to Eq. 2.1 where β >1, resulting in 

Eq. 2.4, which contains this parameter and has the effect of linearly scaling the actual 

surface energy in response to a somewhat smaller than expected contact angle.  

 
β γ n-α cos(θ)⎡⎣ ⎤⎦ = γ α -s − γ n-s  (2.4) 

In terms of chemical heterogeneity, fitting data to a model whereby the sum of the values 

f1 and f2 equal unity in Eq. 2.5 can parameterize the surface energies of a solid comprising 

microscopic domains of two chemically distinct compositions. 

  
γ n-α cos(θ) = f1 γ α -s1 − γ n-s1( ) + f2 γ α -s2 − γ n-s2( )  (2.5) 

Extending the implications for non-ideal surfaces, a further consideration involves 

combining what is known about the contact angle of a nucleus on a solid and the 

geometrical consideration of scratches. Lord Kelvin presented a relation in 1872 equating 

the pressure differential across a curved interface to the radius of curvature of a 

secondary phase in what is now known as the Kelvin equation.10 Eq. 2.6 presents the 

Kelvin equation as it appears relating vapor pressure to a condensing phase and Eq. 2.7 

presents the case of solubility (or activity) for a solid phase in the liquid. M is the 

molecular weight, ρ is the density, Rs is the radius of the nucleus, R is the ideal gas 

constant, T is the temperature, p and p0 are the pressures above the curved surface and the 

pressure above a flat surface, respectively, and S and S0 are the solubilities above a 

curved surface and above a flat surface, respectively. The Kelvin equation has been used 
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to explain behavior of materials in topics as diverse as the behavior of capillary 

condensation of undersaturated gases in capillary confinement, to experimentation on the 

control of atmospheric cloud formation.11 

  

2Mγ
ρRs

= RT ln
p
p0

⎛

⎝⎜
⎞

⎠⎟
 (2.6) 

  

2Mγ
ρRs

= RT ln
S
S0

⎛

⎝⎜
⎞

⎠⎟
 (2.7) 

The application of Eq. 2.7 can be extrapolated (rather incorrectly) to the limit of   Rs → 0  

to demonstrate that the solubility becomes infinitely large. Although this extrapolation is 

incorrect because nuclei do eventually develop in to bulk crystals, it is well known that 

the solubility of small crystallites is larger than for larger bulk crystals. Consequently, 

tendency for crystals to behave in accordance to Eq. 2.7 plays an important role in 

understanding certain nucleation behavior. Geometric factors combined with a prescribed 

contact angle between the nucleus and a surface assist in preventing the dissolution of 

incredibly small crystallites and help to promote nucleation. Cracks, scratches, ledges, 

etch pits, and other crystallographic defects provide examples for this. 

Figure 2.2 illustrates how the geometry of scratches and other defects provide a 

nucleus with an opportunity to exploit a given contact angle with a solid surface, having 

the effect of maximizing the radius of curvature at the interface between the nucleus and 

the homogeneous phase to better inhibit dissolution. Consequently, crystals preferentially 
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grow from scratches where nuclei undergo less resistance to growth because their 

surfaces are less prone to dissolution processes as a result of solute concentration 

fluctuations at the growth interface. Scratches and other surface features possessing 

regions of high curvature are so well known to promote crystal growth that they are often 

used to direct where crystals are desired to grow in crystallization vessels. The laboratory 

practice of scratching glassware in a few key areas to assist the nucleation process is 

commonplace, as is the practice of suspending a thread or wire of high surface area into 

the crystallization environment onto which crystals prefer to grow.8 
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Figure 2.2. Schematic explaining how scratches may promote nucleation. Although the 

contact angle remains constant, the radius associated with the nucleus effectively 

becomes larger for the cases of A to D. The radius of curvature of the nucleus is actually 

greater than infinity for the case of D, which helps to frustrate dissolution. The Kelvin 

equation explains that the greatest resistance to dissolution of solute in a nucleus 

accompanies a larger radius of the nucleus at the growth medium interface. Therefore, 

scratches indicated by B, C, and D, should increasingly help promote nucleation with 

respect to A because the interface is characterized by having geometry associated with 

a much larger nucleus. 

 

2.3 Physisorption, Chemisorption, and Epitaxy 

The specific contact angle between the nucleus and the substrate arises from the 

molecular level and can be related to the relative affinity between the molecules in the 

nucleus and the molecules or atoms of the substrate. Weak noncovalent molecular 

interactions at this interface give rise to a spectrum of interaction strengths stemming 

from the chemical nature of the substrate and the nucleus. Further examination of the role 

!

!
! !
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that surfaces play during nucleation and crystal growth involves a brief discussion on the 

adsorption of molecules on a solid at the molecular length-scale; processes referred to as 

physisorption, chemisorption, and epitaxy. 

 

Physisorption. Physisorption is somewhat related to the previous discussion on 

intermolecular forces because it involves weak, intermolecular interactions that are 

electrostatically driven, most often characterized by van der Waals interactions. 

Dispersive forces cause weak attractions between the molecules or atoms comprising the 

substrate and the molecules of the solute so that when the solute concentration is high and 

sufficient time is allowed to pass, a monolayer, or prenucleation aggregate, of solute 

molecules will form on the substrate. For individual molecules or small aggregates, this 

results in a significant rotational and translational degree of freedom for molecules bound 

to the substrate surface. Continued addition of molecules to the substrate damps the 

rotational and translational freedom of the molecules as they form dimers, trimers, n-

mers, and prenucleation aggregates. The contact angle, therefore, results from the relative 

affinity that solute molecules have for the surface during this process and is balanced 

against the affinity the molecules of the solid may have towards the homogeneous phase.  

 

Chemisorption. In some cases, the chemical nature of the solid substrate contributes to 

stronger interactions between adsorbed molecules and the substrate. Hydrogen-bonding, 
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π–π  interactions, and strong electrostatic interactions for charged surfaces may occur 

between specific regions of the solute molecule and the substrate, resulting in a higher 

propensity towards orienting the molecules uniformly with respect to one another on the 

surface. Often, two-dimensional arrays of oriented molecules on a surface ultimately lead 

to the formation of bulk crystals having the same crystallographic orientation. As this 

type of adsorption is typically of greater strength than what is referred to as 

physisorption, and is attributed to chemical functionality between the surface and the 

nucleus, it is often called chemisportion. Chemisorption is a commonly used strategy for 

growing oriented crystals on surfaces (and in some cases the preferential nucleation of 

specific polymorphs) and the literature abounds with the use of siloxane multilayers and 

self-assembled thiol monolayers (SAMS) to create surfaces characterized by a high 

density of tailored chemical functionality for this purpose.3 

The specific factors differentiating physisorption from chemisorption are not firmly 

established and overlap exists between the usages of each term. The free energy value of 

60 kJ/mole is sometimes used to differentiate the cutoff between chemisorption processes 

and weaker physisorption processes. From a mechanistic standpoint, physisorption 

processes are typically associated with weak van der Waals interactions of a (6-12) 

Lennard–Jones type, whereas chemisorption processes are associated with stronger 

modes of bonding best described by Morse potential functions.12,13 The deeper energy 

well associated with chemisorption is attributed to a chemical change between the 
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adsorbed molecule and the substrate involving the creation of a chemical bond through 

electron transfer.  

 

Epitaxy. Crystalline materials represent a special class of nucleation substrates whereby 

the exposed substrate comprises a two-dimensional periodic surface potential arising 

from the longe-range crystallinity of the substrate. The periodic surface potential of the 

substrate contributes to the overall physisorption and chemisorption interaction strength 

and varies periodically as a function of position over the substrate. The orientation of a 

nucleus growing on such a substrate will also present to the substrate its own two-

dimensional lattice. When the lattice parameters of the substrate are similar to those of 

the developing nucleus, the critical energy of nucleation is somewhat reduced because the 

molecules of the nucleus are energetically directed to their correct positions resulting in 

nucleation that proceeds more easily. This relationship is called epitaxy and is derived 

from the Greek roots epi, meaning “above”, and taxis, meaning “ordered”.  

Epitaxial nucleation has become a mainstay of crystallization methods in many 

industries and is an integral process for fabricating lasers, field effect transistors, light-

emitting diodes, and other electronic devices.14 Recently, epitaxy involving molecular 

crystals has gained increasing attention because molecular materials allow access to the 

engineering of structure at the molecular level. The structure of crystalline molecular 

films is often attributed to epitaxy and emerging materials fabricated by this technique 
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have become integral to the development of many new electronic devices.15 Although 

epitaxial behavior has been well established in the realm of inorganic materials, its 

comprehensive understanding remains somewhat elusive for molecular crystals because 

the interface between a substrate and the nucleating overlayer of a molecular crystal 

results from weak noncovalent bonds and depends on the delicate interplay between the 

strength of the respective surface potentials of the substrate and overlayer, and the 

interaction energy across this interface.2,16,17 

In many cases, the internal intermolecular interactions of the growing crystal play a 

superior role in dictating the growth of the bulk crystal than does the interface between 

the crystal and the substrate. Even when the lattices of both the substrate and the 

overlayer are virtually identical, the intermolecular interactions between them may be 

weak, and insufficient to direct the nucleation event effectively. In other cases, the lower 

elastic modulus of many molecular crystals afford these materials the ability to tolerate a 

large degree of strain at the interface and facilitates epitaxial growth given that the 

strained interface is easily recovered by relaxation of the lattice parameters in the 

direction of the bulk crystal. Additionally, specific chemical interactions between the 

substrate and certain functional groups of molecules comprising the overlayer may play a 

stronger role than the position-dependent periodic surface potential of the substrate. 

Therefore, epitaxial growth of molecular crystals and films can prove to be unpredictable 

and at times difficult to comprehend. Figure 2.3 presents the components necessary to 
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understand the factors that influence the tendency a system may have toward being 

driven by an epitaxial relationship. 

 

Figure 2.3. One-dimensional graphical depiction of the components contributing to 

epitaxy. The periodic surface potentials for the overlayer and the substrate (denoted as 

‘overlayer’ and ‘substrate’) correspond to the length of the lattice vectors, aoverlayer, and 

asubstrate, and arise from the potential energy well between constituents in each layer 

(denoted by the dashed traces in gray). The registration length-scale between the two 

layers is indicated where minima coincide. The slope at the inflection point of the 

potential energy well corresponds to where the second derivative of the potential energy 

is equal to zero, and represents the elastic modulus of each layer. The elastic modulus 

determines the magnitude of the periodic potentials within each layer, offering insight 

into the quantity of energy minimization an epitaxial relationship may yield, denoted by, 

ΔEoverlayer, and, ΔEsubstrate. For slight epitaxial mismatches, achieving an epitaxial 
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relationship may require a strain, Δxstrain, of the overlayer and is associated with an 

energetic penalty, ΔEstrain. The interaction strength between the overlayer and the 

substrate is typically weak in nature (represented by the gradient of gray traces labeled 

‘substrate–overlayer interaction strength’) and complicates efforts to predict epitaxy in 

cases where the magnitude of the periodic potential of the overlayer would require the 

energetic penalty of ΔEstrain, to exceed the energetic benefit arising from the substrate–

overlayer interaction potential. 

 

2.4 Summary 

Whereas the classical theory of homogeneous nucleation presented many factors 

providing insight into the complicated behavior of crystallization, in particular to 

polymorphic systems, the introduction of surfaces increases the complexity of nucleation 

and crystal growth. In all likelihood, every nucleation event is the result of heterogeneous 

nucleation given that surfaces play such a key role in reducing the energetic barrier to 

nucleation. The contact angle between a nucleus and the surface upon which it is growing 

provides an energetic model to explain nucleation behavior but is limited in the sense that 

it assumes an ideal nature of surfaces. Nonetheless, it serves a practical utility to 

understanding the nucleation phenomenon.  

Reality dictates that the adsorption behavior of solute molecules at a nucleation 

interface not be neglected. Many kinds of adsorption phenomena result in complicated 

nucleation behavior ranging from simple electrostatic attractive forces to highly 

specialized chemical interactions. Extending the principles of physisorption and 
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chemisorption is the concept of epitaxy; an interfacial mechanism of nucleation involving 

crystalline surfaces characterized by some degree of two-dimensional lattice similarity 

between them.  

The fact that crystallographic descriptions are characterized by mathematical 

geometry allows a facile (although imperfect) route to a screening method aimed at the 

discovery of potential crystal–substrate epitaxial matches. A portion of this research is 

devoted to a tandem strategy involving the computational screening of possible epitaxial 

matches in order to reduce large libraries of combinations to an experimentally 

manageable size. Chapter 3 presents work implementing software to screen a library of 

crystalline substrates for two-dimensional epitaxial matches with possible 

crystallographic planes determined by the different forms of polymorphic crystals in an 

effort to discover substrates facilitating the controlled nucleation of specific polymorphic 

forms. 
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3 
 

 

 

 

 

Tandem Computational and Combinatorial Strategies for 

Epitaxy-Driven, Controlled Crystallization of Polymorphs 

 

3.1 Introduction 

Epitaxy can be explained by geometric comparisons between substrate and overlayer 

lattices. The fact that these comparisons are geometric suggests a priori predictions may 

be possible for discovering conditions by which epitaxial nucleation is likely to occur. 

Recently, advances in geometric techniques for detecting epitaxial relationships have 

proved to rival the results obtained by potential energy calculations and provide a facile 

route to performing many more calculations for an equivalent computational investment.1  
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The complex modes by which molecular films and crystals achieve registry with a 

crystalline substrate have led to ambiguity and confusion in the literature about what 

defines interfaces that are attributed to epitaxial relationships. A geometric computational 

analysis of epitaxy has helped to establish grammatical structure in classifying the 

different kinds of epitaxy. The mathematical structure of grammatically defining different 

modes of epitaxy has led to the discovery of additional epitaxial explanations for cases of 

crystalline overlayer growth. This has proved especially useful in the case of molecular 

crystalline materials, whereby large interfacial lattice parameters and low-symmetry 

preclude the assignment of more conventional explanations for epitaxial lattice matches. 

Recently, a development in software for the geometric modeling of epitaxy, called 

GRACE (Geometric Real-space Analysis of Crystal Epitaxy), allows the detection of 

more elusive epitaxial relationships by means of an ‘epitaxy score’ achieved by the 

summation of lattice points in near-registry between the substrate and the overlayer as a 

function of the azimuthal orientation between the two lattices. The structure of GRACE 

allows libraries of substrates to be screened against a corresponding library of potential 

overlayer planes of crystals. The work contained in this chapter implements a tandem 

strategy for the controlled nucleation of polymorphic crystals by using GRACE to 

computationally screen for epitaxy and combinatorial crystallization to verify epitaxial 

growth. 
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3.2 Computational Modeling of Epitaxy 

An appreciation for the algorithm employed by GRACE necessitates awareness of the 

different classifications of epitaxy. Therefore, a cursory introduction to the taxonomical 

grammar of epitaxy is herein presented.2 An epitaxial interface can be completely 

described by seven parameters. These include the two-dimensional lattice parameters of 

the substrate (a1, a2, and α ), the two-dimensional lattice parameters of the contacting 

overlayer (b1, b2, and β ), and the azimuthal angle, θ , between the two lattices. These 

parameters require that both the lattice for the overlayer and the substrate are each a 

primitive unit cell. The lattice of the overlayer can be mathematically related to the 

substrate by a transformation matrix,  
C⎡⎣ ⎤⎦ , according to Eq. 3.1. The matrix coefficients 

for  
C⎡⎣ ⎤⎦  are presented in Eq. 3.2 through Eq. 3.5 
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 (3.1) 

  p = b1 sin(α −θ) / a1 sin(α )  (3.2) 

  q = b1 sin(θ) / a2 sin(α )  (3.3) 

  r = b2 sin(α −θ − β) / a1 sin(α )  (3.4) 

  s = b2 sin(θ + β) / a2 sin(α )  (3.5) 
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When the transformation matrix is solved for a given set of epitaxy parameters, analysis 

of the resulting coefficients allows epitaxial classification. Possible outcomes for the 

coefficients of the transformation matrix are presented in Figure 3.1 and are characterized 

by the following qualities: 

 All values p, q, r, and s are integers 

 One column contains integers and p, q, r, and s are rational 

 One column contains integers and an irrational number exists in a non-integer 

column 

 All values p, q, r, and s are rational but consist of no integers 

 There are no integers and at least one coefficient of p, q, r, and s is irrational 

 

Commensurism. For commensurate lattices, p, q, r, and s are all integers. This 

represents a “point-on-point” (POP) condition. For such a condition, each lattice vector in 

the overlayer is an exact integer multiple of a corresponding lattice vector in the 

substrate. Commensurism represents the class of epitaxial registration that is 

energetically most favorable with respect to nucleation of an overlayer because the 

surface potentials of both lattices at the epitaxial interface are capable of phase 

coherence. 

 

Coincidence-1. For coincidence-1, a single column of integers must exist in the 

transformation matrix signifying coherence of the overlayer to a primitive lattice vector 
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of the substrate. Whereas commensurism is de noted by POP registration, a “point on 

line” (POL) registry characterizes coincidence. Within the possibilities for POL registry, 

non-integer coincidence along the alternate substrate lattice vector is possible and is 

classified as type 1A coincidence. Alternatively, one of the remaining two transformation 

matrix coefficients could be irrational, signifying no registry along the second substrate’s 

lattice vector. This is classified as type 1B coincidence. 

 

Coincidence-2. Coincidence-2 is classified as relating the substrate and overlayer 

registry through a transformation matrix containing no integers, but all rational values. 

The registration characterized by this relationship does not have any registry along a 

lattice vector within the primitive unit cell for either lattice. However, registry occurs 

along both lattice vectors at some length-scale associated with multiples of unit cells. 

 

Incommensurism. When neither column of the transformation matrix contains integers, 

and one of the remaining two coefficients is an irrational number, the registration is 

incommensurate and the likelihood of an energetic propensity towards epitaxial 

nucleation is doubtful.  
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Figure 3.1. Schematic of epitaxial classifications. The open circles represent the 

substrate lattice points and the grayed circles indicate the overlayer lattice points. (A) 

represents POP commensurism as the overlayer lattice points coincide with lattice points 

of the substrate, (B) represents a POL coincidence-1A.  Note that lattice points of the 

overlayer always fall on at least one primitive lattice vector of the substrate. (C) 

represents a POL coincidence-1B, in which there is coincidence along one lattice vector 

and no complete unit cell over a meaningful length. (D) represents a coincidence-2 in 

which, although coincidence is shown to occur, the overlayer lattice points fall on points 

not coinciding with primitive substrate lattice vectors. 
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Inorganic substrates and molecular crystal overlayers typically differ from each other 

with respect to the characteristic length-scales of their respective lattice parameters. In 

some cases molecular crystals have lattice constants that are up to an order of magnitude 

larger than their inorganic counterparts. Consequently, the modes of epitaxy more 

frequently observed between molecular overlayers and inorganic substrates are those of 

coincidence and not commensurism.  

Generally, coincidence is recognized to be less significant in reducing the energy for 

nucleation than for commensurism. However, molecular overlayers display complicated 

behavior due to their ability to accommodate strain through stretching and/or buckling at 

the nucleation interface. Therefore, it is not unrealistic to expect relationships yielding 

coincidence-1B, coincidence-2, or even incommensurism to display growth behavior of 

overlayers indicating that epitaxy is taking part in dictating the growth.  

Detecting a propensity for one of these modes of epitaxy requires a method that can 

measure a tendency towards near-coincidence. In addition to GRACE’s ability to detect 

registration arising from more conventional epitaxial modes, it also offers the capability 

to detect and score lattice mis-matches and has been used in this research to screen for 

possible epitaxial matches between inorganic substrates and molecular crystals. 

GRACE implements a user expandable database of crystallographic parameters for 

substrates and overlayers. Calculations in GRACE begin by loading user-defined libraries 
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of lattice parameters for substrates and crystallographic lattice parameters for overlayer 

crystals. These databases serve as the input variables for performing combinatorial 

computations for epitaxy. Several parameters are available to the user, selectable through 

a graphical-user-interface (Figure 3.2-A) and serve to tailor the behavior of the program 

to the computational efficiency or intensity needed by the user.  

A user defined truncation parameter,   dc , defines the maximum lateral separation 

between a substrate and overlayer lattice point for the pair to contribute to the epitaxial 

calculation. By default this is set to 1.5 Å. A variety of calculation methods are included 

in GRACE for computing epitaxy scores including Gaussian, inverse sixth power, and 

normalized inverse sixth power decay functions. This research universally implemented a 

standard Gaussian decay function for computing epitaxy according to Eq. 3.6.  

  
E =

1
n

exp −
di

2

d0
2

⎛

⎝
⎜

⎞

⎠
⎟ ×100

i
∑  (3.6) 

Here, n is the total number, i, of lattice pairs contributing to the calculation of E. The 

lateral distance between the lattice points being compared for a particular combination is 

 di , and a parameter for tailoring the sharpness of the decay function is implemented as 

  d0 , which is set to 0.3 by default. Eq. 3.6 represents the score calculated for one 

azimuthal angle between the substrate and the overlayer. Consequently, E, is a function 

of overlayer angular rotation. GRACE presents the hierarchical ranking of substrate-

overlayer combinations according to descending values of the maximum value of E that 
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is assigned to the best angular orientation for each substrate-overlayer combination. A 

screen capture of the graphical-user-interface for epitaxial analysis in GRACE is 

presented in Figure 3.2-B 

 

 

Figure 3.2. Screen captures of GRACE. (A) Experimental setup interface. (B) Epitaxial 

analysis and data export interface. 

 

Preliminary testing of GRACE yielded results in very good agreement with STM, 

AFM, and LEED observations made previously by our laboratories and data published in 

the literature. Table 3.1 presents a comparison of GRACE calculations and experimental 

observations for the azimuthal orientation between substrate and overlayer epitaxial 

configurations.  
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Table 3.1. A comparison of experimental data and GRACE calculations for azimuthal 

orientation of epitaxial overlayers. a From reference 1(a). b From reference 3. c From 

reference 2(a). d From reference 4 

Substrate Overlayer Experimental GRACE 

HOPG PTCDA -3.2° (STM)a -3.3° 

HOPG PTCDI -12.7° (STM)a -12.8° 

HOPG CuPc -8.9° (STM)b -9° 

HOPG β-(ET)2I3-1 18° (AFM)a 19.8° 

MoS2 PTCDA ±12.2° (LEED)c -12.8° 

MoS2 PTCDI -10.9° (STM)c -10.8° 

MoS2 CuPc 30° (STM)c 30° 

Cu (100) FePc 22.5° (LEED)d 23.2° 

 

 It can be seen from Table 3.1 that preliminary tests of GRACE agree well with 

experimental observations reported in the literature. 

 

3.3 Substrate Selection 

Crystallographic data for hundreds of inexpensively attained geological minerals are 

available through a variety of sources, namely the Inorganic Crystal Structure Database 

(ICSD). Books and web-based mineralogical communities provide databases for which 

minerals have been classified by their physical properties. In particular, minerals 

exhibiting perfect cleaving behavior are of prime candidacy for nucleation substrates 

because they readily expose crystallographically ordered surfaces that are flat with 

respect to the length-scale of nucleation.  
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Minerals possessing only one, or selectively few, easily cleaved planes tend to retain 

an overall aspect ratio when ground into finer fragments, allowing the desired cleavage 

plane to dominate the surface area of each particle. One strategy for crystallization during 

preliminary experiments allowed crystals to grow on the surfaces of packed layers of 

these particles. The results of these studies revealed that when the fragments become 

smaller, nucleation is more readily attributed to fine dust and edges of mineral fragments 

because these features play a strong role in reducing the energy for nucleation, as 

discussed in Chapter 2. 

To maximize the chances of revealing epitaxial nucleation between inorganic 

substrates and molecular crystals, substrates were carefully chosen based on known 

tendencies for presenting large, molecularly flat, crystallographic regions. The minerals 

selected as nucleation substrates for this work are galena, highly oriented pyrolitic 

graphite (HOPG), molybdenite, muscovite, and phlogopite. Glass was also used as a 

control substrate in each crystallization experiment. Crystallographic lattice parameters 

for the cleaved surface of these minerals are presented in Table 3.2. 
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Table 3.2. Crystallographic lattice parameters for the cleavage planes of minerals used 

in combinatorial crystallization experiments. 

 a1 a2 α  

Galena 5.936 5.936 90° 

HOPG 2.4612 2.4612 120° 

Molybdenite 3.1604 3.1604 120° 

Muscovite 5.203 8.995 90° 

Phlogopite 5.326 9.210 90° 

 

Galena is a mineral comprised of lead sulfide (PbS) and crystallizes in the cubic 

structure Fm3m. Graphite is composed of aromatic carbon arranged hexagonally in sheets 

(P63/mmc). Molybdenite is another hexagonally packed mineral (P63/mmc) comprised of 

sheets of molybdenum disulfide (MoS2) in which the bonding between constituents 

within the sheet is strong, but weak between the sheets, leading to low energy for 

cleaving the (001) planes. Muscovite and phlogopite are both micaceous minerals. The 

composition of muscovite is KAl2(AlSi3)O10(OH)2 and its structure consists of layers of 

tetrahedral sheets of SiO4 joined together by an octahedral sheet of AlO6 in which one in 

four of the Si atoms is replaced by Al, yielding layers of negatively charged surfaces that 

are electrostatically joined by a hexagonal sheet of potassium ions. Phlogopite differs in 

composition (KMg2(AlSi3)O10(OH)2) because it replaces octahedral sheets of AlO6 with 

MgO6 and yields slightly different lattice parameters. The lattice parameters for 

muscovite and phlogopite appear rectangular in form, but because of the respective 

vector lengths, result in hexagonal lattices. 
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3.4 Polymorph Selection 

Four crystal systems for which polymorphism has been well established were chosen 

as model systems in this work. Trans-cinnamic acid, glycine, 5-methyl-2-[(2-

nitrophenyl)amino]-3-thiophenecarbonitrile (ROY), and sulfanilamide are known for 

well-characterized polymorphic behavior including common parameters for accessing 

specific forms. The molecular structures for these four compounds are presented in 

Figure 3.3. 

 

 

Figure 3.3. Molecular structures for the polymorphic compounds studied in Chapter 3. 
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Trans-cinnamic acid. Trans-cinnamic acid has been the subject of extensive research 

because it undergoes photodimerization when exposed to UV radiation and has served an 

integral role in the progeny of the modern concept of ‘crystal engineering’.5 Trans-

cinnamic acid has two known polymorphs, referred to as α and β. The crystallographic 

parameters for these polymorphs are given in Table 3.3. 

 

Table 3.3. Crystallographic Parameters for the polymorphs of cinnamic acid. 

 α-Cinnamic acid β-Cinnamic acid 

space group 
  P2

1
/ c    P2

1
/ a  

a (Å) 5.644 31.296 

b (Å) 18.011 4.0152 

c (Å) 9.019 6.083 

α (deg) 90 90 

β (deg) 121.47 90.146 

γ (deg) 90 90 

volume (Å3) 781.967 764.385  

 

Both polymorphs pack in a monoclinic arrangement, but the β  polymorph has a severely 

elongated unit cell extending in [100]. Although the unit cell volume is smaller for the β 

form, it is generally considered to be the thermodynamically metastable form at room 

temperature. Reliable crystallization of β is accomplished by rapid filtration from a 

saturated solution of trans-cinnamic acid in petroleum ether at 0° C, whereas growth of 
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the α  form is easily accomplished by slow evaporation from petroleum ether at room 

temperature.6   

Crystal packing diagrams for both these structures reveal that hydrogen-bonding 

occurs between pairs of molecules arranged as sheets (Figure 3.4). The α  form has a unit 

cell characterized by a herringbone structure that the molecules adopt such that ribbons of 

dimers propagate along [001]. The orientations of the molecules with respect to each 

other are in a tilted face-to-face configuration, which presents C–H bonds to the interface 

between each layer. In contrast, the metastable β form adopts layers in which the 

molecules present a larger surface of the benzene ring between the layers. The chemical 

difference presented to the truncation surface between the layers may contribute to 

specific tendencies for strong chemical interactions between a substrate and the nucleus 

and may usurp the energetic benefit associated with an epitaxial coincidence.  
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Figure 3.4. Crystal packing motifs for trans-cinnamic acid polymorphs. Note that the α 

form adopts a planar herringbone structure by rotating the orientation of the molecules 

more towards a face-to-face configuration in the plane. The metastable β form presents 

a flatter orientation of the molecule to the surface of the plane but cannot achieve as 

tightly a close-packing arrangement within the plane. 

 

Glycine. A wealth of information is known about glycine polymorphism. It has three 

forms easily accessed at ambient conditions by control of the crystallization temperature 

and the solvent from which the crystals are grown.7 The lattice parameters for these three 

polymorphs are presented in Table 3.4. Glycine is one of the most structurally simple 
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amino acids and the crystal structures arising from this molecule display such a strong 

tendency for hydrogen-bonding throughout the crystal matrix that the calculation of 

growth or equilibrium morphologies is difficult, owing to problems in definitively 

predicting the lowest energy faces (see Appendix B).  

 

Table 3.4. Crystallographic Parameters for the polymorphs of glycine. 

 α-glycine β-glycine γ-glycine 

space group 
  P2

1
/ n    P2

1
   P3

2
 

a (Å) 5.0835 5.077 7.046 

b (Å) 11.820 6.268 7.046 

c (Å) 5.4579 5.380 5.491 

α (deg) 90 90 90 

β (deg) 111.95 113.2 90 

γ (deg) 90 90 120 

volume (Å3) 304.176 157.361 236.084  

 

Crystallized from water, glycine typically adopts the α form, which is characterized by 

centrosymmetrically hydrogen-bonded dimers.8 Although the α  polymorph is not the 

most thermodynamically stable form at room temperature, the interaction with aqueous 

solvent molecules (water) during the crystallization process strongly governs the 

crystalline order that develops in α. Triggering crystallization by the addition of ethyl 

alcohol as a co-solvent to an aqueous solution of glycine will often result in forming the 

β  polymorph.9 The β form differs from the α form in that it comprises sheets that are 
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polar within the sheet, but ordered such that the polarity is opposed to the orientation of 

adjacent sheets.10 The β form is the least stable at room conditions and often transforms 

to α. The similarity between α and β is that neither crystal structure yields a net polarity.  

The most thermodynamically stable polymorph of glycine is the γ form. This 

polymorph forms hexagonal crystals in which the glycine molecules are aligned, causing 

the opposing faces of the basal crystal surfaces to consist of high densities of either 

amino acids or carboxylic acid functional groups. Figure 3.5 illustrates these packing 

differences. Transformation of β to α is common because the amount of energy 

associated with re-orientation of glycine molecules is smaller for the process of adopting 

centrosymmetric dimers in comparison to directing all the molecules within the 

crystalline lattice to align with a common polarity. Additionally, the global change of 

molecular alignment required for α to transform to γ precludes this process from 

occurring rapidly, and thermodynamically frustrated α crystals may persist a long time in 

this kinetically determined state. 
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Figure 3.5. Crystal packing motifs for glycine polymorphs. α-glycine (upper left) 

characterized by centrosymmetric hydrogen-bonded dimers, visible on the (100) plane 

view. β-glycine (upper right) characterized by polar planes of opposite orientations (in 

and out of the page for the (001) plane view). γ-glycine, the hexagonal lattice of (001) 

populated with functional groups resulting from global polarity. 
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5-methyl-2-[(2-nitrophenyl)amino]-3-thiophenecarbonitrile. Of all polymorphic 

molecular compounds, 5-methyl-2-[(2-nitrophenyl)amino]-3-thiophenecarbonitrile has 

proved to yield the greatest number thus far. This compound is a pharmaceutical 

intermediate to the antipsychotic agent olanzapine.11 As of today, there are eight distinct 

polymorphs for which single crystal structures have been solved, and several more that 

have been identified but not solved.12 The common name for this compound is ROY, 

attributed to its penchant for displaying strikingly colorful crystals in the Red-Orange-

Yellow range of the color spectrum. The colors are attributed to differences in π-bond 

networks arising from the conformation of the molecule in the crystal structure.13 

Although the polymorphs of ROY adopt diverse crystallographic structures, it is the 

flexibility of the molecule and chemically varied regions that cause ROY to be 

considered a conformational polymorph.  

ROY exhibits rather fascinating behavior because the morphologies for crystals of 

different polymorphs are as varied as the colors. Assignments of ROY polymorph names 

tend to follow the acronyms for the shape and color of the crystal, i.e. OP is ‘Orange 

Plate’ and YN is ‘Yellow Needle’, examples of ROY polymorphs are reproduced from 

the literature in Figure 3.6.  
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Figure 3.6. Examples of ROY polymorphs adapted and reproduced with permission 

from reference 14.  

 

Many of ROY’s polymorphs are incredibly similar to each other energetically, and 

concomitant growth of multiple polymorphs for the same growth conditions is common.14 

Table 3.5 presents the crystallographic data for the polymorphs of ROY that have been 

solved by single crystal X-ray diffraction. 

 

Table 3.5. Crystallographic Parameters for ROY polymorphs. 

 Space group a (Å) b (Å) c (Å) α  (deg) β  (deg) γ  (deg) 

ON   P2
1

/ c  3.9453 18.685 16.3948 90 93.83 90 

Y   P2
1

/ n  8.5001 16.413 8.5371 90 91.767 90 

R   P 1  7.4918 7.7902 11.911 75.494 77.806 63.617 

OP   P2
1

/ n  7.976 13.319 11.676 90 104.683 90 

YN   P 1  4.5918 11.249 12.315 71.194 89.852 88.174 

ORP  Pbca  13.177 8.0209 22.801 90 90 90 

YT04   P2
1

/ n  8.2324 11.8173 12.3121 90 102.505 90 
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Sulfanilamide. Sulfanilamide is a polymorphic compound that has been studied over the 

course of many years for its utility as an antibiotic, and for its use as a precursor for the 

development of other therapeutic agents. More recently, a fourth polymorph of 

sulfanilamide has been discovered, although reliably accessing the growth of this form is 

non-trivial and has been excluded from the screening efforts included in this work.15 

Control of the growth for the other three polymorphs has been known since 

approximately the 1960’s.16  

The phase behavior for this drug has been well established and sulfanilamide polymorphs 

are known to exist enantiotropically between β and γ, whereas γ exists as the 

thermodynamically favored form at high temperatures (T > 70° C), and β is 

thermodynamically favored at ambient temperature. The third polymorph is the 

metastable α variety, which is monotropic with respect to β and γ.17 Crystallographic 

parameters for the three polymorphs of sulfanilamide are included in Table 3.6. Crystal 

packing motifs for these three forms are included in Figure 3.7. 
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Table 3.6. Crystallographic Parameters for the polymorphs of sulfanilamide. 

 α-sulfanilamide β-sulfanilamide γ-sulfanilamide 

space group  Pbca    P2
1

/ c    P2
1

/ c  

a (Å) 5.650 8.975 7.950 

b (Å) 18.509 9.005 12.945 

c (Å) 14.794 10.039 7.790 

α (deg) 90 90 90 

β (deg) 90 111.43 106.5 

γ (deg) 90 90 90 

volume (Å3) 304.176 157.361 236.084  
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Figure 3.7. Crystal packing motifs for sulfanilamide. Hydrogen-bonds stabilize all three 

forms. Of particular interest is the comparison between the β and the γ forms. These 

exist as enantiotropes with a cross-over temperature at approximately 70° C. β-

sulfanilamide tends to form puckered layers while the γ form orients the molecules so 

that the benzene rings are tilted and pack face-to-face within the sheets. 
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3.5 Computational Results 

GRACE calculations were performed for all combinations of substrates and crystals. 

Specifically, all combinations of hkl Miller planes from 0 to |3| were screened for 

possible epitaxial matches. Full computations were made for square overlayer areas 

ranging in size from 100 Å x 100 Å, to 400 Å x 400 Å by increments of 100 Å. The 

reason for replicating each computation at different scan areas is because GRACE 

operates by coinciding perfect registry of a pair of lattice points at the origin of the array. 

Therefore, instances comprising incommensurism typified by a slightly incoherence can 

report false maxima at smaller calculation areas because of an abnormally high 

percentage of misfit lattice points within the region stemming from the origin.  

Examining consistent trends for an epitaxial assignment over several computed areas 

helps to lend greater credibility to a possible match. Tables 3.7 through 3.10 present the 

best three calculation results for each combination of substrate and overlayer. Scoring is 

determined by ranking the maximum epitaxy score but the ratio of the maximum divided 

by the standard deviation for the largest area calculated (400 Å x 400 Å) is also included. 

In these tables, the three highest ranked scores are listed because in some cases the 

differences between the highest and next highest ranking are small, and both 

computations predict the likelihood of epitaxy.  
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Table 3.7. GRACE calculation results for trans-cinnamic acid on various substrates. 

(See Appendix A for comprehensive graphical results.) 

 #1 Rank #2 Rank #3 Rank 

β-CINMAC (100) β-CINMAC (201) β-CINMAC (201) 

E = 2.245 E = 1.525 E = 1.497 

Galena 

E/σ = 17.008 E/σ = 10.167 E/σ = 9.914 

β-CINMAC (100) α-CINMAC (010) α-CINMAC (301) 

E = 1.259 E = 0.876 E = 0.690 

Graphite 

E/σ = 50.360 E/σ = 29.200 E/σ = 15.333 

α-CINMAC (010) β-CINMAC (100) β-CINMAC (201) 

E = 1.318 E = 1.272 E = 0.851 

Molybdenite 

E/σ = 19.970 E/σ = 60.571 E/σ = 11.819 

α-CINMAC (001) α-CINMAC (102) β-CINMAC (013) 

E = 3.957 E = 2.925 E = 2.829 

Muscovite 

E/σ = 15.828 E/σ = 12.188 E/σ = 17.792 

α-CINMAC (012) β-CINMAC (100) α-CINMAC (010) 

E = 2.258 E = 2.185 E = 1.557 

Phlogopite 

E/σ = 16.482 E/σ = 16.306 E/σ = 12.456 
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Table 3.8. GRACE calculation results for glycine on various substrates. 

(See Appendix A for comprehensive graphical results.) 

 #1 Rank #2 Rank #3 Rank 

β-GLYCIN (301) α-GLYCIN (101) Β-GLYCIN (010) 

E = 4.122 E = 3.884 E = 2.973 

Galena 

E/σ = 10.054 E/σ = 14.332 E/σ = 13.213 

β-GLYCIN (110) β-GLYCIN (110) Β-GLYCIN (010) 

E = 1.813 E = 1.738 E = 1.709 

Graphite 

E/σ = 19.084 E/σ = 18.295 E/σ = 38.841 

γ-GLYCIN (111) γ-GLYCIN (011) γ-GLYCIN (011) 

E = 2.526 E = 2.523 E = 2.510 

Molybdenite 

E/σ = 13.365 E/σ = 13.712 E/σ = 13.716 

β-GLYCIN (110) β-GLYCIN (110) β-GLYCIN (101) 

E = 3.189 E = 3.189 E = 2.845 

Muscovite 

E/σ = 11.768 E/σ = 11.768 E/σ = 13.811 

γ-GLYCIN (001) β-GLYCIN (010) α-GLYCIN (130) 

E = 5.462 E = 4.890 E = 4.317 

Phlogopite 

E/σ = 8.984 E/σ = 15.980 E/σ = 14.201 
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Table 3.9. GRACE calculation results for ROY on various substrates. 

(See Appendix A for comprehensive graphical results.) 

 #1 Rank #2 Rank #3 Rank 

Y-ROY (010) OP-ROY (201) OP-ROY (001) 

E = 3.960 E = 3.760 E = 1.667 

Galena 

E/σ = 13.156 E/σ = 9.741 E/σ = 9.261 

YN-ROY (011) R-ROY (111) Y-ROY (100) 

E = 1.234 E = 1.181 E = 1.027 

Graphite 

E/σ = 14.867 E/σ = 14.402 E/σ = 14.465 

YN-ROY (011) YN-ROY (001) YN-ROY (012) 

E = 1.618 E = 1.535 E = 1.377 

Molybdenite 

E/σ = 13.048 E/σ = 15.350 E/σ = 13.909 

YN-ROY (001) R-ROY (213) R-ROY (001) 

E = 2.313 E = 2.051 E = 1.999 

Muscovite 

E/σ = 13.448 E/σ = 16.023 E/σ = 13.599 

ON-ROY (001) YN-ROY (010) YN-ROY (113) 

E = 2.473 E = 2.306 E = 2.208 

Phlogopite 

E/σ = 11.610 E/σ = 12.811 E/σ = 11.040 
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Table 3.10. GRACE calculation results for sulfanilamide on various substrates. 

(See Appendix A for comprehensive graphical results.) 

 #1 Rank #2 Rank #3 Rank 

γ-SULAMD (010) β-SULAMD (113) α-SULAMD (010) 

E = 1.411 E = 1.296 E = 1.274 

Galena 

E/σ = 14.454 E/σ = 12.343 E/σ = 11.152 

β-SULAMD (010) γ-SULAMD (011) γ-SULAMD (010) 

E = 1.127 E = 0.881 E = 0.811 

Graphite 

E/σ = 17.076 E/σ = 12.236 E/σ = 27.033 

γ-SULAMD (010) γ-SULAMD (001) α-SULAMD (011) 

E = 0.867 E = 0.722 E = 0.672 

Molybdenite 

E/σ = 22.816 E/σ = 12.448 E/σ = 12.679 

β-SULAMD (001) β-SULAMD (203) β-SULAMD (101) 

E = 5.396 E = 5.363 E = 5.070 

Muscovite 

E/σ = 13.730 E/σ = 12.800 E/σ = 12.276 

β-SULAMD (010) γ-SULAMD (101) β-SULAMD (101) 

E = 2.020 E = 1.684 E = 1.498 

Phlogopite 

E/σ = 17.119 E/σ = 12.855 E/σ = 9.363 

 

Comprehensive results for the data reported in the preceding tables are presented in 

Appendix A. The data listed in Appendix A graphically present epitaxy scores and are 

useful for illustrating cases in which a particular azimuthal orientation between the 

substrate and the overlayer is significantly higher than the other orientations. The ratio of 

E/σ is intended to represent this behavior but certain instances of very high E/σ originate 

from the presence of no peak E value at all. For these cases, the high ratio of E/σ arises 

purely from very small values of σ, and not because of a singularly high value of E. 
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3.6 Crystallization Results  

Preliminary attempts to crystallize the compounds involved in this study from the 

liquid were fraught with difficulty for several reasons. Crystals grew concomitantly on a 

plethora of undesired surfaces in the crystallization vessel, the solvent was heavily 

influential in directing polymorph selectivity, and crystals arriving to the surface of the 

substrate were often carried there convectively as opposed to nucleating on the substrate. 

Additionally, the majority of crystals grown could be observed to result from many other 

locations except for the smoothly cleaved surfaces crucial to this work. Consequently, the 

crystallizations for this work were performed by sublimations under vacuum. This 

technique allowed the best conditions for comparing the substrate–overlayer interaction 

versus the internal intermolecular interactions of each compound during crystal growth. 

A Schlenk line apparatus and a Welch 1400 Duo-Seal® was used to create a vacuum 

and was measured to be approximately 2 mbar. A cold finger was used as the 

crystallization target and the temperature of the nucleation substrate was held at between 

15° and 25° C to induce crystallization. Freshly cleaved specimens of the aforementioned 

substrates were attached to circular coverslips (10 mm diameter) with a UV-curable 

adhesive and attached to the cold finger with a small quantity of vacuum grease. The 

powdered form of the compounds was placed in the bottom of the coldfinger reservoir 

and an oil bath was used to control the sublimation temperature. Table 3.11 lists the 
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parameters used for sublimation of the four compounds studied in this work and Figure 

3.8 presents the schematic for the coldfinger apparatus. 

 

Figure 3.8. Schematic of the coldfinger assembly in the disassembled (left) and 

assembled (right) configurations denoting the geometry and components integral to 

sublimation crystallizations. 

 

 

To Vacuum

Water Outlet

Water Inlet

Source Material

Target (Substrate)
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Table 3.11. Sublimation conditions for experimental crystal growth. 

 Source (°C) Target (°C) Pressure (mbar) Time (hours) 

Trans-cinnamic acid 35 15 4 24 

Glycine 115 25 2 24 

ROY 35 15 10 24 

sulfanilamide 85 25 2 48 

 

Selecting a set of conditions for sublimation was accomplished by trial and error. The 

primary factors influencing the selection of sublimation parameters were aimed at 

controlling the nucleation rate on the substrates.  

When conditions were refined so that fields of very small crystals could be grown on 

the substrates over a time of 24 hours or longer, X-ray microdiffraction data was 

collected to determine the polymorph and crystal orientation. The criteria for desiring 

fields of small, i.e. several microns in area, crystals stems from the behavior of certain 

compounds to nucleate concomitant polymorphs whereby the crystal of one form serves 

as the nucleation substrate of a different form. Restricting the growth of crystallites to 

very small sizes directly in contact with the substrate allowed better elucidation of the 

interaction at the crystallization interface between the substrate and the nucleating 

crystals. Additionally, because epitaxy concerns the energetic factors associated with 

nucleation, slow growth of small crystallites under conditions of low chemical potential 

allow better access to crystals resulting from energetic factors and not kinetically driven 

crystals that merely reside randomly on the substrate surfaces. 
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In some cases, the temperature of the coldfinger was adjusted as opposed to the 

temperature of the reservoir to influence the rate of crystal growth. When enantiotropic 

behavior was known to exist between two polymorphs, the crystallization parameters 

were chosen so that the sublimation temperature was close to the known thermodynamic 

crossover temperature between the polymorphs frustrating temperature-driven polymorph 

selection. 

Analysis of the crystals was done by X-Ray microdiffraction using a Bruker D8 

Discover®
 microdiffractometer (Madison, Wisconsin) equipped with a Cu, K-α radiation 

source and a 2D area detector. X-ray data collection was performed in a grazing-angle 

configuration to preferentially increase the intensity of crystallographic planes parallel to 

the surface of the substrate. The incident angle was 4°  θ-1 and the area detector was 

positioned so that its angle was 18°  θ-2. This configuration provided a 2θ range from 

approximately 4° to 40° measured in 2θ. 

Diffraction analysis was performed using Bruker’s GADDS® software and the results 

of the analysis are presented in Appendix B. Table 3.12 presents a compilation of these 

data for comparison with the computational predictions by GRACE. Considerable 

difficulty was encountered in analyzing these samples because the diffraction intensity of 

crystalline inorganic substrates is several orders of magnitude higher than for micron-

sized molecular crystals. 
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Table 3.12. Experimental results for molecular crystal growth on inorganic crystalline 

substrates. 

 Trans-cinnamic 
acid 

glycine ROY Sulfanilamide 

Glass (Control)  α 

(010) orientation 

γ 

(010) orientation 
‘possibly’ 

ON 

(021), (010), (141) 
orientation 

γ 

not oriented 

Galena  α 

(010) orientation 

γ 

(100) orientation 
‘possibly’ 

Y 

(041) oriented 
‘possibly’ 

γ 

(102) 

Graphite  α 

 (151) orientation 

γ 

 not oriented? 

ON 

(021), (010), (031) 
orientation 

γ 

(100) orientation 

Molybdenite α 

(151) orientation 

γ 

(100) orientation 
‘possibly’ 

ON 

(021) orientation 

γ 

(102) orientation 

Muscovite β-(100)/(α-010) γ 

(001) orientation 
‘possibly’ 

Y (and ON) 

Y-(010) 

γ 

(100) orientation 

Phlogopite β-(100)/(α-010) γ 

not oriented 

Y (and ON) 

Y-(010) 

γ 

(100) orientation 

 

The results included in this work correspond to collection times between 45 minutes 

and 1 hour, using a 300 µm diameter Collimator. Data was time averaged with respect to 

a full 360° azimuthal rotation in the plane of the substrate during the collection. Notably, 

the 4° angle of incidence for the X-ray beam creates an elliptical contact region on the 

substrate with an aspect ratio of over 14.3:1. This allows coherent wave construction not 

seen in Bragg reflection conditions. Thus, peaks normally absent in Bragg powder 

diffraction due to systematic absences for the substrate readily appear and must be 
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carefully scrutinized to ensure they are properly assigned to the substrate, or the crystal 

overlayer.  

The assignment of crystal orientations for the data compiled in Table 3.12 was 

calculated by Eq. 3.7, where φ  is defined as the angle between the vector normal to the 

plane defined by h2k2l2 and a vector lying in the plane of h1k1l1. The position of a 

diffraction peak on the area detector can be defined in terms of the angle between the 

incident X-ray and the diffracted X-ray, θ , and the tilted angle, δ , defined as the angle 

between a vector constructed between the diffraction spot and the incident beam and 

another vector in the plane of the detector but normal to the incident beam. Figure 3.9 

depicts the geometric relationship between the components of the microdiffractometer 

and Eq. 3.7. 

 cosφ = cosθ cosδ  (3.7) 
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Figure 3.9. Geometric configuration relating X-ray microdiffractometric assignment of 

crystallographic planes to Eq. 3.7. 

 

3.7 Discussion 

The comparison of computationally predicted data with experimentally measured data 

yields surprising results. Table 3.13 presents a summary of computational results in 

comparison to the experimental data. 
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Table 3.13. A comparison of computationally predicted epitaxial crystal growth versus 

experimental data. Red indicates computational prediction, blue indicates experimental 

data. Correct polymorph predictions are highlighted in light gray although these do not 

confirm the proper orientation. 

 Trans-cinnamic 
acid 

glycine ROY Sulfanilamide 

Ν/Α Ν/Α Ν/Α Ν/Α Glass (Control) 

 α-(010) γ ON γ 

β-(100) β-(301) Y-(010) γ-(010) Galena 

 α-(010)  γ Y γ-(102) 

β-(100) β-(110) YN-(011) β-(010) Graphite 

 α-(151) γ ON γ-(100) 

α-(010) γ-(111) YN-(011) γ-(010) Molybdenite 

α-(151) γ ON γ-(102)  

α-(001) β-(110) YN-(001) β-(001) Muscovite 

β-(100)/(α-010) γ Y and ON γ-(100)  

α-(012) γ-(001) ON-(001) β-(010) Phlogopite 

β-(100)/(α-010) γ Y and ON γ-(100)  

 

The data indicate that the diverse collection of molecular crystals and inorganic 

substrates predominantly spurn the growth of thermodynamically driven crystals dictated 

by internal intermolecular interactions rather than by epitaxial influence as indicated by 

universal agreement with the crystal form grown on the control substrate (Table 3.12). 

Almost universally, the thermodynamically stable polymorphs nucleated on these 

substrates with the exception of sulfanilamide.  

The fact that the predicted and experimental data agree very poorly suggests that 

other interaction forces are more influential than epitaxial forces in dictating crystal 
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growth at the substrate-nucleus interface. These interactions are likely chemical in nature 

or are so small that slow crystal growth allows the internal intermolecular forces to 

ultimately dictate crystal growth. 

For some of the crystal systems used in this work, the crystal orientations were 

gleaned from the microdiffraction data. Trans-cinnamic acid and sulfanilamide yielded 

such crystals, but the diffraction patterns obtained for glycine and ROY were wide bands, 

precluding the assignment of crystal orientation.  

 

Randomly-oriented crystals. Thousands of micron-sized, randomly oriented crystals 

decorating each of the substrates suggest very little interaction between the substrate and 

the nucleus during crystal growth and represent very weak interactions allowing crystal 

growth to be dominated by internal energetics. 

In the case of both glycine and ROY, the crystals yielded by this work were the 

thermodynamically favored forms. In particular, the orange-needle (ON) and yellow 

prism (Y) forms of ROY are the two most thermodynamically favored polymorphs at 

room temperature and have internal energies close enough to each other that they often 

grow concomitantly and have been observed to cross nucleate one another.13 Analyzing 

the predicted growth morphology for ON reinforces observations that this polymorph has 

a penchant for growing needles. The predicted equilibrium morphology suggests that 

shorter needles or prisms may be preferred if growth is only allowed to occur near 
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equilibrium conditions. Morphological calculations for the Y polymorph suggest that 

there are no dominant fast growth directions. 

The results of these morphology calculations indicate that in the absence of substrate 

directed orientation, assigning crystal orientations would be very difficult for the ROY 

system. For slow growth, prisms without a strong basal crystal surface and needles that 

grow with their long axis in contact with the substrate will not display strong preference 

for oriented diffraction. Microscopic observations reveal such behavior in the form of 

spiraling or twisted crystals, and packed fields of needles that almost resemble crystal 

films. 

Similarly, it is well known that the γ form of glycine is the thermodynamically stable 

form and exists in such a well-established thermodynamic minima that solid state 

transformations to this form from either α or β are known to occur slowly (typically over 

time scales involving months). Morphological calculations for the γ form of glycine 

suggest that the growth and equilibrium morphologies should result in needles or 

elongated prisms aligned with the [001] direction. Glycine crystals grew as densely 

packed, very small crystallites on all the substrates included in this work. The crystals did 

not readily exhibit needle-like or elongated prism morphology, but verifying their shape 

by optical microscopy was prohibited due to their incredibly small size (~1 µm). 

Regardless, definitive orientation assignment was not possible because the diffraction 
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peaks from all glycine samples were observed as broad arcs across the area detector 

signifying a large degree of random crystal orientation. 

 

Oriented Crystals. The data yielding oriented crystals may indicate stronger interactions 

between the substrate and the crystal overlayer during nucleation. Sulfanilamide and 

trans-cinnamic acid yielded oriented crystals indexed by microdiffraction.  

Sulfanilamide yielded the γ form, which is known to be the most thermodynamically 

stable above 70° C. Below 70° C, β is the thermodynamically favored form. The 

temperature of the substrate for the crystallization of sulfanilamide was 25° C and the 

source was 85° C. A possible explanation for the observation of crystallizing the γ form 

in lieu of the β form is that during the initial stages of crystallization, enough heat 

remained in the crystallization chamber to cause the nucleation to occur above 70° C 

before cooling to the temperature of the substrate. However, the crystals in this work 

were grown slowly, which causes this explanation to be unlikely.  

Other possible explanations rely on the work reported by Toscani et al. The 

thermodynamic behavior of sulfanilamide was thoroughly characterized by Toscani et. al. 

and it was found that the β and γ forms were enantiotropic with respect to each other, and 

α was monotropically metastable with respect to both other forms. Differential Scanning 

Calorimetry (DSC) revealed that both the α and the β forms transformed to the γ form 
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before melting, but upon cooling there was no transformation from γ to β indicating a 

rather large thermodynamic difference between β and γ. It is plausible that during slow 

crystal growth of sulfanilamide, the conditions for growth were simply not close enough 

to equilibrium for the β polymorph to be readily accessed. An additional explanation 

involves consideration of the interfacial surface energy of the vacuum-nucleus interface. 

If a sufficient difference in interfacial surface energy exists between the β and the γ forms 

in vacuum such that the surface energy of β is much higher than γ, then a condition by 

which the growth of β would be suppressed could frustrate nucleation of this polymorph 

and only allow the growth of the γ  form.  

The crystal orientation data indicate two primary orientations for sulfanilamide on the 

substrates included in this work. The results from GRACE calculations indicate that these 

two crystal orientations are likely driven by a chemical interaction between the substrate 

and the nucleus instead of by epitaxy. The ability of a nucleus to effectively wet a 

substrate is indicative of a strong interaction between the molecules of the nucleus and 

the atoms of the substrate. Consequently, the contact angle was measured between the 

melt of the organic compounds and each of the six substrates used in this work. 

Samples for contact angle analysis were prepared by adhering pieces of each substrate 

to a 75 mm x 25 mm glass slide with optical adhesive (Norland NOA81a). One of the 

organic compounds was deposited on each of the substrates and the glass slide was 

placed on a hot plate until complete melting of the organic compound occurred. The glass 
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slide was abruptly removed from the hot plate and the molten organic compound would 

suddenly freeze and remain locked in the droplet configuration of the molten state. Each 

droplet was measured using a contact goniometer and the contact angles were measured. 

This was repeated for each of the compounds used in this work with the exception of 

glycine. Glycine decomposes on melting and the contact angles between glycine and the 

substrates were unable to be collected.  

Measuring the contact angle for these compounds in the melt is not the same as 

measuring the contact angle between a nucleus and the substrate because the molecules 

are randomly oriented in the melt as opposed to crystallographically determined in a 

nucleus. Nevertheless, this method provides access to determining the relative chemical 

affinities between the compounds and the substrates and can be looked at as representing 

the ideal case of chemical interaction for a nucleus; one in which the molecules of the 

nucleus can become optimized in their chemical interaction with the substrate. Figure 3.9 

presents this data and includes the contact angle of water with each of the substrates as a 

control substance.  

For glass, the contact angle of water is difficult to measure. The contact angle 

between water and glass can vary drastically depending on how it has been cleaned and 

how long it has been exposed to air. For the data included in Figure 3.10, the glass 

substrate was cleaned with acetone followed by ethanol and was rinsed with deionized 

water and dried under nitrogen. All the other substrates were cleaved immediately prior 
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to the wetting experiment even though polar substrates such as muscovite and phlogopite 

adsorb monolayers of atmospheric water almost instantaneously. 

 

 

Figure 3.10. Contact angles between the melt of molecular compounds on various 

substrates. Data for the contact angle between glycine and the substrates has been 

omitted because glycine decomposes upon melting. Water is provided as a reference. 

 

Substrates used in this work can be classified into two principle groups, polar and 

nonpolar. The substrates considered to be polar are glass, muscovite, phlogopite. The 

surface of glass is decorated with amorphously arranged hydroxyl functional groups 
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capable of hydrogen-bonding with atmospheric water. The process of cleaving muscovite 

and phlogopite results in residual potassium ions weakly bonded to both cleaved surfaces. 

If washed in water, the potassium ions dissolve and are removed from the surface of the 

substrate, resulting in surfaces that carry a net negative charge. If both of these substrates 

are cleaved and not rinsed in water, the residual potassium remains on the surface and the 

alternate regions of positive and negative charge both strongly adsorb atmospheric water. 

Consequently, both muscovite and phlogopite almost instantaneously adsorb water and 

are capable of hydrogen-bonding to a nucleus through this water layer. The contact angle 

between water and muscovite is different than for phlogopite because the interaction is 

between water and a layer of aluminum in the case of muscovite, and between water and 

a layer of magnesium in the case of phlogopite. 

The nonpolar substrates are hydrophobic and are known to only weakly adsorb water 

from the atmosphere. The most strongly hydrophobic substrates are graphite and 

molybdenite. Both of these substrates are considered excellent dry lubricants and are 

heavily used in industrial and aerospace engineering applications. Sheets of aromatic 

carbon rings characterizes the structure of graphite and because the π– π interactions 

across the layers bond weakly, excellent cleaving properties occur for this mineral and its 

surface yields smooth sheets of aromatically bonded carbon.  

Molybdenite surfaces are comprised of sheets of sulfur atoms strongly bonded to 

molybdenum. Each molybdenum atom is bonded to two sulfur atoms causing sheets of 

molybdenum disulfide to very weakly interact through sulfur-sulfur interactions.  



 97 

Galena is another hydrophobic, nonpolar substrate used in this work but has different 

characteristics than both graphite and molybdenite. While graphite and molybdenite are 

very soft materials, galena is much harder. It has a much higher elastic modulus and its 

cleaving properties are more akin to fracture. Galena’s surfaces are comprised of a 

checkerboard pattern of lead and sulfur. This mineral is harder to cleave and often results 

in surfaces containing a high density of kinks, ledges, and other defects. Although galena 

is nonpolar and hydrophobic, appreciable adsorption of water occurs on its surfaces due 

to stronger adsorption kinetics at ledges and kinks as opposed to the flat atomically 

smooth regions of the cleaved surface.18 

For sulfanilamide, the highest contact angles were on molybdenite and galena. 

Sulfanilamide crystals grew oriented with the (10-2) face in contact with these substrates. 

Figure 3.11 presents the molecular orientation for crystals oriented with (10-2) contacting 

the substrate. The molecular orientations for these crystals maximize contact with the 

face of the benzene ring of the sulfanilamide molecules. This is consistent with very 

weak van der Waals interactions characterized by dispersive attractions. The hydrogen-

bonding motif of γ sulfanilamide propagates to fill (100) and for this crystal orientation 

the primary ribbons extend along [001] at an angle away from the surface and along 

[010] parallel to the surface. The relative density of hydrogen-bonding sites on (10-2) is 

small and is depicted in Figure 3.11. 
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Figure 3.11. Comparison of crystallographic orientations for γ-sulfanilamide on polar 

versus nonpolar substrates, as observed by X-ray microdiffractometry. The above 

orientations correlate well with the contact angles between substrates and the molten 

state of sulfanilamide. These data may indicate that crystal orientation is dictated by the 

likelihood for hydrogen-bonding to develop on hydrophilic surfaces. Crystals grown with 

(100) contacting the substrate present a high density of hydrogen-bonding functional 

groups while the (10-2) plane tends to favor the benzene laying against the surface, 

which would maximize the effects of dispersive van der Waals interactions. 
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Muscovite and Phlogopite are both polar substrates, strongly adsorb water, and yield 

crystals oriented with (100) in contact with the substrate. This explanation is relatively 

straightforward when the molecular orientations are examined at the (100) face. This face 

presents a high density of functional groups capable of hydrogen-bonding with either a 

charged surface, or with water adsorbed on the surface of the substrate. Figure 3.11 

presents the molecular orientations in the (100) face. Here it can be seen that the 

hydrogen-bonding sheet lies in the plane of the substrate and most likely terminates at the 

surface with the sulfonate groups in contact with the substrate. 

Based on the argument for the hydrophilic versus hydrophobic nature of substrates 

dictating crystal orientation, it was somewhat unexpected to observe γ-sulfanilamide 

oriented with (100) in contact with graphite. Although upon closer inspection the reason 

may be easily explained.  

Many observations in the literature report the tendency for perpendicular C–H–π 

bonds (T-stacking) to occur in aromatic systems.19 This interaction has been described as 

analogous to a mild hydrogen-bond because the negative charge of the π orbital acts as a 

hydrogen-bond acceptor while the C–H bond acts as a mild hydrogen-bond donor. 

Ubiquitous π orbitals decorate the surface of graphite and the para position of the 

benzene ring on sulfanilamide contains an amine that would act as a stronger hydrogen-

bond donor. Therefore, a T-stacked bond between the substrate and the benzene ring of 

sulfanilamide may be strongly favored. Figure 3.11 displays an alternate truncation 
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surface for (100) in this scenario that may seem likely in the case of graphite, even 

though this surface tends to be hydrophobic. 

Similar arguments can be made for the crystal orientations of trans-cinnamic acid. 

Trans-cinnamic acid tends to form fewer, but larger crystals (~10-50 µm) on glass and 

the other two polar substrates. On glass, the thermodynamically stable α-trans-cinnamic 

acid polymorph was preferred. The orientation of the α form was determined to be with 

(010) in contact with the substrate. Morphological calculations predict that this is the 

slow growth face allowing other directions to advance and draw out plate-like crystals 

dominated by (010) faces. The molecular orientation for crystals with the (010) face in 

contact with the substrate is depicted in Figure 3.12. 

The charged surfaces of muscovite and phlogopite spurned less selective growth of 

trans-cinnamic acid. On both of these substrates a mixture of the α and the β forms grew 

concomitantly. A greater percentage of the peaks on muscovite were assignable to the β 

polymorph and considering the lower contact angle of muscovite with respect to 

phlogopite, the data suggest greater hydrophilicity yields less selective crystal nucleation. 

For both cases, the crystal orientations reveal that the (010) face of α-trans-cinnamic acid 

and the (100) face of β-trans-cinnamic acid lie in contact with the substrate.  
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Figure 3.12. Comparison of crystallographic orientations for α and β trans-cinnamic acid 

on polar substrates, as observed by X-ray microdiffractometry. The above orientations 

are analogous to each other in that they allow the carboxylic acid functional group to 

hydrogen-bond with the substrate. 

 

Morphologically, β-trans-cinnamic acid is predicted to grow in a similar form as α-

trans-cinnamic acid and the molecular orientations are analogous. However, the unit cell 

orientation for the β form is rotated such that the dominant face predicted by the 

morphological calculations is (100). Therefore, the crystal orientations for both cases 

result in growth of the lowest energy face in contact with the substrate. This seems 

logical because it allows crystal growth to proceed with the smallest penalty to the Gibbs 

free energy (Figure 3.12). 
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The growth of trans-cinnamic acid on the two most hydrophobic and nonpolar 

substrates (graphite and molybdenite) yielded primarily the α form. The habit for these 

crystals was very different from the crystals grown on polar substrates. These crystals 

were incredibly small (< 0.5 µm) and tended to grow in structures that looked more like 

delicate films advancing evenly over the entire surface of the substrate. The orientation 

also differed drastically from α crystals that were grown on polar substrates. On graphite 

and molybdenite, α crystals grew with the (15-1) face in contact with both substrates. 

Although the wetting contact angles for trans-cinnamic acid with all the substrates in this 

work were very low (< 10°), the contact angles were established for the compound in the 

liquid form, where crystal orientations have many more degrees of freedom and can assist 

in effectively wetting the substrate.  

Trans-cinnamic acid consists of planar molecules that are capable of forming 

hydrogen-bonded dimers. When crystals of this compound are grown in contact with 

nonpolar non-hydrogen-bonding substrates, it is most likely that dangling hydrogen-

bonds were satisfied by dimerization of the molecules prior to crystallization thus 

creating a larger planar molecular complex. The large surface of the planar dimer would 

have a strong propensity towards aligning face-to-face against the substrate due to 

attractive dispersive forces between the dimer and the atomically smooth substrate. 
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Analysis of the molecular orientation in the (15-1) plane confirms that this plane is 

characterized by regions of face-to-face dimers lying flat against the substrate as depicted 

in Figure 3.13. 

 

 

Figure 3.13. Molecular orientation for a-trans-cinnamic acid grown on nonpolar, 

hydrophobic substrates This crystal orientation most likely nucleates from collections of 

planar dimers lying face-to-face against the substrate. 

 

Galena represents the final curious substrate that yielded crystals not consistent with 

convenient intuition. Galena yielded the α form but the orientation was consistent with 

the (010) alignment observed for the polar substrates. The habit of these crystals also 

strongly resembled the crystals on polar substrates. This is surprising given the fact that 

galena is a hydrophobic sulfide mineral.  
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As was previously discussed, work done by Bryce et. al. has revealed that the 

cleavage topography of galena is conducive to strong adsorption of water at kink and 

ledge sites even though the mineral is classified as highly hydrophobic.18 One 

explanation for the growth of α-trans-cinnamic acid being oriented with (010) in contact 

with galena is that crystal growth may have resulted from spurious nucleation on an 

adsorbed water layer residing on the surface of galena. An additional, and probably more 

plausible, explanation is that nucleation originated as a result of crystal growth nucleating 

from the sharp corners associated wit ledges and kinks on the surface of galena. 

Although the nucleation and crystal growth for all the crystal systems and substrates 

studied in this work have been explained from a perspective focusing on ‘chemical’ 

interactions instead of epitaxy, a phenomenal case of epitaxial nucleation stands out 

among these data. This phenomenon involves a peculiar observation made of the crystal 

growth behavior of sulfanilamide on both micaceous substrates (muscovite and 

phlogopite). 

One of the best computational predictions for epitaxy existed for the β form of 

sulfanilamide and muscovite (data provided in Appendix A). Even though the 

aforementioned argument explains the preferential growth and resulting orientation of the 

γ form on this substrate, it cannot be completely separated from the notion that some kind 

of epitaxial interaction occurred during growth of sulfanilamide crystals on muscovite. 
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Although the γ form is the incorrectly predicted polymorph to grow on muscovite, optical 

micrographs suggest the long-range alignment of crystals on this surface (Figure 3.14).  

The fields of γ-sulfanilamide crystals are oriented approximately 60° to each other 

where two crystal fields meet. Often, the boundary between crystal fields occurs at a step 

ledge of the muscovite substrate and the crystals are aligned with the direction of the 

ledge, indicating oriented growth with the hexagonal lattice of the substrate.  

Epitaxial predictions for sulfanilamide growth on phlogopite also suggest that the β 

form should be preferred, although these predictions are rather weak. On phlogopite, 

crystal fields exist by which the crystals are more isotropically oriented. The allowed 

orientations are restricted to hexagonal symmetry and also indicate an influence from the 

hexagonal symmetry of the substrate. The plan view of (100) for the γ form of 

sulfanilamide in Figure 3.11 reveals a quasi-hexagonal packing motif elongated in one 

direction. Although the lattice parameters along [010] and [001] (b = 12.945 Å , c = 

7.779 Å, α = 90°) do not correspond well with the hexagonal lattice parameters of 

muscovite (a1 = 5.203 Å, a2 = 8.995 Å, α = 90°) or phlogopite (a1 = 5.326 Å, a2 = 9.210 

Å, α = 90°), the long-range order observed by optical microscopy indicates that a strong 

substrate-overlayer interaction is at work. Figure 3.14 presents these data in the form of 

optical micrographs and Fast Fourier Transforms (FFT).  
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Figure 3.14. Optical micrographs of γ-sulfanilamide grown on phlogopite (A), and 

muscovite (B). Long-range order is visibly seen in the form of crystals nucleating with 

preference for hexagonal directionality in (A) and for uniaxial directionality in (B). The 

upper image (B) indicates that crystal fields are oriented approximately 60° to one 

another and that crystals within each field are related to the crystallographic orientation 

of the substrate, indicated by the step ledge traversing the image. Fast Fourier 

Transform of the lower image in (A) is presented in (C) demonstrating that definite order 

exists in the image. (D) presents a fast Fourier Transform of the lower image in (B), also 

illustrating that directional preference exists within the crystal field. 
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The aforementioned examples demonstrate the complexity of predicting epitaxy. The 

interface between γ-sulfanilamide and the two micaceous substrates are the only cases for 

which a direct observation of epitaxial interactions is evident. Interestingly, the 

polymorph that grows on these two substrates is not the predicted polymorph selected by 

GRACE, and for muscovite and sulfanilamide GRACE predicted one of the strongest 

interaction of all calculations made. Therefore, this example illustrates rather well, the 

complex nature of epitaxial crystal growth and demonstrates the subtle balance between 

the strength of intermolecular interactions within a crystal overlayer and between the 

overlayer and the substrate.  

 

3.8 Summary 

Epitaxy is a complicated phenomena studied in the science of crystal growth. For 

inorganic systems, epitaxial strategies for controlling the growth of crystals and 

crystalline composites is reasonably well understood to the extent it is a commonly 

implemented strategy for many industrial fabrication processes. Due to weak 

intermolecular interactions and lower crystal symmetry in organic crystals, a 

comprehensive understanding of epitaxial principles remains elusive.  

A wealth of information has been compiled regarding observations for epitaxy of 

molecular crystalline materials, and a taxonomical grammar has been established to 
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unequivocally describe epitaxial phenomena. From these advances, the realization that 

the description of epitaxy is ultimately a geometric description has spurned the 

development of various geometric models useful for characterizing and explaining 

epitaxial relationships. However, the utility of these geometric models for the prediction 

of epitaxy remains unknown. The work presented in this chapter has demonstrated this 

fact by careful geometric screening for epitaxial predictions. Real-world crystallization 

efforts to verify the computational results have revealed that implementing a strategy 

based on computational modeling is fraught with difficulty. The complex role interfaces 

impart on the nucleation of crystals, in particular polymorphic crystals, precludes the 

trivialization of epitaxial behavior and requires that attention is turned towards not only 

geometric considerations for lattice matching, but also for energetic considerations 

because crystal growth can be as heavily influenced by internal energetics as interfacial 

energetics.  

The ideal case for a comparison of energetics between interfaces and bulk crystal 

growth occurs at interfaces between isostructural crystals comprised of similar molecular 

constituents. Chapter 4 investigates the growth process at such interfaces by real-time in 

situ Atomic Force Microscopy. 
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4 
 

 

 

 

 

Probing Microscopic Topography of Crystal Interfaces by 

In Situ Atomic Force Microscopy 

 

4.1 Introduction 

The contents of this chapter have been reproduced in part, with permission from 

Olmsted, B. K.; Ferlay, S.; Dechambenoit, P.; Hosseini, M. W.; Ward, M. D. Crys. 

Growth Des. 2009, 9 (6), 2841; Copyright 2009 American Chemical Society. 

Epitaxy between inorganic substrates and molecular crystals typically involve lattice 

mismatches because the characteristic length-scale for the lattices of inorganic crystals 
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and molecular crystals differ. The elastic moduli of most inorganic crystals, i.e. 

geological minerals, are also typically very large in comparison to those of molecular 

crystals so the overlayer of the molecular crystal must afford the strain required to 

accommodate a mismatch of epitaxial registration. The larger elastic moduli of inorganic 

substrates simply do not allow the structure to yield under epitaxial stresses at the 

interface so the structure of the substrate at the interface remains unaltered, causing 

interfaces to be abrupt. 

When molecular crystals are grown on crystalline substrates having similar elastic 

moduli, i.e. other molecular crystals, strain accommodations to achieve epitaxial 

registration are more cooperative and a greater propensity towards epitaxial growth 

exists. Molecular single crystal substrates have proven useful for elucidating the 

dominant forces governing epitaxy and considerable insight has been gained regarding 

the influence of crystallographic ledges in ledge-directed epitaxy (LDE), the 

contributions of dispersive attractive forces, and dipole interactions across the crystal 

growth interface.1  

When the interfacial interactions are similar in strength to those comprising the 

interactions within each crystal, bonding becomes ubiquitous within each crystal and 

across the interface so the energetics more closely resemble continued bulk crystal 

growth and not nucleation. The energy associated with the growth of bulk crystals is far 

less than for nucleation as it involves the process of single atoms or molecules being 

incorporated into the surface of a growing crystal as opposed to a prenucleation aggregate 
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forming a new phase. Crystals that mature into a material comprising more than one 

domain from these kinds of interfaces are often called heterocrystals and contain 

epitaxially driven interfaces between the crystalline domains.  

Whereas epitaxy is often regarded as being typified by an interface that is molecularly 

abrupt, epitaxial interfaces in heterocrystals have recently revealed an intermixing zone 

of close to a micron, shrouding certain elements of growth mechanisms for epitaxy in 

mystery. The work reported herein studies the diffuse epitaxial interface previously 

discovered by one of our laboratories. The intent for this chapter is to add to the 

understanding of the structure of interfacial regions in molecular heterocrystals, which 

may be vital for advances in complex materials used in optics, optoelectronics, and 

photorefractive applications that rely on the difference in the refractive index of the 

isostructural layers.2 

 

4.2 Core-Shroud Heterocrystals 

Although heterocrystals need not preserve single crystallinity throughout the bulk to 

sufficiently meet criteria defining heterocrystallinity, perhaps the best examples of 

heterocrystal arise from isomorphous molecular crystal composites. Compounds with 

identical crystal structures and nearly identical lattice parameters but different 

compositions form heterocrystals in which one compound surrounds the other while 

preserving single crystallinity throughout the material.3,4,5 These materials provide a 
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unique opportunity for analysis of epitaxial growth at the energy minimization extreme 

involving nucleation that closely resembles bulk growth. 

Recently, one of our laboratories reported the synthesis of mm-scale heterocrystals in 

which a single crystal of a complex molecular salt (denoted here as a “core”), assembled 

through charge-assisted hydrogen bonding, was completely encapsulated by an 

isomorphous crystalline phase (denoted here as a “shroud”) that differed from the core 

crystal with respect to an interchangeable hexacyanometalate anion.6 Single crystal 

diffraction of these composite crystals, composed of (C14N4H20)2
2+(FeII(CN)6)4-·8H2O (1-

Fe) and (C14N4H20)2
2+(RuII(CN)6)4-·8H2O] (1-Ru) (Scheme 4.1) revealed that single 

crystallinity was preserved throughout the composite crystal, suggesting epitaxial 

alignment of each set of isomorphous crystal faces.7 The crystal faces are characterized 

by hydrogen-bonding networks propagating along vectors that define the crystal plane, 

with water molecules of the octamers bridging cyanometalate anions along the [100] 

direction through O-H…-NC hydrogen bonds, charge-assisted +N-H…-NC hydrogen 

bonding between the bis(amidinium) cations and the cyanometalate anions along the 

[010] direction, and hydrogen-bonded water bridges along [001] (Figure 4.1).  
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Scheme 4.1 

 

 

 

Figure 4.1. Molecular packing of the bis(amidinium) cations and cyanometalate anions 

viewed along the a-axis, b-axis, and c-axis in A, B, C, respectively. The positions of the 

eight water molecules are denoted by their oxygen atoms (red). Hydrogen-bonds are 

denoted by dashed cyan lines. 
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Transmission electron microscopy (TEM) and electron dispersive spectrometry 

(EDS) revealed that the interface between the two isomorphous compounds in a core-

shroud composite crystal was characterized by a zone of intermixed Fe(CN)6
4- and 

Ru(CN)6
4- with a thickness of 0.7 mm (Figure 4.2).8 TEM does discriminate between 

different mechanisms for this intermixing, which may result from roughening of the core 

crystals prior to or during epitaxial growth of the second compound. The thick 

intermixing zone could be attributed to dissolution and growth cycles, crystal aggregates 

of the core crystal that deposit non-uniformly on the surface, or solid state interdiffusion 

of the two anions, although this would be expected to be slow. 
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Figure 4.2. (A) Heterocrystal formed through epitaxial growth of a shroud of 1-Fe 

(orange) on a core crystal of 1-Ru (colorless). (B) Localization of the interface by EDS 

maps (Fe  in Purple, Ru in yellow) and a TEM micrograph of the crystal. Dashed lines 

denote the interface. (C) Intermixing data for Fe and Ru in weight % variation in (C) and 

in count rate for Fe–K and Ru–L signals in (D). Reproduced with permission from ref. 8. 

Copyright 2007 Royal Society of Chemistry.  

 

Herein, this work describes the characterization of the epitaxial growth surfaces 

responsible for formation of the 1-Fe/1-Ru core-shroud heterocrystals by in situ atomic 

force microscopy (AFM), a method that has proven useful in probing the surfaces of 

various molecular crystals during in situ growth.9 The large (010) and (001) faces exhibit 

well-defined terraces with step heights corresponding to a single unit cell (d010 and d001, 

respectively). Lattice images for the (001) face of each compound, acquired in saturated 
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solutions, reveal surface lattice parameters reflecting those expected from single crystal 

structure analysis. Furthermore, the observation of lattice images signifies extraordinary 

order, structural integrity, and molecular flatness of crystal planes. These characteristics 

enable the observation of epitaxial growth of a “shroud” phase on the (001) surface of the 

isostructural “core” crystal, with perfect alignment of the crystal lattices. In contrast, the 

(010) surface exhibits continuous dissolution and regrowth, which precludes the 

formation of a smooth growth interface.  

The topography of crystal surfaces generated under growth conditions identical to 

those used to form the composite crystals suggests that the source of the compositional 

intermixing zone at the crystal-crystal interface is the deposition of crystalline core 

material from highly supersaturated solutions present during evaporation of solvent from 

the crystal surfaces prior to immersion in the growth solution of the second isomorphous 

compound.  

 

4.3 Growth of “Core” Single Crystals 

Compounds 1-Fe and 1-Ru are isomorphous, with nearly identical lattice parameters 

and identical molecular packing (Table 4.1). A 50:50 solid solution grown from aqueous 

solutions containing a mixture of 1-Fe and 1-Ru afforded crystalline solid solutions with 

lattice parameters intermediate to those of the two individual compounds as expected for 

Vegard’s law.10 This behavior, not unlike that observed for other molecular crystal alloys, 

corroborates the isomorphous nature of 1-Fe and 1-Ru.  
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Table 4.1. Crystallographic Parameters for [C14N4H20
2+]2[Fe(CN)6

4-]•8H20 (1-Fe) and 

[C14N4H20
2+]2[Ru(CN)6

4-]•8H20 (1-Ru), measured at 173 K (see reference 7) 

 1-Fe 1-Ru 

space group   P 1    P 1  

a (Å) 7.6538(2) 7.6658(2) 

b (Å) 10.9276(3) 10.9443(3) 

c (Å) 13.4639(3) 13.4958(4) 

α (deg) 70.260(5) 70.252(2) 

β (deg) 75.085(5) 75.065(2) 

γ (deg) 85.502(5) 85.455(2) 

volume (Å3) 1024.16 1029.63(5)  

 

To investigate the epitaxial growth surfaces involved in heterocrystal formation, 

crystals of 1-Fe and 1-Ru were grown separately from aqueous solutions containing 

0.02M [(C14N4H20)2][tosylate]2 and 0.01M K4M(CN)6 (M = Fe or Ru) over a period of 

two days at room temperature. The crystals were harvested and carefully dried under a 

gentle nitrogen stream.11 The crystals exhibited a rectangular prism habit, with one axis 

much longer than the others and Figure 4.3 presents several examples of crystals typical 

to this morphology. Crystallographic orientation was assigned by single crystal X-ray 

diffractometry and indicates the long axis of the crystal is [100]. AFM also revealed that 

the long axis of the crystal coincided with the [100] direction, by detecting large (010) 

and (001) faces assignable to the sides of the rectangular crystals.  
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Figure 4.3. Representative crystals of 1-Fe used for AFM studies. The direction of the 

long axis was verified as [100] by single crystal X-ray diffraction and AFM. The dominant 

faces traversing the long axis of the crystal are assignable primarily to (010) and (001). 

Other faces with less morphological importance were assignable to (011) and (023). 

   

4.4 “Core” Surface Characterization 

Crystals of 1-Fe and 1-Ru prepared according to the previously described method 

were mounted to separate AFM sample stages with a UV-curable epoxy that is inert to 

aqueous media. Initially, AFM images acquired in air for the larger faces revealed finger-

like features aligned with the [100] direction having a maximum feature height of 

approximately 200 nm above the basal surface (Figure 4.4). Because the crystals were 

removed directly from the growth solution and dried with nitrogen, highly supersaturated 

conditions were expected during the final stages of drying. This condition would be 
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expected to result in rapid crystal growth, which is consistent with the roughened 

interface and orientation of the finger-like features.12,13 

 

 

Figure 4.4. An image acquired using contact mode with constant cantilever deflection 

(i.e. height image) of one of the dominant crystal faces traversing the (001) axis of 1-Ru 

(in air). The image was acquired after the crystal was harvested from the growth medium 

and dried in a gentle nitrogen stream. The finger-llike features coincide with the [100] 

direction of the crystal. The root-mean-square roughness is approximately 14.5 nm. 

 

These features disappeared within five minutes of immersion in deionized water 

while collecting images in the AFM cell, as expected for surface features with high radii 

of curvature, followed by a slower dissolution that produced large flat regions (Figure 

4.5). These flat regions contained long fissures aligned with the [100] direction.14,15,16,17 
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Figure 4.5. An image acquired in deionized water using contact mode with constant 

cantilever deflection (i.e. height image) for 1-Fe after immersion in deionized water for 20 

min. The root-mean-square-roughness is approximately 67 nm. Inset: Optical 

micrograph of a crystal of 1-Fe. Fissures aligned with the [100] direction appeared on the 

exposed surfaces of the crystal after it was immersed in deionized water for 20 min.  

 

The crystal surface changed substantially during the acquisition timescale for 

consecutive images (ca. 20 seconds acquisition time per image), which complicated 

definitive assignment of dissolution rates for specific crystal faces. Replacement of the 

deionized water with a 0.005 M aqueous solution of either 1-Fe (to mounted 1-Fe 

crystals) or 1-Ru (to mounted 1-Ru crystals) in the AFM cell, with the crystal in contact 

with the liquid media throughout, reduced the etching rate to negligible amounts while 

repairing the [100] fissures and producing a flattened topography decorated with well-

defined terraces (Figure 4.6). The heights of the steps separating the terraces were either 

10.55 Å or 12.49 Å, corresponding to d010 = 10.300 Å and d001 = 12.311 Å. These values 
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confirm that the crystal faces in each image are (010) and (001), both which contain the 

[100] direction and support the assignment of the [100] direction to the long axis of the 

crystal. 

 



 125 

 

Figure 4.6. (A) AFM image acquired for the (010) face of a single crystal of 1-Ru in 

0.005 M 1-Ru using contact mode while scanning at constant deflection (i.e., height 

mode), revealing well-defined terraces. The measured step heights averaged 10.55 Å, 

corresponding to d010 (10.300 Å). (B) AFM image acquired for the (001) face of a single 

crystal of 1-Ru in 0.005 M 1-Ru using contact mode while scanning at constant 

deflection (i.e., height mode). The measured step heights averaged 12.49 Å, 

corresponding to d001 (12.311 Å). 
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4.5 Heteroepitaxial Crystal Growth 

Lattice images of crystalline surfaces can be captured if the region beneath the tip is 

flat, on the molecular level, over an area that is large compared with the radius of 

curvature of an AFM tip (20-60 nm). Acquisition of a lattice image is best achieved if 

dissolution or growth on the crystal surface is slow compared with the time scale required 

for capture of a complete image. Lattice images of 1-Fe and 1-Ru in aqueous media were 

usually difficult to acquire because rapid dissolution or growth of the crystal occurred 

when immersed in slightly undersaturated or slightly oversaturated growth solutions, 

respectively. Nonetheless, lattice images of the (001) face of 1-Ru and 1-Fe (Figure 4.7) 

could be acquired by judiciously maintaining the solution concentration at saturation. The 

2D lattice parameters determined from AFM lattice images of the (001) faces for both the 

1-Ru and 1-Fe crystals corroborate the crystal face assignment discerned from step 

height data. The lattice parameters are somewhat larger than those expected from the 

single crystal structures of 1-Ru and 1-Fe. This apparent discrepancy can be attributed to 

experimental error (typically 5%) and thermal expansion, given that the temperature of 

the AFM data acquisition (298 K) was higher than the X-ray data collection temperature 

(173 K). 
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Figure 4.7. Lattice images of the (001) face of a core crystal (insets, collected prior to 

introduction of the shroud compound) and the epitaxially aligned (001) face of the shroud 

overlayer containing the other cyanometalate after its growth on the core compound 

surface: (A) 1-Fe overlayer grown on the (001) face of a 1-Ru crystal; (B) 1-Ru overlayer 

grown on the (001) face of a 1-Fe crystal. Both cases display an extraordinary degree of 

epitaxial alignment between the core and the shroud. The lattice parameters deduced 

from the images correspond to those expected for the (001) plane of 1-Fe and 1-Ru (1-

Fe, a ) 7.68 Å, b ) 11.23 Å, γ ) 85.5°; 1-Ru, a ) 8.00 Å; b ) 11.62 Å, γ ) 85.5°). From 

crystal structures: 1-Fe, a ) 7.6538 Å, b ) 10.9276 Å, γ ) 85.502°; 1- Ru, a ) 7.6658 Å, b ) 

10.9443 Å, γ ) 85.455°. The images depicted here are Fourier transforms of the raw 

data. 

 

Notably, lattice images of the (001) face were also observed for 1-Fe overlayers 

grown on 1-Ru crystals, and vice versa, from a supersaturated solution of the 

corresponding overlayer compound. In each case, the lattice orientation of the overlayer, 

which corresponds to the shroud, is identical to the core crystal, confirming the presence 
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of an epitaxial relationship governing the growth of a shroud around the core. 

Observations of lattice images were recorded on the surface of the core prior to the 

introduction of the shroud solution. The acquisition of lattice images was possible 

continually from the onset of overlayer growth to several hours later, well beyond what 

has been observed to coincide with complete crystal growth. Although the crystal 

composition of the surface cannot be directly probed by AFM, the fact that continual 

lattice images can be collected well beyond the time necessary for complete overgrowth 

to occur indicates that the surface is undergoing epitaxial growth. 

Numerous attempts to capture lattice images of the (010) faces of 1-Fe and 1-Ru 

were unsuccessful due to an apparent dynamic dissolution and re-growth over the time 

scale of image acquisition, which is typically 1-5 seconds per frame. Dynamic dissolution 

and re-growth was also observed under equilibrium conditions during attempts to 

measure step heights precluding the facile acquisition of growth terraces. Step heights 

were successfully collected but only under mildly supersaturated growth conditions, 

which seemed to stabilize the surface against dissolution. 

 

4.6 Interface Thickness Analysis 

One possible explanation for observations of a thick zone of intermixing is offered by 

proposing that the overgrowth occurs on a rough surface of the core crystal, creating a 

mechanically interlocked region whereby EDS measurements would readily detect 

constituents of each domain throughout the length-scale of the core crystal’s roughness. 
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The topographies of flat (010) and (001) faces of 1-Fe and 1-Ru differed little with 

respect to one another, but changed substantially upon drying the crystals in the AFM 

cell. When crystals immersed in saturated solutions were rinsed with deionized water and 

then dried under nitrogen, randomly oriented pyramidal islands with well-defined facets 

appeared on both faces, with heights ranging from 20 nm to 1 µm, presented in Figure 

4.8-A. These features are presumed to be a consequence of drying 1-Fe or 1-Ru under 

nitrogen, which caused rapid redeposition of solute material that had begun to dissolve 

during the water rinse. Notably, removal of the saturated solution without a deionized 

water rinse produced well-defined rectangular features resembling the bulk crystal habit, 

presented in Figure 4.8-B. These features were aligned with the [100] direction of the 

underlying surface, similar to the finger-like features in Figure 4.4.  
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Figure 4.8. (A) AFM image acquired in air, using contact mode while scanning at 

constant height (i.e. deflection mode), for a single crystal of 1-Ru after it was rinsed with 

deionized water for five minutes and dried under a gentle nitrogen stream. (B) AFM 

image acquired in air for a ingle crystal of 1-Ru after immersion in saturated 1-Ru (0.005 

M) for minutes followed by drying under a gentle nitrogen stream, without rinsing with 

deionized water. The aligned rectangular features on the surface resemble the bulk 

growth habit for these crystals. 

 

The crystal faces after a water rinse display a smoother basal surface on which 

crystalline deposits reside, whereas crystals that were dried directly from the growth 

solution are quite corrugated and a basal surface is difficult to identify. The root-mean-

square roughness of crystal surfaces that were dried directly from growth solution yield a 

roughness of approximately 50-60 nm. The maximum height of features on these surfaces 

was approximately 200 nm, comparable with the maximum height of the finger-like 

features in Figure 4.4. Measurement of the root-mean-square roughness for crystals 
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rinsed with deionized water before drying yields a mathematically rougher surface (c.a. 

170-180 nm), likely attributed to the size dispersity of the crystalline deposits on the 

surface although the basal surface remains quite smooth (c.a. 1-3 nm).  

Topographic observations for the aforementioned crystal surfaces argue that contact 

with deionized water results in dissolution at the surface, creating defects that spawn the 

growth of spurious misoriented crystals. In contrast, drying directly from a saturated 

solution would be expected to prevent dissolution at the crystal surface, thus preserving 

the integrity of the flat regions that would support epitaxial growth and the formation of 

the aligned rectangular features.  

Either condition suggests that the roughness adopted by the 1-Fe and 1-Ru crystal 

surfaces may be responsible for the 700 nm-thick intermixing zone observed by EDS, 

particularly core crystals that are rinsed with pure water prior to drying and subsequent 

immersion in a solution of the shroud compound, as schematically represented in Figure 

4.9.  
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Figure 4.9. A) Evolution of a core-shroud (white-orange, as in the example depicted in 

Figure 4.2-A) heterocrystal under conditions favoring prior formation of a roughened core 

crystal surface, leading to a thick intermixing zone. (B) Evolution of the same core-

shroud heterocrystal under conditions favoring formation of a distinct interface between 

the two isomorphous compounds, producing a minimal intermixing zone.  

 

These observations also argue that the thickness of the intermixing zone would be 

minimized by prolonged exposure of the crystal surface to a saturated solution (i.e. not 

undersaturated or supersaturated) to form an ultraflat surface, followed by replacement of 

the liquid medium, without drying, by a slightly supersaturated solution of the other 

cyanometalate compound. Treatment such as this should be conducive to epitaxial growth 

on a smooth interface, as evidenced by the images in Figures 4.6 and 4.7, and a more 

distinct boundary between the core and shroud. Furthermore, dissolution and redeposition 

of the core, which could create an intermixing zone, would be minimized under these 
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conditions due to the common ion effect, thus preserving the distinct boundary regardless 

of the roughness of the overlayer phase (independent experiments performed in the 

presence of [(C14N4H20)2][tosylate]2 revealed no substantive dissolution). This work also 

notes that crystal growth on a flat basal plane of the same material at a higher relative 

supersaturation (s > 2) typically produced oriented features with heights ranging from 

200 - 800 nm (Figure 4.10), suggesting that growth of the core crystal under such 

conditions can lead to an intermixing zone with a thickness comparable to that measured 

by EDS by mechanical interlocking as the overgrowth proceeds upon a kinetically 

roughened surface. 
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Figure 4.10. In situ AFM image acquired using contact mode while scanning at constant 

height (i.e. deflection mode) during growth of 1-Ru on a crystal of 1-Ru that was first 

treated to produce a flat surface. The terraces on the basal plane, visible in the upper 

right corner, are defined by steps along the [110] direction. The heights of these features 

were determined from the corresponding data collected at constant deflection (not 

shown).  

 

4.7 The Relationship between crystal structure and roughening 

Attempts to acquire lattice images of the (010) face proved exceedingly difficult and 

can be explained by the molecular packing on this surface compared with the more stable 

(001) surface. The exposed (010) surface is highly corrugated, terminated with rows of 

the cyanometalate ion or rows of the bis(amidinium) ion oriented such that the 

bis(amidinium) N–H groups protrude from the surface. The (001) surface is much less 

corrugated, with the hydrocarbon-rich ends of the bis(amidinium) ions protruding from 
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the surface (Figure 4.11). A strong in-plane hydrogen-bonding network, characterized by 

cyano-water-cyano bridges along [100] and cyano-amidinium-cyano bridges along [010], 

stabilizes the (001) layers, whereas, only water-water bridges span the (001) lamellae 

along [001]. These structural features suggest that the surface energy of (001) is less than 

that of (010), which is consistent with observations in this work for larger (001) faces 

than (010) faces and may help to explain the greater stability of the (001) surfaces during 

AFM image acquisition compared with (010).  
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Figure 4.11. Space-filling representation of the molecular packing in 1-Fe and 1-Ru. The 

crystallographic faces labeled (001) and (010) are the primary faces traversing the long 

axis of the crystal, [100]. The red plane is positioned at the 1/2 position of the unit cell in 

the (001) direction and is labeled (002). This plane represents the location of a hydration 

layer comprising only water and separates lamellae of in-plane hydrogen-bonded 

bis(amidinium) cations and cyanometalate anions. The (001) face is characterized by a 

high density of nonpolar hydrocarbon ends of the bis(amidinium) molecules and 

prevents strong association with an aqueous medium. The (010) face (yellow plane) is 

populated by the cyano functional groups of the cyanometalate anions and is capable of 

hydrogen bonding with an aqueous medium. The (010) face is also strongly 

interdigitated and does not provide an obvious truncation surface on this face and may 

contribute to a roughened or corrugated topography. 

 

A thermodynamic argument can be constructed to support the hypothesis that the 

(010) plane is rougher (or less stable) under near-equilibrium conditions in comparison to 

the (001) plane by surmising the relative surface energies of these two planes in a slightly 

supersaturated aqueous solution. It is well known that for a given level of supersaturation, 
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the roughness can be correlated to the calculated surface free energy of a particular 

crystal face. The surfaces of real crystal faces are heterogeneous at the scale of the 

molecular growth unit whereby the molecular constituents occupy sites on terraces, 

ledges, and kinks, each having a unique number of nearest neighbors in decreasing order, 

respectively.18 The amount of energy required to remove a molecule from the crystal 

surface, 
 
ε j , is proportional to the number of its nearest neighbors, 

  
N j , and will have a 

specific bond enthalpy relating to its site configuration on the surface, where   ΔHf  

represents the enthalpy of formation in the bulk configuration,   NB  is the number of 

nearest neighbors in the bulk configuration,   NA  is Avogadro’s number, and   a1  represents 

an arbitrary scale factor to compensate for crystal bond anisotropy and interfacial 

solvation effects associated with a particular face (Eq. 4.1).  

  
ε j =

α1ΔHf

NA

N j

NB

⎛

⎝
⎜

⎞

⎠
⎟  (4.1) 

For a given growth unit, 
  
N terrace > N ledge > Nkink  and consequently 

 
ε terrace > ε ledge > εkink .  

The formation of terrace, ledge, and kink sites increases the configuration entropy, 

respectively, but with an enthalpic penalty, corresponding to the same order. The 

minimum free energy of the crystal surface represents the balance between these two 

factors, as described by Eq. 4.2, in which the free energy,  ΔG , is the sum of the enthalpic 

penalty associated with the removal of each molecule on the surface occupying a unique 

configurational state and the accompanying configurational gain in entropy. 
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ΔG = niε j

ij
∑ −α2kT ln

W
W0

⎛

⎝⎜
⎞

⎠⎟
 (4.2) 

The parameter W represents the combinatorial number of ways molecules  ni  can 

occupy sites with bonding energies  
ε j ;   W0  represents the sum of all molecules n having 

the same  ε0 , where 
  
N j = NB / 2  (a molecularly flat plane populated by identical 

constituents having a half-bonded bulk configuration),   a2  represents a scale factor to 

compensate for effects such as crystal bond anisotropy and interfacial solvation, T is the 

temperature of the system, and k is Boltzmann’s constant.  

Because the molecular constituents of the (010) face are highly interdigitated and are 

decorated by cyano-functional groups capable of charge-assisted hydrogen bonding with 

water molecules in the aqueous medium, the enthalpic penalty, ε, for dissociation of 

molecules attached to the (010) surface would be small due to strong solvation of these 

ions. Consequently, the configurational entropy would dominate on the (010) surface, 

supporting a higher density of ledges and kinks and a more dynamic crystal surface prone 

to dissolution and recrystallization at equilibrium conditions. This tendency may explain 

the failure to acquire lattice images on the (010) face. Such behavior also may produce a 

thick intermixing zone during heterocrystal formation because of repetitive dissolution 

and redeposition of the core and shroud compounds. 
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4.8 Summary 

Core-shroud heterocrystals represent a very specialized class of molecular crystals 

comprising distinct crystallographically unique domains. Heterocrystals constructed from 

domains having isomorphous crystal structure contain domains differing only by 

composition and not by crystallographically unique order. These crystals grow according 

to epitaxial behavior to the extent that it is difficult to distinguish nucleation of the 

overlayer from continued bulk crystal growth. 

Epitaxy, is by definition a phenomenon involving a rather abrupt interface, so data 

revealing the existence of a diffuse interface between domains of isomorphous core-

shroud heterocrystals spanning close to a micron was confounding. In situ AFM has 

revealed that under near-equilibrium conditions the isomorphous compounds 1-Fe and 1-

Ru form perfectly aligned epitaxial (001) interfaces, whereas the dynamics of the (010) 

face preclude assignment of epitaxy.  

The roughness of the epitaxial interface between core and shroud crystals in 

heterocrystals of these compounds depends on the protocols used between growth of the 

core crystal and its subsequent exposure to solutions of the shroud compound. Under 

careful conditions causing the core crystal interface to stabilize, subsequent growth of an 

additional domain should proceed according to thickness minimization of the 

compositional boundary between the two compounds. In contrast, under conditions 

wherein substantial roughening of the core surface occurs prior to deposition of the 
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shroud compound, the intermixing zone will likely achieve a thickness comparable to the 

roughness of the core crystal’s surface. 

Alternatively, the instability of the (010) surface can lead to repetitive cycles of 

dissolution and deposition of the core and shroud material, which also could produce a 

thick intermixing zone over time. Further EDS characterization using indexed 

heterocrystals to compare the thickness of the intermixing zones across the (001) and 

(010) interfaces will further elucidate the key parameters that regulate the definition of 

the growth boundary between the two isomorphous compounds. Performing the same 

EDS measurements on crystals grown by a variety of core crystal treatments prior to 

shroud growth will also help to explain how much crystal roughness contributes to a 

measured zone of intermixing.  

Collectively, these results demonstrate that even when the potential for energy 

minimization by epitaxial growth is a maximum and overlayer growth proceeds 

according to mechanisms more closely related to bulk crystal growth, epitaxial growth is 

not guaranteed. Additionally, these results rely on in situ AFM to correlate the behavior 

of crystals to the careful preparation of saturated and supersaturated growth solutions 

wherein etching, growth, growth rates, and equilibrium behavior are observed. AFM is 

indispensible for studying in situ crystal growth but requires an assumption that solution 

properties measured outside the imaging environment are identical to those within the 

AFM fluid cell. In many studies, this may be an oversimplification so work done towards 

understanding crystal growth by in situ AFM could certainly benefit from greater insight 
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about how the AFM fluid cell affects the flow field around a crystal and the mass 

transport properties related to crystal growth. The work contained in Chapter 5 uses 

computational fluid dynamics to investigate how the geometry of a common AFM fluid 

cell affects flow and mass transport towards the interface of a growing crystal. 

 

4.9 Experimental Details 

Materials and Crystal Growth. Potassium hexacyanoferrate(II) trihydrate (Sigma-

Aldrich), potassium hexacyanoruthenate(II) trihydrate (Sigma-Aldrich), and the tosylate 

salt of 1,4-bis(amidinium)benzene (synthesized) were used as obtained without further 

purification. All solutions were prepared using deionized water (18 MΩ) purified with a 

Barnstead E-Pure purification system. Preparation of crystals of 1-Fe and 1-Ru were 

synthesized by combining an aqueous solution of 0.02 M tosylate salt of 1,4-

bis(amidinium)benzene with an aqueous solution of 0.01 M potassium 

hexacyanoferrate(II) trihydrate salt for 1-Fe crystals and an aqueous solution of 0.01 M 

potassium hexacyanoruthenate(II) trihydrate salt for 1-Ru crystals. 500 mL aliquots of 

the mixed solutions were placed in a 1 mL glass vial and and left undisturbed at room 

temperature for two days. Crystals ranging in size from approximately 2 mm to 50 mm 

were removed from the glass vial with micromanipulation tools and were carefully dried 

under a gentle nitrogen stream. The selection of crystals presenting well-defined faces 

was obtained with a Leitz ERGOLUX optical compound microscope.  
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AFM Characterization. Crystals harvested by the methods described above were 

transferred to an AFM specimen disk that had been coated with partially cured 

(approximately 2 hours under a Blak-Ray B100 bulb at a distance of 6 inches) UV-

curable thiolene adhesive (NOA-81, Norland Products, Inc.). After surplus particles on 

the disk were removed using a gentle nitrogen gas stream, the optical cement was 

completely cured by exposing the specimen to UV radiation for another 30 min. AFM 

was performed under ambient conditions (approximately 298 K) in air by contact mode 

using a Nanoscope IIIa Multimode system (Digital Instruments), a standard air tip holder, 

an E-scanner (Digital Instruments) with a maximum x-y scan range of 15 µm, and a 200 

µm Si3N4 cantilever tip with a force constant of approximately 0.12 N/m. In situ AFM 

was performed in liquid by contact mode using a Nanoscope IIIa Multimode system 

(Digital Instruments), a quartz glass liquid cell, an E-scanner (Digital Instruments) with a 

maximum x-y scan range of 15 µm, and a 200 µm Si3N4 cantilever tip with a force 

constant of approximately 0.12 N/m. All data were acquired in dual deflection and height 

modes with the driving gains optimized for the height channel such that deflection 

images were acquired as the derivative image or the error signal image of the height 

mode at a variety of scan rates chosen to optimize the tracking of the cantilever tip across 

the crystal surface. Typical scan areas were between 2 µm x 2 µm and 15 µm x 15 µm 

with the exception of the scan sizes for acquiring lattice images.  Lattice image scan areas 

were between 8 nm x 8 nm and 50 nm x 50 nm.  
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Liquid media for In situ AFM was deionized water for dissolution investigations and a 

crystal growth solution comprising 0.005 M cyanometalate anion and 0.01 M 

bis(amidinium) cation for growth investigations. The solution was prepared and 

contained in a reservoir attached to the liquid cell with silicone tubing. Flow was 

controlled by a simple gravity-feed configuration from the solution reservoir such that the 

flow rate was approximately 0.5 mL/min. Exit flow was collected in a secondary 

reservoir also connected to the liquid cell with silicone tubing.  

For the acquisition of lattice images, the liquid cell was employed without an O-ring 

and 1 mL of deionized water was placed on the specimen disk with a syringe. The 

imaging solution was then replaced with the aforementioned crystal growth and allowed 

to equilibrate. This solution was replaced approximately every 20 minutes to replenish 

solute in the liquid medium for continued growth. Preferentially, periodically 

replenishing a stagnant medium was used for the acquisition of lattice images because the 

tubing generally connected to the liquid cell for constant flow experiments impinges the 

motion of the piezo scanner and increases the mass incorporated in the scanner head. 

Reducing the mass of the scanner head has the effect of reducing low frequency noise 

associated with inertia as the head changes direction as it rasters. These factors 

collectively improve the sensitivity of the piezo scanner to the crystal surface, which is 

necessary for acquiring well-defined lattice images. 1 mL of growth solution around the 

crystal allows the droplet to ‘pin’ on the hydrophobic surface of the adhesive and allows 
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easy replacement by syringe. Images were collected using scan rates between 20 Hz and 

120 Hz. 

 

X-ray Diffraction. A unit cell of 1-Fe was collected for a typical AFM crystal specimen 

using a Bruker Apex II single crystal diffractometer equipped with a Mo, KαII (λ =0.7107 

Å) monochromator. Unit cell data was superimposed over a series of video images to 

index the crystal and positively assign the [100] direction to the long axis of the crystal. 
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5 
 

 

 

 

 

Mass Transfer Limitations At Crystal Interfaces In An 

AFM Fluid Cell 

 

5.1 Introduction  

The contents of this chapter have been reproduced in part, with permission from 

Gasperino, D.; Yeckel, A.; Olmsted, B. K.; Ward, M. D.; Derby, J. J. Langmuir 2006, 22 

(15), 6578; Copyright 2006 American Chemical Society. 

Perhaps the most common method employed for the growth of crystals is liquid-phase 

crystallization. This method is commonly found across a plethora of industries from bulk 

crystallization of organic molecules in the pharmaceutical and agricultural industries to 
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the growth of large, single crystals of inorganic materials used in applications involving 

electronic and optical products.1 Despite the wealth of knowledge associated with liquid-

phase crystallization and the advances in theory explaining crystallization mechanisms, 

much remains poorly understood regarding factors influencing the specific differing 

growth rates of crystallographically unique faces on the same crystal, the overall 

morphological crystal shape, the size, and the density of dislocations or defects. In situ 

Atomic force microscopy (AFM) has established itself as the preeminent tool for gaining 

direct access to observing the crystallization process of both organic and inorganic 

crystals at length scales approaching the molecular level.2,3,4,5 Direct visualization of 

microscopic features on crystal surfaces such as terraces, ledges, and kinks is possible by 

in situ AFM and permits the measurement of angles, heights, velocities of step 

advancement, and adhesion forces. Data acquired through these kinds of measurements 

permit the estimation of thermodynamic properties associated with specific crystal 

surfaces, growth kinetics, and the mechanisms by which crystals grow.2,6,5 

Under normal operation of an AFM, certain components are rastered across an area 

being investigated. Perturbation of the fluid due to this motion could possibly affect the 

local conditions at the investigation site. Furthermore, the geometry of the cell may 

impart an effect on the investigation site due to non-uniformity of flow fields created by 

the locations and geometries of certain components comprising the interior volume of the 

cell, i.e. the cantilever wafer, the locations of the inlet and outlet ports, and the volume of 

fluid contained within the cell with respect to the exchange rate through the inlet and 
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outlet ports. It would be presumptuous to assume that the operation of the AFM imparts 

no effect whatsoever on the crystallization environment, but there currently exist very 

little information regarding the actual solution conditions at the crystallization site during 

AFM measurement of crystal growth.  

This Chapter considers research in which the aforementioned question may be 

important. Jung et al. have investigated how macromolecular additives affect the growth 

of calcium oxalate monohydrate (COM). COM is a major component of kidney stones 

and extensive work has been performed to understand its growth.2,3,7,8 Growth inhibition 

is a logical strategy in preventing kidney stones and studying how additives compromise 

the growth mechanism of COM may yield promising therapeutic routes to accomplishing 

COM crystal growth inhibition.9,10 The investigation by Jung et al.2 relied on in situ AFM 

using a Digital Instruments (DI) AFM fluid cell (part no. 150-000-002) to contain the 

growth solution. Their data revealed not only that the step velocities varied largely as a 

function of supersaturation of the growth solution but also by the manner in which this 

solution was delivered to the crystallization site. The work performed by Jung et al.2 also 

corroborate the findings of Gvozdev et al.7, which indicate that reliable measurement of 

step velocities require some minimum flow rate in order to avoid mass transfer 

limitations on crystal growth of COM. Furthermore, Chernov et al.11 have used AFM and 

high-precision Michaelson interferometry to study the effects of mass transfer at a 

crystallizing interface near the turbulent flow regime of growth solution.  
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Computational models of AFM crystallization environments can compliment 

experimental observations from either explanative or predictive perspectives. In either 

case, they can help to develop a fundamental understanding of experimental observations 

by providing a detailed picture of flow and mass transfer in the AFM crystallization 

environment, particularly near the measurement probe. Coles et al.12 developed a two-

dimensional model of flow velocity and concentration gradient for a cross-section of a 

modified AFM cell and this work proved integral to supporting kinetic factors associated 

with AFM and electrochemical measurements. Wilkins et al.13 successfully conducted a 

simulation of a three-dimension model for a simplified geometry of a portion of the AFM 

cell used by Cole et al.12 predicting results more accurately and over a larger range of 

flow rates. These reports suggest that a more detailed understanding of flow and mass 

transfer would be beneficial for unambiguous interpretation of real-time in situ AFM 

measurements of crystal growth as well as addressing potential limitations in current 

liquid cell designs used for in situ AFM crystal growth investigations, leading in turn, to 

the development of better AFM tools.  

Herein this work reports the results of a finite element analysis to reveal the mass 

transfer behavior at the crystallization interface between a growth solution and the bulk 

crystal surface of a model COM crystal inside the geometry of a DI AFM fluid cell, such 

as the one used by our laboratory. 
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5.2 Three-Dimensional Geometric Model Construction  

To accurately formulate a finite element model to simulate incompressible flow and 

solute transport occurring at the crystallization site within the DI AFM fluid cell, a 

faithful reproduction of the interior geometry of the cell was constructed using the 

Solidworks® suite of CAD applications.14 Meticulous measurements of all dimensions 

comprising the interior features of the AFM fluid cell, as it is configured during use, were 

made using engineering prints supplied by the manufacturer (Digital Instruments/Veeco), 

optical microscopy, and scanning electron microscopy (SEM). The specific geometry of 

the interior volume of the cell comprises the interior bounding surfaces of the DI AFM 

fluid cell, the interior bounding surfaces of the o-ring that seals the fluid cell to the 

specimen disc, the surface of the specimen disc, the retaining clip securing the wafer in 

place, the wafer on which the cantilevers are mounted, the cantilevers, the pyramidal 

probe (tip) protruding towards the crystal at the end of each cantilever, and a crystal 

affixed to the surface of the specimen disc directly beneath the probe.  

Small discrepancies existed between the geometrical measurements acquired by 

microscopy and the dimensional specifications contained within the engineering prints. 

Therefore, two different models were constructed according to the features supplied by 

the engineering prints and by the optical microscope measurements acquired from an 

actual specimen of the fluid cell. The differences between these two models were minor 

and are highlighted in green in Figure 5.1.  
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Figure 5.1. Solidworks models used to generate the meshes for the computational 

domain. (A) represents the simplified features found to vary between the actual cell and 

the engineering prints. Notably, the green chamfers the green gasket that seals the 

retaining clip. (B) Represents the more complicated geometry complete with chamfers 

and the gasket. (C) Represents the composite model used to generate the mesh. 

 

The differences are primarily typified by the lack of chamfers and radiuses along 

sharp edges in the real-world specimen as well as additional contours associated with a 

gasket where the retaining clip enters the interior volume in our specimen. Because these 

differences are minor and involve features located far away from the area of interest, a 

composite model was used combining these features for the purpose of generating the 

mesh. Additionally, the intended orientation of the DI AFM fluid cell is such that the 

probe is placed above the crystal, however the figures contained within this chapter 
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depict an inverted orientation of the fluid cell to facilitate a better presentation of the 

geometric features, mass transfer, and flow pathlines pertinent to the simulation. 

Special consideration is taken concerning modeling of the crystal and the probe. To 

evaluate the simulations under relevant conditions, the model is applied specifically to 

the growth of COM crystals, for which the rates of crystal growth on specific crystal 

faces have been measured using AFM.2 Consequently, this simulation also assumes the 

use of a Veeco® NP probe, which was used for the aforementioned work. In this model, 

the geometry of the pyramidal probe, the cantilever, and the wafer are consistent with 

engineering specifications. SEM micrographs taken for these probes are presented in 

Figure 5.1 and indicate our dimensions are accurate to within 0.1 µm. Veeco® NP probes 

are configured with a set of two triangular cantilevers on each end of the wafer for a total 

of four cantilevers per wafer. Each set of cantilevers comprises a short (120 µm) 

cantilever, and a long (200 µm) cantilever. The sets differ in that one set of cantilevers is 

constructed with relatively narrow legs and the other with wide legs. The configuration 

used in this finite element model also reproduces the aforementioned conditions and 

includes both of the wide-legged cantilevers having overall lengths of 120 µm and 200 

µm.  
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5.3 Governing Equations  

Several assumptions are necessary to construct a mathematical model describing flow 

and mass transfer through the geometric volume defining the AFM fluid cell. We assume 

that (a) the fluid flowing through the cell is incompressible, (b) the system is isothermal 

(25º C) such that buoyant flow effects can be ignored, (c) the transport properties are 

independent of temperature and composition, (d) the scan rate is slow and its amplitude 

small compared to the fluid flow and the dimensions of the system so that stage 

movement effects can be ignored, (e) the mass transfer can be described by the 

convection and diffusion of a dilute single species (the solute) dissolved in water (the 

solvent). In reality, COM solutions are far more complicated than this model suggests 

because the solute comprises both calcium ions and oxalate ions, each having their own 

association interactions with water. The detailed representation of treating these solute 

species rigorously would involve extraneous complication and potentially lead to severe 

error in the simulation because their contributions to mass transfer in crystal growth is not 

fully understood. 

The governing equations invoke a quasi-steady-state condition for flow and mass 

transfer. The characteristic time associated with convective transport is 
   L / U ϑ(0.1s) , 

where L represents the thickness of the fluid cell and U represents the centerline velocity 

at the fluid cell inlet. The time scale for diffusive transport of solute at the crystal is on 

the order of Lc
2/D ~ ϑ(1 s), where Lc represents the length of the crystal surface and D 
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represents the diffusion coefficient associated with the solute. The characteristic time 

scale for crystal growth of COM is one to several hours2 so continuum transport through 

the solvent is virtually instantaneous when compared to transport associated with crystal 

growth. This comparison supports the use of steady-state conditions for the governing 

equations of the simulation. 

Liquid flowing through the AFM cell is governed by momentum conservation and 

continuity and is modeled according to the steady-state, Navier-Stokes equations for an 

incompressible fluid. The interior volume of the AFM fluid cell is chosen as a stationary 

frame of reference and the equations governing flow are described by Eq. 5.1 and 5.2 

    
Re vi∇( ) = ∇i ∇v +∇vT( ) − ∇p  (5.1) 

   ∇iv = 0  (5.2) 

where  Re  is the Reynolds number and is defined as   Re ≡ ρUL / µ  with ρ  and 

� 

µ 

representing the density and viscosity, respectively, and U and L are defined as above. 

The vector field, v, is the dimensionless velocity and consists of three components, one in 

each coordinate direction. The components of v are defined as   

� 

υ ≡ ˜ υ i /U  where the 

subscript i denotes a coordinate direction and the tilde denotes a dimensional quantity. 

The dimensionless parameter, p, denotes the dynamic pressure and includes the 

hydrostatic pressure field, non-dimensionalized by 
   p ≡ p(µU / L) . The nondimensional 

Reynolds number, which characterizes the ratio of inertial forces to viscous forces, is 

illustrative of the physical nature of flow. Small Reynolds numbers are dominated by 
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viscous effects and remain laminar in behavior. As the Reynolds number increases, the 

behavior of the fluid becomes increasingly dominated by nonlinear inertial effects and the 

flow becomes much more complicated. Turbulent flow is encountered at very high 

Reynolds numbers where the fluid does not have enough viscosity to effectively damp 

small velocity perturbations in the bulk flow. 

Appropriate boundary conditions are specified for the Navier–Stokes equations along 

all surfaces of the computational domain. A parabolic flow is specified at the cross-

section of the tube upstream from the inlet port of the interior volume of the AFM fluid 

cell. An outflow condition representing a well-developed flow downstream of the 

computational domain is applied  

   ni∇v = 0  (5.3)  

for the cross-section of the tube leading away from the outlet port of the interior volume. 

A no-slip boundary condition is applied to all other bounding surfaces of the domain of 

the model. 

   niv = 0  (5.4) 

In terms of mass transfer calculations, the steady-state convective-diffusion equation 

governs the conservation of the solute species and is written in dimensionless form as 

    
Pe vi∇σ( ) = ∇2σ  (5.5) 
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where   

� 

Pe  is the dimensionless Peclet number defined as   

� 

Pe ≡UL /D  and represents the 

ratio of mass transfer via convection to that by diffusion, v is the dimensionless velocity 

vector defined above, and σ  is the dimensionless supersaturation defined as, 

 
σ =

C − Ceq

Ceq

 (5.6) 

which effectively describes the relative supersaturation as the difference between the 

concentration, C, and the equilibrium saturation concentration, Ceq, divided by Ceq. 

Thermodynamically, the supersaturation is defined as the difference in the chemical 

potential of the solute in the supersaturated solution to that of the solute in the saturated 

solution, which is in equilibrium with the bulk crystal. Therefore the difference in 

chemical potential, 

� 

Δµ , becomes the driving force for crystallization under 

supersaturated conditions and allows the thermodynamic supersaturation,   

� 

σT , to be 

defined as   
σT = Δµ / kT = ln(a / aeq ) , where k is Boltzmann’s constant, T is the absolute 

temperature, and a and   

� 

aeq  are the activities of the solute under supersaturated and 

saturated conditions, respectively.15 For the case where the activity coefficients are near 

unity,   

� 

σT  can be approximated by   
σT ≈ ln(C / Ceq )  and using Eq. 5.6, a Taylor series 

expansion yields 

    

� 

σT ≈ ln σ + 1( ) ≈σ − 1
2
σ 2 + 1

3
σ 3 − ... (5.7) 
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so that as σ  approaches very small numbers 
  (σ 1) , Eq. 7 reduces to  σT ≈ σ  and the 

thermodynamic supersaturation approximates the relative supersaturation. Ceq is a 

temperature dependent variable but, because the model assumes constant temperature, the 

governing equations reduce Ceq to a constant. The supersaturation and the transport 

equation, Eq. 5.5, are related to the model by defining boundary conditions so that the 

relative supersaturation,  σ 0 , is set at the inlet tube cross-section. A no-flux condition for 

the solute 

   ni∇σ = 0  (5.8) 

is applied at all other surfaces. The same mathematical condition is applied at the flow 

outlet describing a well-developed concentration field exiting the computational domain. 

The region of the computational domain defining the growing crystal is a two-

dimensional lozenge located directly opposite the AFM cantilever tip. Heterogeneous 

nucleation is a stochastic process inside the AFM fluid cell and leads to large variation in 

the size and location of growing crystals. This is handled in the model by patterning a 

series of patches on the surface around the region defining the crystal. This surface is 

observed to nucleate additional crystals during a typical AFM experiment and the patches 

are patterned with a uniform size and spacing representative of observations made during 

these experiments. The dimensionless flux boundary condition applied to these surface 

patches is  
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ni∇σ =

ρcβσ
ρDCeq

* 1− Ceq
* σ +1( )( )  (5.9) 

where the left-hand side represents the flux of the crystallizing solute to the surface of the 

crystal, with the unit vector,  n , defined as normal to the crystal surface. The kinetic 

growth coefficient is β , the mass fraction of the solute is  
Ceq

* , and  ρc  is the crystal 

density.16,17 

 

5.4 Mesh Generation and Numerical Methods 

The meshes used in the simulation were constructed from data exported from the 

previously described Solidworks® model. The finest mesh consisted of 250,517 

tetrahedral elements having a total of 285,145 degrees of freedom and was required for 

the mass transfer computations. The size gradient of elements was carefully controlled to 

achieve a balance between computational intensity and precision of the computation 

results near the area of interest, i.e. the AFM probe and each crystal. The input variables 

regarding the solute flux conditions were chosen to reflect the breadth of knowledge 

regarding the growth of COM. The six-sided lozenge shape of the crystal is 

representative of a typical crystal but does not intend to represent the morphology or 

orientation of any particular real crystal. This shape was chosen arbitrarily to represent a 

surface over which solute flux conditions may be applied and studied. In reality the 

particular morphology and orientation of COM crystals are varied and can differ 
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considerably from the lozenge geometry selected for the model. Examples of 

morphologies typical to COM are presented in Figure 5.2.  

 

 

Figure 5.2. Scanning Electron Microscope (SEM) image of COM crystals. The larger 

image presents several crystals exposing the (100) face while the inset presents the 

commonly twinned structure of the (010) face. 

  

In particular, the six-sided lozenge should not be confused with an attempt to model 

the (100) face of COM, which also has a six-sided shape.18 The (010) face often presents 

a surface characterized by a twinned interface (Figure 5.2-inset) resulting in a shape 

distinctly different than the lozenge used in the model. Because the mass transfer 



 162 

phenomena pertaining to this simulation is independent and unrelated to the effects of 

crystal habit and orientation, the decision to model the crystals as six-sided lozenges 

should bear no impact on the results we obtained and are merely representative of a 

typical crystalline geometry encountered during in situ AFM studies. 

The finite element method was used for approximate solutions to the governing 

equations and the associated boundary conditions.19 The Galerkin least squares method 

was applied to the Navier–Stokes equations,20 and the streamline-upwind Petrov–

Galerkin method was applied to the solute conservation equation.21 Four-noded, 

tetrahedral volume elements with linear basis functions were used to represent all field 

variables. The resulting set of nonlinear algebraic equations was solved iteratively using 

Newton’s method. The algorithm was implemented in a parallel code using MPI 

communications constructs.22,23 After each Newton iteration, the linear system of 

equations was solved using the SPOOLES direct solver package accessed through the 

PETSc scientific computing library.24 Newton iterations were deemed convergent when 

the L2
 norm of the residual vectors were reduced to be smaller than 10–8. Typically four 

Newton iterations were required for solution convergence. 

 

5.5 Code Verification and Mesh Refinement 

Simulations of real world problems using computational methods must involve 

rigorous verification of the model to reliably trust the results obtained from the 
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computational predictions. Although the finite element code used in our simulations has 

been verified mathematically for a number of known solutions to the Navier–Stokes 

equations,22 the application of the governing equations and boundary conditions over the 

computational domain must be verified for accuracy. A common strategy is to iteratively 

refine the mesh over which the computation is applied to elucidate potential problematic 

regions pertaining to complex geometric features inducing rapidly changing parametric 

values for which errors appreciate considerably. In this case, errors are associated with 

high values of the Reynolds or Peclet numbers. In the case of flow, a set of preliminary 

calculations involving successively finer meshes resulted in a sufficiently accurate 

solution with a mesh comprising 176,407 elements, even for Reynolds numbers up to 

200. 

Table 5.1. Physical properties and system parameters for modeling the AFM fluid cell 

 Value Units Description 

  
Ceq

*  1.4 x 10-4 M 
(mol/L) 

COM concentration for saturated 
aqueous solution 

D 8.78 x 10-6 cm2/s Diffusion constant for solute 

L 0.06367 cm Fluid cell thickness 
Lc 0.0032 cm Length of (010) face of COM crystal 

U 2.96 cm/s Inlet center-line velocity (varies but is 
based-on Re = 18.8) 

β 1.55 x 10-8 cm/s Kinetic coefficient (see text) 

µ 1.0 x 10-2 g/cm•s Viscosity of solution 

ρ 0.997 g/cm3 Solution density 

ρ c 2.2 g/cm3 Crystal density 

σ0 0.42857  Inlet supersaturation (ref.2)  
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All experiments were prepared according to the input variables listed in Table 5.1, 

which were chosen according to (a) the simulation of the AFM experiment being 

performed at 25° C in an aqueous medium, and (b) estimates for the kinetic growth 

coefficient, β , from measurements previously collected by our laboratory.2 The rate of 

bulk crystal growth, Vf , was estimated from step velocities, step heights, and lattice 

spacings for (010) COM associated with the supersaturation used in the simulation and 

was corroborated by other experimental observations in the literature.7 This value was 

used to calculate an average flux value of solute to the crystal surface according to a mass 

balance.25 The resulting bulk crystal growth value was used in replacing Eq. 5.9 as the 

boundary condition used under uniform mass flux for a complete finite element 

computation of system flow and mass transfer at an experimental flow rate. From this 

simulation, the average supersaturation,  
σ avg , at the crystallizing surface was calculated 

and the kinetic coefficient for crystal growth was determined by 

  
β ≡ σ avg Vf  (5.10) 

Given this input data, the case of mass transfer required a much finer mesh. The 

conditions for mass transfer in the simulation dictated a rather large Peclet number, 

   Pe ϑ(104 ) and culminated in requiring a mesh comprising 250,517 elements with 

285,145 degrees of freedom (Figure 5.3). This final mesh was the result of six iteratively 

finer successions of meshes. Assessment of an accurate mass transfer solution was done 
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by the numerical integration of solute flux over the inlet, outlet, and all bounding 

surfaces. A global mass flux error of less than 0.2% for mass conservation was 

determined to be sufficiently accurate for all computations involving mass transport. 

 

 

Figure 5.3. (a) Interior of the AFM fluid cell (only surface elements are displayed) (b) 

View of the large cantilever mesh (c) View of the crystal boundary mesh used for mass 

transfer simulations. 

 

5.6 Experimental Validation 

Validating the model was accomplished by performing flow visualization 

experiments in an AFM cell identical to the one used in the work by Jung et. al. and for 

which the computational domain was modeled.2 The cell was assembled using a 

polystyrene fixture that allowed sealing the AFM fluid cell with a silicone o-ring in an 

inverted position against an 18 mm x 18 mm coverslip. Standard Veeco® NP, Si3N4 AFM 

cantilevers were used in a configuration presenting both the short (120 µm) and long (200 
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µm), wide-legged (36 µm width) cantilevers to the surface. The coverslip was positioned 

so that it was brought into absolute minimal proximity before contact occurred with the 

tip of the long, wide-legged cantilever. A tracer dye consisting of rheoscopic particles 

that reflect light from illumination sources placed above the cell was implemented for 

flow visualization. As the suspension flows through the cell, the flow pathlines are 

evident by observing the paths of light streaks created by the reflections from the surface 

of the tracer particles. Implementing rheoscopic particles to visualize flow is a well 

established technique and has been used for over a century to experimentally observe 

fluid flow in a wide variety of applications.26 

The rectangular chip, or wafer, on which the cantilevers are mounted, is often 

purchased as a mechanically joined array of chips on a larger circular wafer, requiring 

careful separation of individual rectangular chips prior to their use in AFM. As the 

rectangular chips are cleaved from the mother wafer, the resulting rectangular shape of 

the chip is sometimes less than ideal and structural irregularities give the rectangular chip 

extraneous geometric features. For experimental flow validation, rectangular wafers 

exhibiting good geometric agreement with the model were used so as not to introduce 

geometric factors unaccounted for by the geometric model. 

Optical micrographs were captured with an Olympus® 57H10 stereoscope equipped 

with an Insight® QE model #4.2 digital camera. Images acquired by this configuration 

were processed with Insight Spot® software. The tracer dye used for this investigation 

was AQ-1000 (Kalliroscope Corporation) of concentrations between 1% and 5% in 
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deionized water. AQ-1000 consists of highly anisotropic and specularly reflective 

polymeric flakes that easily align along streamlines in a flow field without significantly 

impacting the rheological properties of the flow medium. As flow orients the flakes, 

specular reflections directed back toward the illumination source reveal time-dependent 

positions, elucidating the paths of particles throughout the fluid volume. 

Flow was controlled alternatively by gravity fed delivery and a Cole Parmer 

Masterflex C/L peristaltic pump and yielded identical results. A bifurcate halogen lamp 

adjusted to maximize specular reflections towards the camera provided illumination, and 

the camera was adjusted to capture images at low gains, requiring longer exposure times 

to maximize the time dependent nature of the reflected traces. Figure 5.4 compares 

pathline traces for experimental flow (left) and computational flow (right) through the 

AFM fluid cell. A flow rate of approximately 9 - 10 µL/s was used for the experimental 

to correspond to a Reynolds number of Re = 14.35, representing a laminar flow regime. 

Here, the inlet is positioned at the bottom of the figure and the outlet at the top, 

corresponding to flow traversing the figures from bottom to top.  
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Figure 5.4. Comparison of pathline traces for the simulation and experimental validation. 

(a) Global view of experimental traces. (b) Global view of simulated pathlines (c) Detail 

view of experimental traces (d) Detail view of simulation pathlines. 

 

Flow behavior of considerable importance exists at the inlet/outlet regions, and at the 

region of the cantilever tip. Figure 5.4-a and 5.4-b reveal good agreement between the 

experimental flow behavior and the computational prediction for the orientation of flow 

around the inlet and outlet ports as fluid is introduced and removed from the cell. The 

trajectories of flow also reveal good agreement for pathlines around the leading edge of 

the wafer. Figures 5.4-c and 5.4-d compare these trajectories near this region, which is of 

primary significance because it is the region where experimental crystal growth 

observations are performed. Therefore, high resolution is desired so that anomalies or 

minor disagreement between the simulation and the experimental validation can be 



 169 

detected. Fortunately, the flow behavior of the simulation proved to be remarkably 

consistent with the experimental traces. 

 

5.7 Fluid Flow Simulation Results 

Measurement of COM crystallization rates by Jung et. al was performed at flow rates 

corresponding to a Reynolds number of Re = 18.8.2 In accordance with this flow rate, 

pathlines were simulated for flow associated with this Reynolds number. Pathlines were 

also simulated for flow associated with a Reynolds number of Re = 200, more than an 

order of magnitude larger. Figure 5.5 presents a comparison of pathlines associated with 

these Reynolds numbers. Flow velocity is indicated by color and corresponds to the 

scales listed to the right of the illustrations. The orientation for flow in both illustrations 

is such that flow originates at the bottom of the figure and exits through the port at the 

top. 
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Figure 5.5. Global pathline portraits of the computed flow in the AFM fluid cell, with flow 

traversing from the bottom to top in each image. Pathlines are colored according to 

velocity (cm/s) for Reynolds number equal to (a) 18.8 and (b) 200. 

 

Comparing the flow behavior for Re = 18.8 and Re = 200 reveals several intricate 

differences that may dictate differences in crystallization behavior at the tip of the 

cantilever. For the case of flow that is more strongly influenced by viscous forces (Re = 

18.8), evenly spaced pathlines dominate the interior volume and closely follow the 

interior geometry as flow is smoothly directed from the inlet port to the outlet port. 

Contrastingly, flow behavior for the higher Reynolds number (Re = 200) is more strongly 

influenced by inertial forces and experiences greater difficulty in closely following the 

contours of the interior volume. Initial trajectories as fluid is introduced into the cell tend 

to be directed isotropically and are less influenced by smooth geometric paths from the 

inlet to the outlet. Consequently, geometric features encountered by the fluid tend to 

deflect flow in accordance to the interaction with the surface as the fluid resists trajectory 

changes induced by the interior surfaces. This results in the formation of pathlines not as 
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uniformly spaced or as closely associated with the internal surfaces as with lower 

Reynolds number flow. Notably, the leading vertical edge of the wafer in the vicinity of 

the cantilever provides a geometric surface deflecting flow away from the cantilever and 

gives rise to a ‘dead region’, where flow is reduced. With respect to impact on the 

crystallization environment, these results indicate that flow rates through the cell do not 

linearly correlate to flow rates at the region of crystal growth.   

Closer examination of flow in the vicinity of the cantilever is provided in Figure 5.6 

for high and low Reynolds numbers. Figure 5.6-a and 5.6-d present clip planes revealing 

flow velocity maps through the fluid cell at a point intersecting the tip of the long 

cantilever are also provided in this figure for each Reynolds number. Although the range 

of velocities depicted in 5.6-a are an order of magnitude smaller than for 5.6-a, the 

distribution of velocities in the region in front of the cantilever indicate that velocity 

moves away from the wafer with increasing Reynolds number. Both clip planes indicate 

drastic reduction in flow velocity in the region where the wafer comes into closest contact 

with the substrate surface.  
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Figure 5.6. (a and d) Velocity magnitude from the computational simulations are 

projected on a clip plane of the global domain of the fluid cell that intersects the larger of 

the two AFM cantilevers. (b and e) Pathline portraits of flow past the sample-scanning 

side of the large AFM cantilever. (c and f) Pathline portraits of flow past the scanning tip 

attached to the large cantilever. Pathlines for the bottom two visualizations are colored 

by the same velocity scale. Image groups are for Reynolds number equal to (a,b,c) 18.8 

and (d,e,f) 200. 

 

Flow trajectories and velocities are also presented for the region of the cantilever and, 

more precisely, the region of the pyramidal probe (Figure 5.5-b, c, e, and f). The 
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simulation resolves considerable detail at both these length-scales and it is apparent that 

flow trajectories are in these regions are also significantly impacted by flow rates. For 

low Reynolds number flow, the pathlines extend away from the wafer towards the tip of 

the cantilever and for high Reynolds number flow, the pathlines cross the cantilever more 

orthogonally to the projection of the cantilever away from the wafer. This effect can also 

be seen in the direct vicinity of the probe by reviewing the arcing behavior of flow 

around the probe.   

 

5.8 Solute Transfer Simulation Results 

The link between crystal growth behavior and supersaturation is inseparable. 

Correlating crystal growth data to bulk supersaturation data by in situ AFM observations 

must require an understanding of the differences between bulk supersaturation conditions 

versus supersaturation conditions inside the AFM fluid cell. Flow simulations have 

revealed that the bulk flow rate does not linearly correlate to the flow across the crystal 

growth region in an AFM fluid cell and suggests that this may impact solute transfer to a 

crystallizing interface.  

Coupled computations of flow and mass transfer for different fluid cell flow rates 

allows the difference between supersaturation in the bulk versus supersaturation at the 

crystal interface to be elucidated as a function of flow rate, expressed by a dimensionless 

Reynolds number. Figure 5.7-a, b, c, and d graphically present the results of mass transfer 
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calculations revealing the supersaturation, σ , as a function of Reynolds numbers, Re = 

.02, 0.2, 18.8, and 100, respectively. Figure 5.7 presents the plan view of a portion of the 

fluid cell in the inverted position for various flow rates. In this illustration, the 

representative array of nucleation sites described as patches in Section 5.3, are visible by 

the regions indicated as yellow and green. These regions, including the largest yellow and 

green region (the location of the primary crystal) represent regions of lower 

supersaturation resulting from solute depletion in response to crystal growth because 

convective mass transport and diffusion are unable to maintain the same supersaturation 

as in the bulk solution.  
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Figure 5.7. Visualizations of the computed supersaturation, σ, in the fluid cell for 

Reynolds number equal to (a) 0.02, (b) 0.2, (c) 18.8, and (d) 100, looking into the cell (in 

the negative z direction). The top surface has been made transparent, and the two-

dimensional crystal surfaces are surrounded by yellow and green depletion fields. The 

cell inlet is located in the bottom right of each image, and pathlines are shown in white. 

The white arrow points to the large cantilever. 

 

 

The inlet port can be seen in the lower portion of this figure and the point of the white 

arrow indicates the location of the tip of the large cantilever. Additionally, white 

pathlines indicate flow trajectories that determine transport of solute across the crystal 

growth domain. The trend depicted in Figure 5.7 reveals that for higher Reynolds 

numbers, the depletion of supersaturation becomes less prominent, as convective mass 

transport is able to replenish solute at the crystallizing interfaces. 
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Figure 5.8. Visualizations of the supersaturation predicted by the computational model, 

σ, along the plane containing the growing crystals, below the large cantilever, for 

Reynolds number equal to (a) 0.02, (b) 0.2, (c) 18.8, and (d) 100. The crystal (outlined in 

black) is located directly under the large cantilever (semi-transparent). Pathlines (colored 

white) lying in a plane between the cantilever and the crystal surface are included. Flow 

is from right to left in all images. 

 

Notably, even for faster flow velocities some solute depletion occurs between the 

substrate and the tip of the cantilever. This is not necessarily surprising given the large 

reduction in velocity observed in the region where the wafer approaches the substrate as 

mentioned in Figure 5.6. A closer inspection of this zone is provided in the plan view of 

the cantilever and crystal in Figure 5.7, further revealing the gradient of supersaturation 

surrounding the area of crystal growth as a function of flow rate. Because the flow of 
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fluid is impinged by the geometry of the wafer and the substrate surface inside the fluid 

cell, even for high flow rates  (Re = 100) convective mass transport cannot replenish the 

solute being consumed by crystal growth in the region where crystal growth data are 

collected. 

Figure 5.9 summarizes data comparing supersaturations in different regions of the 

fluid cell as a result of the competition between convective mass transport and solute 

depletion from crystal growth. These data highlight the effect that interior geometry of 

the fluid cell imparts on the ability of fluid to effectively deliver solute to a growing 

crystal interface. Here, the abscissa presents flow rate as the dimensionless Reynolds 

number and the ordinate axis indicates the supersaturation. The supersaturation of the 

inlet is indicated by the dashed trace, an unobstructed region halfway between the outlet 

and the cantilever tip is indicated by the trace denoted with circles, and the trace denoted 

with squares is the obstructed region at the cantilever tip.  
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Figure 5.9. Comparison of effect of Re on the relative supersaturation at selected points 

in the system: Dashed line without symbols indicates the inlet; circles indicate the center 

of an actively growing crystal surface unobstructed by the wafer/cantilever/tip assembly, 

and squares show values above an actively growing crystal surface in proximity with the 

AFM cantilever and tip. These computations are based on previously measured growth 

kinetics for COM. The unobstructed crystal surface is located midway between the 

cantilever and cell outlet. The reduced relative supersaturation above the unobstructed 

crystal and the obstructed crystal in the proximity of the AFM cantilever reflects the 

inability of mass transport to compensate fully for the consumption of the solute by 

crystal growth. This effect is more severe beneath the cantilever due to the shielding 

effect of fluid flows, which is evident in the simulations. 

 

Even at high Reynolds numbers (Re = 100), the obstruction that the geometry of the 

wafer/cantilever/fluid cell impinges on the fluid flow under the cantilever results in the 

inability for mass transport of solute to effectively replenish solute consumed by crystal 

growth. The magnitude of this effect results in a 3.2% reduction of supersaturation, which 
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is not large, but may be significant in crystal growth that is exceedingly sensitive to 

supersaturation. Contrastingly, increasing the flow rate, effectively increases the mass 

transport of solute to regions unobstructed by surfaces inside the fluid cell such that the 

difference is only 1.3% at Re = 100. Therefore, a perfunctory solution to deliver solute to 

a crystal would be to re-locate the inlet port to a position directly in front of the 

cantilever, whereby fluid flow is not obstructed as it is delivered to the crystal. 

 

5.9 Summary 

Crystal growth and supersaturation are linked inseparably by the chemical potential 

driving the addition of solute to the crystal surface. This process involves diffusion as 

additional solvent migrates from the bulk solution to the surface to replace the solute 

consumed by the crystal growth process. Under solution flow, convective transport also 

delivers solute to the crystallizing interface and can increase the rate of crystal growth 

because solute is reliably and continually being delivered to the growth interface at a 

faster rate. Although in situ AFM is an invaluable method for studying crystal growth, 

this method is unable to determine the deviation from bulk supersaturation that is 

imparted onto the crystal being investigated by the geometry of the AFM fluid cell. Here, 

flow pathlines, and additional crystal nucleation inside the fluid cell affect the actual 

supersaturation at the examined region. 

The work described herein successfully implemented a steady-state, three-
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dimensional finite element model for the detailed analysis of fluid flow and mass transfer 

in an AFM fluid cell. These simulations reveal significant interactions between the 

inherent nonlinearity of fluid flow and complicated system geometry, resulting in 

conditions changing for different volumetric flows through the system. The DI cell 

configuration that serves as the computational domain in our simulation creates spatial 

heterogeneities in the transport of solute molecules to crystals growing in the cell.  

Overall, these simulations reveal that the spatial structure of the flow field in the 

system changes significantly with the volumetric flow rate and that the effectiveness of 

increasing the flow for reducing mass transfer limitations varies for different regions of 

the flow cell. Under all operating conditions much of the flow is directed away from 

measurement regions. The flow tends to channel more strongly through open parts of the 

system as the Reynolds number increases, and the wafer/cantilever/tip assembly acts as a 

shroud that shields nearby crystal surfaces from faster flows. Consequently, solute 

molecules consumed by crystal growth cannot be replenished completely by convective 

mass transport, thus lowering the relative supersaturation above the imaging region by 

several percent. 

The simulations indicate that mass transfer limitations generally will exist in the 

narrow gap between the AFM measurement apparatus (wafer and cantilever) and the 

surface to be scanned, and it is unlikely that flow alone will ever be sufficient to 

eliminate local mass transfer limitations, at least under practical volumetric flow rates. 

Although the reduction in the relative supersaturation for the system studied here (COM) 
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is not overly large, the mass transfer limitations may prove more severe for crystalline 

materials that exhibit faster growth rates (such as inorganic crystals) or crystals composed 

of larger molecules that diffuse more slowly through the liquid phase (such as proteins). 

This argues for an approach that combines the modeling of flow and mass transfer in 

conjunction with AFM measurements to achieve self-consistent evaluation of 

fundamental properties such as kinetic rate constants. This work may be important for the 

future design of fluid cells implemented in emerging AFM configurations. Notably, new 

advances towards ultra fast scanning have yielded AFM designs that can raster the AFM 

probe across a crystal’s surface several orders of magnitude faster than current models. 

The impact imparted onto mass transport phenomena near the vicinity of a rapidly 

oscillating cantilever may significantly impact crystallization behavior. Additionally, the 

validation of this model may serve to play an integral role towards mechanical 

engineering efforts in designing AFM fluid cells optimized for the delivery of solute to a 

crystal. 
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Crystallization of Micron-Sized Particles 

 

6.1 Introduction  

Molecular crystal structures arise from short-range interactions that synergistically 

result in long-range order. The classification of specific elements for symmetry and order 

has been extensively studied in the field of crystallography. At the molecular length-

scale, the forces responsible for crystallization act over ranges spanning several 

angstroms to a nanometer. Because this length scale is small, X-ray diffraction has 

afforded a wealth of information pertaining to the result of atomic and molecular 
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crystallization. The molecular length-scale, however, does not typically allow direct 

observation of the crystallization process. By fabricating micron-sized particles having 

molecular contours and other anisotropic shapes using photolithographic techniques, 

direct observations can be made of a myriad of crystallization and assembly processes 

and may help to answer the question, “Does symmetry and order transcend length-scale?”  

Herein, the assembly of two-dimensional kinetically driven assemblies is studied by 

employing dielectrophoretic mobility to densify suspension of particles fabricated from 

photoresist (Microchem SU-8®). The implementation of solvent–particle systems 

comprising slight density mismatches help to constrain particles to the bottom of 

crystallization containers and maintain a planar configuration suitable for observations by 

optical microscopy. 

 

6.2 Packing in Two-Dimensions 

In three-dimensions, 230 unique space groups exist to uniquely describe symmetry 

and order. Constraining the number of unique packing arrangements to two-dimensions 

results in 17 plane groups. The operators responsible for constructing all 230 space 

groups are translation, rotation, reflection, glide reflection, and the screw axis. From this 

list of five operators, only the screw axis requires three-dimensional space. Removing the 

screw axis from the operator list results in four distinct operations capable of producing 

all 17 two-dimensional packing arrangements (Figure 6.1)1 
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Figure 6.1. Translation and symmetry operators for constructing all possible two-

dimensional crystal structures. 

 

Translation. The simplest of all operators involves translation whereby a constituent of 

the unit cell decorates identical positions in other unit cells according to the principle 

vectors comprising the lattice. 

 

Rotation. Some packing arrangements contain constituents with identical positions that 

are related by rotation about a point on the plane. The rotation operation can be 

characterized by either 2, 3, 4, or 6 positions around the rotation center. 

 

Reflection. A line about which a constituent is mirrored also contributes to higher order 

symmetry in creating symmetrically equivalent constituents tiling space in the plane. 

 

Glide Reflection. A combination of a reflection about a mirror line, coupled with a 

translation through half the distance of a principle vector of the lattice is defined as a 

glide reflection and is the final higher-order symmetry operator necessary to construct the 

plane groups. 
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Figure 6.2. Depiction of plane group examples. Dashed lines indicate glide reflections 

and double lines indicate reflection axes. Note: the majority of these examples are 

adapted from reference 2. 
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Several molecules possess planar geometry, i.e. polyacenes, and although many of 

these molecules possess three-dimensional packing arrangements comprising molecular 

orientations that exist out of plane with respect to a two-dimensional tiling-motif, the 

planar projections for the three-dimensional structures can be correlated to planar 

equivalence.  

 

6.3 Micron-sized Particles 

Computer Aided Design (CAD) software was used to design photomasks of particle 

shapes characterized by geometric elements that create symmetry intrinsic to each 

particle. By tailoring the intrinsic symmetry of each particle, specific possibilities for 

packing arrangements are afforded, while others become impossible to achieve. In nature, 

the assembly of molecules and atoms to form crystalline materials in which different 

packing arrangements are possible often display correlation between the hierarchy of 

symmetry and the energetically most favorable packing arrangements. This is because 

entropy plays a role in the determination of order.  

Although debated, higher symmetry is often related to higher order, and this is 

conceptually (as well as mathematically) related to a decrease in entropy.3 Because 

changes in entropy are inextricably related to free energy, the tendency for systems to 

gravitate towards certain packing structures may reveal information about the 
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crystallization process and the interplay between kinetically dominated and 

thermodynamically dominated structures. 

Large particles (micron-scale) are subject to a myriad of interactions that do not 

necessarily act according to the delicate intermolecular interactions responsible for 

crystallization at the molecular length-scale. At the micron length-scale, van der Waals, 

depletion attraction forces, gravity, Debye screening / electrostatic interactions, and 

surfactancy have just as much importance in dictating the attractive and repulsive 

behavior of crystallization constituents.4 Balancing or controlling these interactions can 

lead to ordered structures or crystals, but do the rules governing assembly at this length 

scale, under different interaction forces, yield analogous structures?  

Effort towards understanding how to manipulate particle interactions at the micron 

length-scale may yield the ability to control the relative strengths of forces driving 

crystallization and those forces favoring melting, which may in turn yield surprising 

information about the stochastic nature of crystallization. For example, it is conceivable 

that phenomena such as Ostwald’s rule of stages could be better understood by direct 

observation of the crystallization process via optical microscopy. 

This work represents preliminary efforts in developing the tools to gain control over 

crystallization of micron-sized particles having contours of any conceivable shape. The 

process of fabricating particles is best-suited for constructing planar geometries, but the 

possibilities of the contours defining the shape of the planar particle are infinite. Of 
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particular interest is the fabrication of particles having contours representative of certain 

planar molecules because this allows direct comparison of crystallization behavior 

between molecules at the angstrom length-scale and particles at the micron length-scale.   

An example of this includes a two-dimensional mimic of tetrabenzoheptacene (Figure 

6.3). This molecule forms relatively planar sheets in its native crystallographic packing 

arrangement. The configuration of molecules within each sheet forms the planar group, 

pgg. Pgg is characterized by sets of two-fold rotation centers tiled within the unit cell 

between glide planes.  

 

Figure 6.3. Schematic of the structure of tetrabenzoheptacene 

 

The adoption of pgg by tetrabenzoheptacene is explained by allowing a maximization 

of π– π interactions with the adjacent sheets above and below the principle sheet in a 

dense-packed puckered configuration. Micron-size particles are most likely not subjected 

to such forces, but they are subjected to anisotropic van der Waals forces and 

gravitational density gradients that cause the particles to maintain planar configurations 

against the floor of a container. 
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Figure 6.4. Packing configurations for the shape mimicking tetrabenzoheptacene. (A) 

plane group pgg (B) plane group pmg (C) plane group p2. The hierarchy of symmetry 

decreases from (A) to (C). 

 

Interestingly, the intrinsic symmetry of this shape allows for other packing motifs 

besides pgg. The two additional packing motifs are pmg and p2, in respective order of 
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decreasing symmetry. Figure 6.4 illustrates the arrangements of these packing 

configurations. 

When considering the assembly forces for particles at the micron length-scale, 

irreversible forces such as depletion attraction forces, van der Waals interactions, and 

surface tension tend to readily act on collections of particles and lead to aggregation. 

Therefore, careful treatment of the crystallization parameters must take into account 

methods by which particles can be stabilized against aggregation, free of particular 

contaminants, and annealed against the formation of jammed states. The latter is 

particularly important because particles larger than approximately 5 µm tend to not 

exhibit a large degree of Brownian motion and do not self-separate easily. 

 

6.4 Particle Fabrication 

Particles were fabricated from Microchem Corporation’s SU-8® photoresist in a 

cleanroom environment using a Karl Suss® MJB3 full-field UV photolithography station. 

Approximately 15 – 30 million particles were fabricated per wafer. These were carefully 

harvested by developing a sacrificial layer of photoresist (Microchem Omnicoat®) on 

which the particles were created. The photolithographic process is presented in Figure 

6.5. 

Sequential washing and centrifugation purified the particles and concentrated them to 

volume fractions of approximately 0.02 – 0.05 in water. Although these volume fractions 
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are quite low for the assembly of densely packed crystallization fields, the total volume 

of solution was typically only 2.5 – 5 µL causing difficulty in handling higher volumetric 

fractions. 

 

 

Figure 6.5. The photolithographic process begins with a polished, clean silicon wafer. A 

sacrificial layer is spun onto the silicon wafer and dried. The photoresist is then spun 

onto the sacrificial layer and pre-baked. The photoresist is then exposed to a dose of UV 

radiation, causing a strong Lewis acid to be generated in the photoresist matrix. Post-

baking the photoresist cross-links the resist in areas that have been exposed to UV 

radiation. Next, the photoresist is developed to remove non cross-linked photoresist. 

Finally, the sacrificial layer is removed to release the particles from the wafer. 

 



 196 

Particles were stabilized against aggregation by functionalizing their surfaces with 

long chains of polyethylene oxide. This was accomplished by first swelling them in the 

presence of 1% w/w toluene and 5 mL water containing 1% w/w BASF F108® (a 

poluronic triblock copolymer containing a long-chain (44-mer) region of polypropylene 

oxide (PPO) bridging chains (141-mer) of polyethylene oxide (PEO)). Exposure to this 

solution for 24 hours allowed the toluene to swell the SU-8 particles but did not contain 

enough toluene to create a separate toluene liquid phase. Keeping the toluene fraction to 

minute quantities was important because it allowed access of the F108 solution to all the 

surfaces of each particle without incurring a secondary liquid phase that would otherwise 

separate the particle surface from the F108 solution. During this time, it is believed that 

the swollen SU-8 polymer matrix allows selective diffusion of the polypropylene oxide 

segment of the triblock copolymer into the particle matrix.5  

Subsequent drying under mild heat (95° C) and vacuum (2 mBar) for 24 hours 

evaporates the toluene and de-swells the particles. The proposed mechanism 

mechanically interlocks the PPO section of the F108 into the SU-8 polymer matrix and 

creates surface functionalization of long chains of PEO. These chains sterically stabilize 

the particles against aggregation in deionized water, even in the presence of 1 mM KCl 

salt solutions.6 

One goal for fabricating particles is to produce particles of uniform size and shape. 

ImageJ image processing and analysis software was used to analyze the size and shape of 

thousands of particles via optical micrographs. The results of the analysis of the 
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tetrabenzoheptacene particles are presented in Figure 6.6. These results indicate a large 

difference in size between the photomask measurements and the particle measurements, 

but in reality their mean size values are probably much closer to each other. More 

importantly, the widths of the peaks indicate that polydispersity approximately doubles. 

Given that the polydispersity for size and shape of the photomask is less than 3%, an 

increase in polydispersity of less than a factor of two is very good. 

 

Figure 6.6. Separate analysis of size and shape polydispersity for the photomask of 

tetrabenzoheptacene, and the particles made from this photomask. The polydispersity of 

area for the photomask is approximately 2.6% and the polydispersity of the particle area 

is 4.2%. The embedded window presents all measurements as a function of one 

histogram data set to directly compare the peak heights and widths in a bin-normalized 

analysis. 
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The reasons for the discrepancy between the mean values of the particles and the 

apertures in the photomask is attributed to the method of optical micrograph capture. To 

acquire images with sufficient contrast for image analysis, the photomask images were 

acquired in transmission mode. The micrographs of the particles were acquired while the 

particles were still on the silicon wafer following fabrication. The silicon wafer required 

that images acquired of the particles be collected in reflected mode. In reflected 

microscopy mode, a shadow is cast in the form of a halo around each particle and gives a 

false boundary for the size of the particle. Consequently, the mean particle size appears to 

be larger than the aperture of the photomask. 

 

6.5 Crystallization Methods 

Unlike electrophoresis, which typically requires a net charge to exist on the surface of 

a particle, dielectrophoresis allows mobility to occur as a result of a contrast in dielectric 

between a particle and the surrounding medium. Although the basis for dielectrophoresis 

is frequency independent, the polarizability of particles, the solvent associated with the 

electrical double-layer, and the solvent in the bulk becomes frequency dependent and can 

alter the net direction of mobility.7 

The strength of mobility is proportional to the square of the electric field, E, as well 

as the gradient of the electric field as indicated by Eq. 6.1. For uniform mobility it is 
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advantageous to construct electrodes that supply a relatively uniform field over the area 

to be investigated.8 The real part of the Clausius–Mosotti parameter, κ, determines the 

direction of dielectrophoretic mobility.  

   
FDEP = 2πr3εmRe κ{ }∇ E 2

 (6.1) 

  
κ =

ε p
* − εm

*

ε p
* + 2εm

*  (6.2) 

For positive values of κ, particles will migrate towards the region of highest field and for 

negative values of κ, the particles will move away from the region of highest field 

strength. The magnitude of κ represents how easily particles will migrate in the fluid 

medium. The Clausius–Mosotti function (Eq. 6.2) is essentially a measure of the 

polarizability of a particle in a given medium. Higher values of κ result in a higher 

polarizing response to an electric field and the degree of response to the field is also a 

measure of the anisotropy of the particle, causing depolarization factors to align 

anisotropic particles in the direction of the electric field.9 Assembly under these 

conditions results in polar crystal structures for anisotropic particles and chaining 

behavior for more isotropic shapes.10,11,12,13 

For the case of particles having contours resembling those of tetrabenzoheptacene 

(section 6.3), this work expects to observe polar structures, such as pmg and p2, when 

SU-8 particles (ε = 2.8) are assembled in deionized water (ε = 78.4) because κ   is very 
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large. The assembly of these particles in solvents of low dielectric may afford a wider 

range of possible packing motifs. 

Eq. 6.2 illustrates that the Clausius–Mosotti function is dependent on the complex 

dielectric (Eq. 6.3) of both the solvent medium and the particles. The complex dielectric, 

 ε
* , is a function of the real dielectric, ε , the imaginary component, i, the conductivity, 

σ , and the angular frequency of the electric field, ω . The conductivity is frequency 

dependent and creates rather complicated frequency-dependent behavior for many 

systems comprising particles of complicated geometry.14 Therefore, it is often customary 

to determine the value of κ experimentally by correlating mobility observations with E.15  

  ε
* = ε − iσ /ω  (6.3) 

For the case of the particles used in this work, values of approximately 50 V/cm at 

frequencies between 100 – 200 KHz are sufficient for positive dielectrophoresis but the 

parameters for negative dielectrophoresis are not yet discovered, although they are known 

to typically occur at higher frequencies. 

The results thus far are preliminary and demonstrate the ability to construct 

dielectrophoretic devices capable of generating AC electric fields sufficient to move large 

particles into densely packed configurations. As the parameters for dictating mobility in 

the opposite direction have not yet been discovered, these results represent structures 

resembling jammed packing fields as opposed to crystalline fields. Further efforts are 

currently focusing on acquiring the ability to alternately cycle electric fields favoring 
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assembly and then melting to help anneal crystal structures into packed arrays displaying 

longer-range order. 

 

6.6 Results and Discussion 

 Figure 6.7 presents a graphical representation of the construction of a typical 

dielectrophoretic cell.  Gold electrodes are printed on a #1 coverslip by thermal 

evaporation. # 0.5 coverslips are cut into thin slivers and used as spacers, which are 

adhered with a UV-curable adhesive to the coverslip containing the electrodes. An 

additional coverslip is adhered to the spacers and the entire assembly is adhered to a 

microscope slide for robust stability. Constantan wire (0.005” diameter) is affixed to the 

electrodes with silver paint and the cell is filled with a particle suspension by capillary 

action. The cell is then completely sealed from leakage with UV-curable adhesive. 

 Currently, greater success has been achieved using electrodes on the interior surface 

of the cell. This requires implementation of a 1 µF capacitor to the electric field generator 

to filter any residual DC current through the cell. If this is not done, hydrolysis occurs 

between the electrodes and the water and the cell becomes contaminated with bubbles. 
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Figure 6.7. Schematic of a dielectrophoretic cell. It is possible to construct many 

variations of a cell conducive to this work. A common example is presented here. 

 

Preliminary results are presented in Figure 6.8. Here, the assembly of 

tetrabenzoheptacene particles was densified for 30 minutes in an electric field (50V/cm 

and 200KHz). The direction of E is indicated and labeled in red. Chains of particles 

aligned in a head to head configuration began to form for the first 10 minutes in the 

electric field. As the migration of particles to the region of highest field continued, 

particles began interacting with each other along the second dimension. These 

interactions have the result of tilting the assembly to maximize the depolarization affect 

for dimer, trimer, and n-mer assemblies. The angle is most likely related to the aspect 

ratio of densely packed particles for the geometry afforded by the concave–convex 

interface of the particle contours.10 
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Figure 6.8. Preliminary assembly of particles representing the geometry of 

tetrabenzoheptacene. The particles display the tendency to form a p2 packing motif 

under polar electric field conditions. The unit cell is approximately measured to be a = 

5.6 µm, b = 13.2 µm, and α = 124° The angle between the principle axis and the electric 

field is approximately 16° and is most-likely a function of geometric aspect ratio. 
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6.7 Summary 

UV photolithography was used to fabricate micron-sized particles from photoresist in 

a cleanroom environment. Careful control over the fabrication process has resulted in the 

capability to produce up to 30 million particles per wafer with uniform size and shape. 

Measurements made by the image analysis of thousands of particles via optical 

microscopy using ImageJ reveal that the standard deviation of size and shape is typically 

less than 5% of the average area of the particle. 

The principle method emplyed to functionalize the surface of these particles against 

aggregation in a variety of solvents involves steric stabilization of the particle surface 

with a triblock copolymer (BASF, F108®).  

Dielectrophoresis offers powerful control over crystallization parameters directing 

self-assembly. The possibility of creating rich phase behavior relating to plane group 

packing motifs by adjusting the strength and frequency of the electric field, electrode 

configurations, dielectric contrast of the system, particle size, and particle geometry is 

currently being intensively studied. Tuning the dielectric contrast between the particle 

and the fluid so that smaller contrast exists may yield less polar structures than was found 

in this work. Under conditions allowing packing configurations with the highest 

allowable symmetry for the intrinsic shape of the particle, crystallization studies may be 

carried out to elucidate tendencies for the growth of kinetically versus 

thermodynamically determined packing arrangements. 
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This work has shown that directed assembly in an electric AC field displays step-wise 

order originating from polarized fields of particles aligning parallel to the electric field 

and assembling into larger domains of ordered particles. Interestingly, these domains 

originate by one-dimensional assembly of particles into chains aligned parallel to the 

electric field, but eventually adopt two-dimensional order at tilted angles to the electric 

field in order to maximize the polarization effect of several particles in concert. Local 

order of these particles is observed according to p2 symmetry and extends to domains 

encompassing larger groups of particles.  

Analysis of the crystallographic unit cell within different regions of a field of 

assembled particles reveals surprisingly consistent results and is characterized by 

approximately a = 5.6 µm, b = 13.2 µm and α = 124°. This results in a two-dimension 

packing fraction of approximately 78% according to measurements made for the area of 

an individual particle. 

Although the presence of disordered jammed particles shatters the development of 

long-range order, the onset of local order for particles in both experiments has been 

observed. As stated previously, the selection of different solvent systems, electrode 

configurations, and AC electric field parameters may induce other plane group 

symmetries. Additionally, cyclical implementation of assembly and disassembly forces 

by applying AC electric fields characterized by parameters favoring directions of 

opposite mobility may help to anneal these systems and develop two-dimensional particle 

fields of global order. 
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Final Thoughts 

 

7.1 Introduction  

A myriad of interesting and challenging problems were encountered throughout this 

work. At times frustrating, and exhaustingly unending; technical challenges and 

curiosities about ‘what ifs?’ were continually encountered and sometimes seemed to 

threaten halting forward progress for the projects I worked on. Unfortunately, time does 

not afford the ability to exhaustively seek answers to every question posed. Additionally, 

it seems that as a fundamental appreciation for a specific topic is increasingly mastered, 
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the ability to change direction and confront a new topic becomes increasingly difficult. 

Therefore, I would like to conclude this work by briefly describing some areas that may 

warrant some serious attention because they may yield fruitful and interesting scientific 

findings. 

 

7.2 Microfluidic Crystallization at Surfactant Interfaces 

Chapter 3 taught a valuable lesson about the importance of chemical interactions at 

the crystallization interface. The preliminary work leading up to the work contained in 

Chapter 3 also yielded considerable insight into the importance of minimizing the volume 

of a crystallization solution to help direct the nucleation site of crystal growth. The 

literature contains several accounts for microfluidic devices designed to generate 

monodisperse droplets and I have built some of these devices in order to deliver a single-

file stream of aqueous droplets suspended in oil to a capillary tube.  

The oil-water interface has been exhaustively studied and the arrangement of 

surfactant molecules at this interface is well known to be highly oriented. Langmuir-

Blodgett films have also been compressed to construct crystalline films suitable for 

nucleation of oriented crystals. A combination of these methods may be employed to take 

advantage of the chemical moiety of a crystallization interface inside an aqueous droplet 

suspended in oil.  
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Saturated crystallization solutions containing water and ethanol can be doped with a 

quantity of surfactant such that when this crystallization solution is processed in a 

microfluidic droplet, the density of surfactant will completely cover the interface between 

the oil and water phases. Collection of the droplets in a capillary tube will allow confined 

storage of the crystallization droplet.  

Ethanol is slightly soluble in many oils, and with time the diffusion of ethanol from 

the aqueous fraction to the oil fraction will increase the supersaturation of the 

crystallization droplet. As the supersaturation increases, the droplet should become 

slightly smaller and condense the aqueous-soluble portion of the surfactant molecules at 

the droplet interface. Crystallization should occur on the surfactant. 

Dozens of surfactants are commercially available and allow the ability to easily tailor 

the chemical moiety of the interior surface of the crystallization droplet. The goal for this 

work would result in an increased ability to selectively grow polymorphs. 

 

7.3 Improving the Design of AFM Fluid Cells 

Chapter 5 dealt with understanding the intricacies of mass transport and fluid flow 

inside an AFM fluid cell. The results of this work led to a better understanding of the 

impact the fluid cell imparts onto the crystallization environment, but this should only be 

the beginning of useful information. Perhaps more importantly, this work elucidated 

certain design flaws with current fluid cell designs. Problem areas for fluid flow were 
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intuitively solved during this work, but their rigorous solutions were not pursued. Further 

developments of inlet port design, location and geometry could not only solve the current 

problems, but could also help to promote easier use of AFM fluid cells. For example, a 

common practical problem with the Veeco® fluid cell is the removal of entrained bubbles. 

These bubbles cause system noise feedback and prevent images from being acquired 

during an experiment. Removal of the bubbles becomes difficult as they often accumulate 

in sheltered areas, away from strong flow streamlines. Increasing the flow rate to 

dislodge these bubbles is seldom useful because the act of increasing the flow rate also 

changes the flow streamline path, usually away from the attached bubble.  

The cause for bubble attachment most likely comes from rough surfaces and sharp 

geometrical features within the cell. This is coupled with small inlet and outlet diameters 

requiring high pressures for modest flow rates that contribute to difficulty in preventing 

leaks against the O-ring seal. 

Possible design solutions may include a modular system that can be taken apart for 

better cleaning and polishing, a re-designed inlet port geometry and location to better 

deliver fresh solute to the crystallization site, a large manifold to replace the outlet port in 

order to decrease the overall pressure inside the AFM cell, and the ability to attach inline 

hydrostatic mix tubes to achieve greater vortexed mixing of solute at the crystallization 

site.  



 212 

The code for Computational Fluid Dynamic (CFD) calculations has been fully 

developed, validated, and verified because of the work accomplished in Chapter 6. 

Consequently, continuation of research to design better AFM fluid cells would only 

involve two steps per design iteration from this point forward. New designs could be 

rapidly modeled in Solidworks®, Blender®, Rhino®, or AutoCAD® and converted to a 

high detail mesh with software such as Gambit®. The rest of this work would simply 

include running the code for the new mesh and analyzing the results. A great deal of 

engineering and technological advancement could come out of this work and could lend 

itself to new designs of AFM cells as the age of high sensitivity, fast-scanning AFM 

designs continues to develop. 

 

7.4 Dielectrophoretic Phase Diagrams 

Chapter 6 has outlined a clear path of advancement for studying the crystallization of 

micron-sized particles with molecular contours. Highly anisotropic particles with 

complex geometries are unique in that they can typically adopt more than one or several 

distinct packing configurations. Unlike other anisotropic shapes, such as the prolate 

ellipsoid, photolithographically produced particles can assume packing configurations of 

drastically varying complexity. A variety of packing structures will usually yield some 

configurations that resemble oriented polar structures, while others tend to pack with 

their constituents ordered more evenly in the plane.  
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The tendency for particles to strongly align in an electric field is a function of 

dielectric contrast. Therefore, an interesting area of study could involve a thorough 

exploration of phase diagram behavior for the formation of aligned packing versus non-

aligned packing configurations as a function of dielectric contrast for various different 

shaped particles. 

Additionally, dielectrophoresis can readily crystallize particles having very simple 

geometries such as hexagons, circles, or squares. Continued application of an AC electric 

field could simulate an analogous elastic modulus for the crystal. The application of a 

secondary magnetic field could be used to direct particles of a secondary size and/or 

shape to study intercalation phenomena and diffusion mechanisms. Work in this area 

could be richly diverse in its usefulness to a myriad of fields and applications.  
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Appendix A 
 
 

GRACE Calculations 
 

The following are the results of comprehensive calculations using GRACE for substrates 
and crystal polymorphs chosen as a subject of work done in Chapter 3. 
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Appendix B 
 

Morphological Calculations of Polymorphs 
 
 

Chapter 3 discusses observations of the growth of various polymorphic crystals on 

crystalline substrates. The goal of this work was to computationally predict strong 

epitaxial relationships between a crystalline substrate and a polymorphic crystal system 

so that polymorph selectivity could be achieved. The interaction energy between the 

crystalline overlayer of a growing nucleus and the crystalline substrate on which it grows 

is of unknown strength.  

Consequently, crystal growth is not always dictated by epitaxial interactions between 

the substrate and the overlayer. Other intermolecular interactions such as electrostatic 

charge, polarity, and specific chemical functional group interactions may have a greater 

influence on dictating crystal overlayer growth. These alternate interaction energies do 

not necessarily dominate across the overlayer–substrate interface and strong 

intermolecular interactions within the crystal may have a stronger contribution to 

dictating the ultimate crystal orientation and polymorph selection.  

The content of this appendix provides morphological computations of the polymorphs 

for each crystal system used in Chapter 3 to elucidate any axes containing strong 

intermolecular interactions. Strong intermolecular interactions are indicated in 
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morphological calculations by the existence of directions of high growth. The 

calculations contained herein were performed for BFDH theory, Attachment Energy 

methods, and Hartman–Perdok Methods. Morphological computations were calculated 

using the Materials Studio software suite produced by Accelrys®.  

BFDH calculations require only the lattice parameters of the crystal structure and do 

not involve energetic consideration. These have been included as a general comparison to 

the Attachment Energy and Hartman–Perdok methods. Attachment Energy and Hartman–

Perdok computations were calculated from internal energy data generated through 

Materials Studio’s ‘crystal graph’ routine. The ‘crystal graph’ data set is computed by 

force-field measurements within the unit cell. The ‘crystal graph’ internal interaction 

strings were calculated according to the following criteria. Electrostatic interactions were 

calculated according to Coulombic interaction calculation methods and van der Waals 

interactions were calculated according to a Euwald summation method. The extents of 

internal interaction strings were between the primary unit cell and all atoms within three 

unit cells away in all directions. A thermal energy filter of 0.5 kJ/mol was applied to limit 

extraneous internal interaction strings. The resulting ‘crystal graph’ database of internal 

interaction vectors was used for both Attachment Energy and Hartman–Perdok 

computations.  

Figures A-1 through A-15 display crystal morphologies calculated for polymorphs of 

crystals grown in Chapter 3. The calculations for α-glycine are omitted because the 

strong (and ubiquitous) network of hydrogen bonds prevented convergence of 
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morphological calculations. For this crystal structure, stable faces were unable to be 

calculated as the criteria for growth and equilibrium values indicated that no strong 

preference for relative stable faces existed with reference to the ‘crystal graph’ internal 

energy strings.  

The results contained herein present the fact that for cinnamic acid, the standard 

morphologies for the α form should dictate propensity towards growth with the (010) 

face in contact with a crystalline substrate if that face were epitaxially predicted. 

Likewise, the β form may have a greater tendency to favor epitaxial growth for cases in 

which the (100) face is predicted to contact the substrate. 

For glycine, the morphological predictions indicate that epitaxy may be unlikely to be 

a growth mechanism for cases in which the (001) face is predicted on a crystalline 

substrate. 

 The ROY crystal system may inhibit epitaxial growth for the ON form if the (100) 

face is epitaxially predicted and epitaxial growth may be hindered because of 

morphological propensity for the YN form in the event (100) is predicted. 

Crystal morphologies predicted for sulfanilamide indicate the (100) face of the α 

form may not readily grow epitaxially on a matching substrate although the β and γ forms 

do not have a specified rapidly advancing crystal direction hindering epitaxial growth. 
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Figure B-1. Depiction of morphological predictions for α-cinnamic acid. 

 

Figure B-2. Depiction of morphological predictions for β-cinnamic acid. 
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Figure B-3. Depiction of morphological predictions for β-glycine. 

 

 

 

Figure B-4. Depiction of morphological predictions for γ-glycine. 
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Figure B-5. Depiction of morphological predictions for Orange-Needle ROY. 

 

 

 

Figure B-6. Depiction of morphological predictions for Yellow-Plate ROY. 
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Figure B-7. Depiction of morphological predictions for Red-Plate ROY. 

 

 

Figure B-8. Depiction of morphological predictions for Orange-Plate ROY. 
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Figure B-9. Depiction of morphological predictions for Yellow-Needle ROY. 

 

 

Figure B-10. Depiction of morphological predictions for Orange-Red-Plate ROY. 
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Figure B-11. Depiction of morphological predictions for Yellow-2004 ROY. 

 

 

Figure B-12. Depiction of morphological predictions for α-Sulfanilamide. 
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Figure B-13. Depiction of morphological predictions for β-Sulfanilamide. 

 

 

Figure B-14. Depiction of morphological predictions for γ-Sulfanilamide. 
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Appendix C 
 

Microdiffraction Data for Chapter 3 
 

The following are the results of comprehensive microdiffraction analysis for molecular 
crystals grown on crystalline inorganic substrates in Chapter 3. 
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Appendix D 
 

GRACE 
 
 

GRACE (Geometric Real-Space Analysis for Crystal Epitaxy) is a program written in 

Visual Basic® to run under windows XP is a geometric lattice matching algorithm 

designed specifically to screen large databases of substrates and overlayer crystals for 

epitaxy and near-matching coincidence. Contained herein, is the algorithm code 

employed by the software. The graphical user interface code has been omitted. GRACE 

is the software employed in Chapter 3 for computational screening of potential epitaxial 

relationships. 

 
 
Private Sub cmdCalc_Click() 
 
'In case of error occurs: 
If Text13.Text = "" Then 
    MsgBox "Not Enough Data!" 
    Text13.SetFocus 
    Exit Sub 
End If 
If Text15.Text = "" Then 
    MsgBox "Not Enough Data!" 
    Text15.SetFocus 
    Exit Sub 
End If 
If Text16.Text = "" Then 
    MsgBox "Not Enough Data!" 
    Text16.SetFocus 
    Exit Sub 
End If 
If Text17.Text = "" Then 
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    MsgBox "Not Enough Data!" 
    Text17.SetFocus 
    Exit Sub 
End If 
If Text18.Text = "" Then 
    MsgBox "Not Enough Data!" 
    Text18.SetFocus 
    Exit Sub 
End If 
If Text19.Text = "" Then 
    MsgBox "Not Enough Data!" 
    Text19.SetFocus 
    Exit Sub 
End If 
If Text21.Text = "" Then 
    MsgBox "Not Enough Data!" 
    Text21.SetFocus 
    Exit Sub 
End If 
If Text22.Text = "" Then 
    MsgBox "Not Enough Data!" 
    Text22.SetFocus 
    Exit Sub 
End If 
If Text23.Text = "" Then 
    MsgBox "Not Enough Data!" 
    Text23.SetFocus 
    Exit Sub 
End If 
If Text24.Text = "" Then 
    MsgBox "Not Enough Data!" 
    Text24.SetFocus 
    Exit Sub 
End If 
If Text25.Text = "" Then 
    MsgBox "Not Enough Data!" 
    Text25.SetFocus 
    Exit Sub 
End If 
 
If funcsel = 0 Then 
    MsgBox "Select search function please!" 
    Exit Sub 
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End If 
If funcsel = 3 Then 
    MsgBox "Re-select search function please!" 
    Exit Sub 
End If 
If nsub = 0 Then 
    MsgBox "Input parameters for substrate please!" 
    Text11.SetFocus 
    Exit Sub 
End If 
 
If novr = 0 Then 
    MsgBox "Input parameters for crystal(s) please!" 
    Text12.SetFocus 
    Exit Sub 
End If 
 
'sample calculation parameters 
dc = Text18.Text 
d0 = Text19.Text 
 
nShelllow = Text21.Text 
nShellhigh = Text22.Text 
nShelltemp = nShelllow 
 
If nShelltemp > nShellhigh Then 
    nShelllow = nShellhigh 
    nShellhigh = nShelltemp 
End If 
 
ihs = Text23.Text 
iks = Text24.Text 
ils = Text25.Text 
If nShelllow = 0 And nShellhigh = 0 And ihs = 0 And iks = 0 And ils = 0 Then 
    MsgBox "Not Enough Data!" 
    Text21.SetFocus 
    Exit Sub 
End If 
         
'sample calculation parameters complete 
 
'put result in a file 
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    FileNum = FreeFile 
    Open "output.txt" For Output As FileNum 
    cFileNum = FreeFile 
    Open "CorExport.txt" For Output As cFileNum 
    Print #FileNum, nsub 
     
    For i = 1 To nsub Step 1 
        Print #FileNum, SubName(i) 
        For j = 1 To 3 Step 1 
'            Print #FileNum, subcell(i, j) 
        Next j 
    Next i 
     
    Print #FileNum, novr 
    For i = 1 To novr Step 1 
        Print #FileNum, OvrName(i) 
        For j = 1 To 6 Step 1 
'            Print #FileNum, ovrcell(i, j) 
        Next j 
    Next i 
    
'  not close #FileNum 
 
'sample calculation starts 
    jsel = ihs + iks + ils 
     
    For isub = 1 To nsub Step 1 
     
' enter or restore theta range 
 
    subwidth = Text13.Text 
    ThetaMin = Text15.Text 
    ThetaMax = Text16.Text 
    ThetaStep = Text17.Text 
      
        For mmS = 0 To nsize Step 1 
            For nnS = 0 To nsize Step 1 
            xsub(mmS, nnS) = 0# 
            ysub(mmS, nnS) = 0# 
            Next nnS 
        Next mmS 
         
        SUBSTRATE = SubName(isub) 
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        Sm = subcell(isub, 1) 
        Sn = subcell(isub, 2) 
        phi = subcell(isub, 3) 
 
'Reduce theta range for square and hexagonal cells if the default range (-90 to 90) is 
specified 
    If ThetaMin < -45# And ThetaMax > 45# And Sm = Sn And phi = 90# Then 
        ThetaMin = -45# 
        ThetaMax = 45# 
    End If 
     
    If ThetaMin < -30# And ThetaMax > 30# And Sm = Sn And phi = 60# Then 
        ThetaMin = -30# 
        ThetaMax = 30# 
    End If 
     
    ntheta = Int((ThetaMax - ThetaMin) / ThetaStep) + 1 
 
'share the information 
 
'    DataNum = ntheta 
     
'Calculate substrate size 
 
    cosphi = CCur(Cos(phi / 180# * Pi)) 
    sinphi = CCur(Sin(phi / 180# * Pi)) 
    sncosphi = CCur(Sn * cosphi) 
    snsinphi = CCur(Sn * sinphi) 
         
    maxnn = Int(subwidth / Sn / sinphi) + 1 
    If (maxnn Mod 2) = 0 Then 
        maxn = maxnn / 2 
    Else 
        maxn = (maxnn - 1) / 2 
    End If 
      
    maxmm = Int(subwidth / Sm) + 1 
    If (maxmm Mod 2) = 0 Then 
        maxm = maxmm / 2 
    Else 
        maxm = (maxmm - 1) / 2 
    End If 
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'mntot = total number of substrate lattice points to be used for normalization 
     
     mntot = (2 * maxm + 1) * (2 * maxn + 1) 
     
'    Print #FileNum, maxm, maxn, mntot 
 
    radiusOvr = CCur(Sqr((maxm * Sm) * (maxm * Sm) + (maxn * Sn) * (maxn * Sn) + 
2# * (maxm * Sm) * (maxn * Sn) * Abs(cosphi))) 
'    radiusOvr = 1.414 * maxm * Sm 
'    Print #FileNum, radiusOvr 
 
'For plotting a Moire pattern 
    Print #cFileNum, dc 
    Print #cFileNum, Sm 
    Print #cFileNum, maxm 
    Print #cFileNum, maxn 
    Print #cFileNum, sncosphi 
    Print #cFileNum, snsinphi 
    For mS = -maxm - 1 To maxm + 1 Step 1 
        For nS = -maxn - 1 To maxn + 1 Step 1 
            xsub(mS + maxm + 1, nS + maxn + 1) = CCur(mS * Sm + nS * sncosphi) 
            ysub(mS + maxm + 1, nS + maxn + 1) = CCur(nS * snsinphi) 
 
        Next nS 
    Next mS 
             
'start overlayer loop 
 
    For iovr = 1 To novr Step 1 
 
        OVERLAYER = OvrName(iovr) 
        aT = ovrcell(iovr, 1) 
        bT = ovrcell(iovr, 2) 
        cT = ovrcell(iovr, 3) 
        alpha = ovrcell(iovr, 4) 
        beta = ovrcell(iovr, 5) 
        gamma = ovrcell(iovr, 6) 
 
'determine overlayer cell parameters: iT(I,1 to 3) are the Miller indices;iv1(I, 1 to 3) and 
iv2(I,1 to 3) are 
'indices of the two principal vectors of the overlayer plane I; v(I,1 to 3) are cell 
parameters (v1/v2/v1^v2) 
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    For j = 1 To 200 Step 1 
        For i = 1 To 3 Step 1 
            iT(j, i) = 0 
            iv1(j, i) = 0 
            iv2(j, i) = 0 
        Next i 
    Next j 
 
'identigy non-redundant Miller planes of overlayer 
     
    IP = 0 
    For Nshell = nShelllow To nShellhigh Step 1 
        For ih = 0 To Nshell Step 1 
            For ik = -Nshell To Nshell Step 1 
                If ih = 0 And ik < 0 Then GoTo NEXTik 
                For il = -Nshell To Nshell Step 1 
                    If ih = 0 And ik = 0 And (il < 0 Or il = 0) Then GoTo NEXTil 
                    If (ih Mod 2) = 0 And (ik Mod 2) = 0 And (il Mod 2) = 0 Then GoTo 
NEXTil 
                    If (ih Mod 3) = 0 And (ik Mod 3) = 0 And (il Mod 3) = 0 Then GoTo 
NEXTil 
                    If ih <> Nshell And Abs(ik) <> Nshell And Abs(il) <> Nshell Then GoTo 
NEXTil 
                     
                    IP = IP + 1 
                    iT(IP, 1) = ih 
                    iT(IP, 2) = ik 
                    iT(IP, 3) = il 
                     
'                    Print #FileNum, "(" & iT(IP, 1) & iT(IP, 2) & iT(IP, 3) & ")", IP 
 
NEXTil:         Next il 
NEXTik:     Next ik 
NEXTih: Next ih 
    Next Nshell 
 
'Determine the range of hkl to search 
 
    If jsel <> 0 Then 
        iT(1, 1) = ihs 
        iT(1, 2) = iks 
        iT(1, 3) = ils 
        Imax = 1 
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    Else 
        Imax = IP 
    End If 
 
'determine indices of cell vectors for each (hkl) 
 
    For i = 1 To Imax Step 1 
        If (iT(i, 1) * iT(i, 2) * iT(i, 3)) <> 0 Then 
            ia = iT(i, 2) * iT(i, 3) 
            ib = iT(i, 1) * iT(i, 3) 
            ic = iT(i, 1) * iT(i, 2) 
            iv1(i, 1) = ia 
            iv1(i, 2) = -ib 
            iv2(i, 2) = -ib 
            iv2(i, 3) = ic 
        End If 
        If iT(i, 1) = 0 And iT(i, 2) = 0 Then 
            iv1(i, 1) = 1 
            iv2(i, 2) = 1 
        End If 
         
        If iT(i, 2) = 0 And iT(i, 3) = 0 Then 
            iv1(i, 2) = 1 
            iv2(i, 3) = 1 
        End If 
        If iT(i, 3) = 0 And iT(i, 1) = 0 Then 
            iv1(i, 3) = 1 
            iv2(i, 1) = 1 
        End If 
        If iT(i, 1) = 0 And (iT(i, 2) * iT(i, 3)) <> 0 Then 
            iv1(i, 1) = 1 
            iv2(i, 2) = -iT(i, 3) 
            iv2(i, 3) = iT(i, 2) 
        End If 
        If iT(i, 2) = 0 And (iT(i, 1) * iT(i, 3)) <> 0 Then 
            iv1(i, 2) = 1 
            iv2(i, 1) = -iT(i, 3) 
            iv2(i, 3) = iT(i, 1) 
        End If 
        If iT(i, 3) = 0 And (iT(i, 1) * iT(i, 2)) <> 0 Then 
            iv1(i, 3) = 1 
            iv2(i, 1) = -iT(i, 2) 
            iv2(i, 2) = iT(i, 1) 
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        End If 
 
'change cell vector [nh,nk,nl] to [h,k,l] up to n=6 
        iv = 1 
Line21: 
        If iv = 1 Then 
            ih = iv1(i, 1) 
            ik = iv1(i, 2) 
            il = iv1(i, 3) 
        End If 
        If iv = 2 Then 
            ih = iv2(i, 1) 
            ik = iv2(i, 2) 
            il = iv2(i, 3) 
        End If 
         
        If (ih Mod 2) = 0 And (ik Mod 2) = 0 And (il Mod 2) = 0 Then 
            ih = ih / 2 
            ik = ik / 2 
            il = il / 2 
        End If 
        If (ih Mod 2) = 0 And (ik Mod 2) = 0 And (il Mod 2) = 0 Then 
            ih = ih / 2 
            ik = ik / 2 
            il = il / 2 
        End If 
        If (ih Mod 3) = 0 And (ik Mod 3) = 0 And (il Mod 3) = 0 Then 
            ih = ih / 3 
            ik = ik / 3 
            il = il / 3 
        End If 
        If (ih Mod 5) = 0 And (ik Mod 5) = 0 And (il Mod 5) = 0 Then 
            ih = ih / 5 
            ik = ik / 5 
            il = il / 5 
        End If 
         
vv = CCur(Sqr(ih * ih * aT * aT + ik * ik * bT * bT + il * il * cT * cT + 2 * ih * ik * aT 
* bT * Cos(gamma / 180# * Pi) + 2 * ik * il * bT * cT * Cos(alpha / 180# * Pi) + 2 * il * 
ih * cT * aT * Cos(beta / 180# * Pi))) 
         
        If iv = 1 Then 
            iv1(i, 1) = ih 
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            iv1(i, 2) = ik 
            iv1(i, 3) = il 
            v(i, 1) = vv 
        End If 
        If iv = 2 Then 
            iv2(i, 1) = ih 
            iv2(i, 2) = ik 
            iv2(i, 3) = il 
            v(i, 2) = vv 
        End If 
         
        If iv = 1 Then 
        iv = 2 
        GoTo Line21 
        End If 
         
     
'Calculate v1^v2 
 
        ih1 = iv1(i, 1) 
        ik1 = iv1(i, 2) 
        il1 = iv1(i, 3) 
        ih2 = iv2(i, 1) 
        ik2 = iv2(i, 2) 
        il2 = iv2(i, 3) 
                 
        A121 = CCur((ih1 * ik2 + ik1 * ih2) * aT * bT * Cos(gamma / 180# * Pi)) 
        A122 = CCur((ik1 * il2 + il1 * ik2) * bT * cT * Cos(alpha / 180# * Pi)) 
        A123 = CCur((ih1 * il2 + il1 * ih2) * aT * cT * Cos(beta / 180# * Pi)) 
        A12 = CCur(ih1 * ih2 * aT * aT + ik1 * ik2 * bT * bT + il1 * il2 * cT * cT + A121 
+ A122 + A123) 
        A12 = CCur(A12 / v(i, 1) / v(i, 2)) 
         
        If A12 > -0.999 And A12 < 0.999 Then 
         
            angle = CSng(A12) 
            v(i, 3) = CCur(Acos(angle) * 180# / Pi) 
'            Print #FileNum, v(i, 3) 
         
        ElseIf (A12 - 1) < 0.0001 Then v(i, 3) = Pi 
        ElseIf (A12 + 1) < 0.0001 Then v(i, 3) = 0 
         
        End If 
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    Next i 
         
'end i-loop 
'zero all registors for epitaxy score: 
    For j = 1 To IP Step 1 
        For itheta = 1 To ntheta Step 1 
            E(j, itheta) = 0# 
        Next itheta 
    Next j 
 
'Calculate epitaxy scores: 
    If jsel <> 0 Then 
        Jmax = 1 
        ThetaFrom(Jmax) = CStr("[" & iv1(1, 1) & iv1(1, 2) & iv1(1, 3) & "]") 
        ThetaTo(Jmax) = CStr("[" & iv2(1, 1) & iv2(1, 2) & iv2(1, 3) & "]") 
    Else: Jmax = IP 
    End If 
     
'share this information 
'output theta info. 
        Print #FileNum, ThetaMin 
        Print #FileNum, ThetaMax 
        Print #FileNum, ThetaStep 
        Print #FileNum, ntheta 
        Print #FileNum, Jmax 
    For j = 1 To Jmax Step 1 
        OvrHKL(j) = "(" & iT(j, 1) & iT(j, 2) & iT(j, 3) & ")" 
        ThetaFrom(j) = CStr("[" & iv1(j, 1) & iv1(j, 2) & iv1(j, 3) & "]") 
        ThetaTo(j) = CStr("[" & iv2(j, 1) & iv2(j, 2) & iv2(j, 3) & "]") 
        Print #FileNum, OvrHKL(j) 
        Print #FileNum, ThetaFrom(j) 
        Print #FileNum, ThetaTo(j) 
    Next j 
     
'Start j loop 
    For j = 1 To Jmax Step 1 
     
'The following part is used to omit the redundant planes: 
    If Jmax = 1 Then 
    GoTo PASSRED 
    End If 
'---------------------------------------------------------------------------------------------- 
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'    If alpha = 90# And gamma = 90# And iT(j, 2) < 0 Then 
'    GoTo NEXTj 
'    End If 
'    If alpha = 90# And beta = 90# And gamma = 90# And (iT(j, 2) < 0 Or iT(j, 3) < 0) 
Then 
'    GoTo NEXTj 
'    End If 
'    If alpha = 90# And gamma = 90# And iT(j, 1) = 0 And iT(j, 2) > 0 And iT(j, 3) < 0 
Then 
'    GoTo NEXTj 
'    End If 
'---------------------------------------------------------------------------------------------- 
PASSRED: 
 
'calculate overlayer size for j 
    sinvj3 = CCur(Sin(v(j, 3) / 180# * Pi)) 
    cosvj3 = CCur(Cos(v(j, 3) / 180# * Pi)) 
    vj2sinvj3 = CCur(v(j, 2) * sinvj3) 
    vj2cosvj3 = CCur(v(j, 2) * cosvj3) 
 
'modified from original code: 
 
    maxTnn = Int(2 * radiusOvr / v(j, 2) / sinvj3) + 1 
 
    If (maxTnn Mod 2) = 0 Then 
    maxTn = maxTnn / 2 
    Else 
    maxTn = (maxTnn + 1) / 2 
    End If 
    maxTmm = Int(2 * radiusOvr / v(j, 1)) + 1 
     
' Print #FileNum, maxTmm, maxTnn 
 
    If (maxTmm Mod 2) = 0 Then 
    maxTm = maxTmm / 2 
    Else 
    maxTm = (maxTmm + 1) / 2 
    End If 
        
'determine coordinates of overlayer lattice points: 
 
    For m = 0 To nsize Step 1 
        For n = 0 To nsize Step 1 
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            xovr(m, n) = 0# 
            yovr(m, n) = 0# 
        Next n 
    Next m 
     
'For plotting a Moire pattern 
    Print #cFileNum, maxTm 
    Print #cFileNum, maxTn 
    Print #cFileNum, v(j, 1) 
    Print #cFileNum, vj2cosvj3 
    Print #cFileNum, vj2sinvj3 
 
    For m = -maxTm To maxTm Step 1 
        For n = -maxTn To maxTn Step 1 
            xovr(m + maxTm + 1, n + maxTn + 1) = CCur(m * v(j, 1) + n * vj2cosvj3) 
            yovr(m + maxTm + 1, n + maxTn + 1) = CCur(n * vj2sinvj3) 
             
'  Print #FileNum, xovr(m + maxTm + 1, n + maxTn + 1), yovr(m + maxTm + 1, n + 
maxTn + 1) 
         
        Next n 
    Next m 
'start theta loop: 
     
    For itheta = 1 To ntheta Step 1 
        Theta = CCur(ThetaMin + (itheta - 1) * ThetaStep) 
        proVal = CInt(CSng(itheta) / CSng(ntheta) * 100#) 
        frmProgress!Thetarotation.Value = proVal 
 
'    Print #FileNum, Theta, ntheta 
         
        costheta = CCur(Cos(Theta / 180# * Pi)) 
        sintheta = CCur(Sin(Theta / 180# * Pi)) 
         
        For m = -maxTm To maxTm Step 1 
            For n = -maxTn To maxTn Step 1 
'            If m = 0 And n = 0 Then GoTo NEXTn 
'count only half of the points on the m=0 row. 
'            If m = 0 And n < 0 Then GoTo NEXTn 
            xj = xovr(m + maxTm + 1, n + maxTn + 1) 
            yj = yovr(m + maxTm + 1, n + maxTn + 1) 
            xjmn = CCur(xj * costheta - yj * sintheta) 
            yjmn = CCur(xj * sintheta + yj * costheta) 
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'determine which substrate cell the overlayer point (m,n) falls. 
'The substrate cell is defined by corners (m1,n1),(m1,n2),(m2,n1),(m2,n2) 
            nc = Int(yjmn / snsinphi) 
            mc = Int((xjmn - yjmn * sncosphi / snsinphi) / Sm) 
            If Abs(mc) > maxm Or Abs(nc) > maxn Then 
            GoTo NEXTn 
            End If 
 
            m1 = mc - 1 
            m2 = mc + 1 
            n1 = nc - 1 
            n2 = nc + 1 
             
            For mS = m1 To m2 Step 1 
                For nS = n1 To n2 Step 1 
                 
                    xmn = xsub(mS + maxm + 1, nS + maxn + 1) 
                    ymn = ysub(mS + maxm + 1, nS + maxn + 1) 
                
                    dist = CCur(Sqr((xjmn - xmn) * (xjmn - xmn) + (yjmn - ymn) * (yjmn - 
ymn))) 
 
'correct the error from computer: 
 
                    If (dist - dc) < 0.00001 Then 
                        If funcsel = 1 Then 
                            score = (d0 * d0) / (dist * dist + d0 * d0) 
                            score = score * score * score 
                            E(j, itheta) = CCur(E(j, itheta) + score) 
                        ElseIf funcsel = 2 Then 
                            score = CCur((dist * dist) / (d0 * d0)) 
                            score = CCur(Exp(-score)) 
                            E(j, itheta) = CCur(E(j, itheta) + score) 
                        End If 
                    End If 
                     
                Next nS 
            Next mS 
     
NEXTn: Next n 
Next m 
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    E(j, itheta) = CCur(100# * E(j, itheta) / mntot) 
     
If funcnor = 1 Then 
' Normalize E by the area ratio 
     
    RatioNor = CCur((v(j, 1) * vj2sinvj3) / (Sm * snsinphi)) 
         If RatioNor > 1 Then 
         E(j, itheta) = CCur(E(j, itheta) * RatioNor) 
         End If 
End If 
 
'End of normalization 
 
'Due to computer calculation approximation, the result will be different from the "real" 
'value, like over 100 percent. Correct this problem by the following code 
 
        If E(j, itheta) > 100 Then E(j, itheta) = CCur(100#) 
 
'share the information 
 
'    E(isub, iovr, j, itheta) = E(j, itheta) 
 
        Print #FileNum, E(j, itheta) 
     
        E(j, itheta) = 0# 
 
Next itheta 
    
    If SearchCancel Then 
        Exit Sub 
        frmProgress.Hide 
    End If 
     
NEXTj: Next j 
 
Next iovr 
Next isub 
     
frmProgress.Hide 
Close #cFileNum 
Close #FileNum 
funcsel = 3 
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End Sub 
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Appendix E 
 

Acquiring Lattice Images by Atomic Force Microscopy 
 
 

The contents of this Appendix reflect personal ‘tips and tricks’ developed during the 

course of this work for obtaining lattice images of crystalline materials via Atomic Force 

Microscopy (AFM). The guidelines described herein, are suggestions that reflect 

successful acquisition of these images.  

AFM is a scanning probe microscopy technique that is well known to be useful for 

acquiring images that spatially resolve the positions of atoms or molecules comprising 

the surface of crystalline materials. Lattice images of crystalline surfaces can be captured 

if the region beneath the tip is flat, i.e. molecularly planar, over an area that is large 

compared with the radius of curvature of an AFM tip (20-60 nm).1 Although many 

common perceptions of this technique presume that lattice images are captured because 

of the instrument’s ability to resolve features at the angstrom or atomic length scale, these 

perceptions are incorrect.2  

Because the probe tip of the cantilever used in contact mode (Veeco® NP) have radii 

of curvature corresponding to values between approximately 20 nm and 60 nm, the true 

‘resolving’ power of the AFM is limited to these length-scales. However, it is possible to 

detect features at the angstrom length-scale provided that the features are regularly 



  287 

periodic so that a large collection of them acts in concert with one another over the entire 

contacting surface area of the AFM tip. Hence it is proper terminology to refer to images 

displaying atomic or molecular lattices as ‘lattice images’ and not images displaying 

‘lattice resolution’ or ‘atomic resolution’. This difference in terminology associated with 

the physical phenomenon of collecting lattice images also conveys the fact that when 

rastering an AFM tip over a suitable crystalline substrate, a larger contacting area, i.e. a 

dull or blunt AFM tip, generally produces better results because the spatial resolution of 

the lattice is the result of a larger collection of lattice constituents. 

In a general sense, suitable substrates for acquiring lattice images by AFM are 

characterized as being hard materials, crystalline with a low density of surface defects, 

stable against dissolution or crystal growth in the surrounding medium, and have a 

regular lattice that presents a two-dimensional periodic surface potential to the AFM tip. 

Because of these constraints, it is often difficult to obtain clear images of organic 

crystalline materials. This is because many of these materials are prone to dissolution or 

crystal growth in the imaging medium, are soft and easily gouged or fractured, and don’t 

always present a strong periodic surface potential to the AFM tip. In contrast to the 

properties characterizing many organic crystals, materials that are well suited to the 

collection of lattice images are hard, crystalline inorganic minerals like muscovite, and 

Highly-Ordered Pyrolitic Graphite (HOPG). These materials exhibit perfect cleavage 

planes allowing the exposure of fresh, pristine crystalline surfaces having an incredible 

degree of flatness over the centimeter length scale. 
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Samples and Sample preparation 

Samples such as muscovite and HOPG, which are ideal for being used as substrates 

for capturing lattice images, must first be prepared to expose a surface that is clean and 

free of adsorbed dirt, dust, and other particulates. The substrate to be used, is glued to a 

magnetic AFM specimen disk with epoxy or other hard-setting adhesive and then cleaved 

to expose a fresh layer of crystalline material. Cleaving is often best done by applying a 

piece of tape to the top surface of the substrate so that when the tape is removed, a layer 

(or layers) of the substrate remain adhered to the tape and expose a freshly-cleaved 

surface devoid of contaminants. 

 

Muscovite Mica 

The easiest substrate to use for acquiring lattice images is Mica. Muscovite Mica 

(KAl2(Si3Al)O10(OH)2) is an amber or golden, transparent to translucent mineral 

belonging to the phylosilicate class of silicates. It has a monoclinic structure comprising 

layers of Potassium ions bridging aluminum silicate hydroxy-flouride sheets (Figure 1). 

The Potassium layers are oriented in the (001) plane and weakly bonded to oxygen atoms 

of the constituents in the layers above and below. This causes the mineral to fracture 

readily at the (001) plane and provides a cleavage plane suitable for AFM lattice images. 

Lattice parameters assigned to the (001) plane of Muskovite are rectangular where a=5.19 

Å, b=9.03, and γ=90˚ however, the positions of the Potassium ions within the unit cell 
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and the respective lengths of the a and b axes give rise to a perfectly hexagonal lattice 

having 3-fold symmetry and a unit cell length of 5.19 Å (Figure 2).  

Muscovite is hydrophilic and adsorbs water from the atmosphere. It is therefore 

virtually impossible (under most conditions) to obtain lattice images of muscovite in air 

because the layer of water that adsorbs on the surface of the sample also adheres to the 

AFM tip by capillary forces and dominates the interaction between the AFM tip and the 

substrate, thereby greatly outweighing and masking the delicate periodic surface potential 

of the substrate lattice. In an aqueous environment, the surface of muscovite is negatively 

charged because residual potassium dissolves in the aqueous medium. Consequently, 

lattice images of muscovite are acquired using a liquid cell filled with water. 

 

HOPG 

HOPG graphite is another substrate known to reveal regular atomic lattices when 

viewed by SPM. graphite is another perfectly cleaving material characterized by a 

lamellar structure having sheets of hexagonally-packed carbon atoms in the (001) plane 

which bond weakly to each other and are easily removed by the tape-peel method 

previously described. In contrast to muscovite, HOPG is uncharged and because it does 

not readily adsorb water on the freshly cleaved surface, it is one of the few substrates 

suitable for collecting lattice images in air. The (001) lattice of HOPG is also hexagonal 

but there are two possibilities for what a proper collected image can look like.  



  290 

The majority of SPM images of HOPG present a hexagonal (001) lattice similar to a 

standard close-packed configuration characterized by each atom having six nearest 

neighbors. The atomic distance between any of these atoms is 2.46 Å. Scanning 

Tunneling Microscopy can sometimes reveals a different lattice typified by a ‘chicken-

wire’ pattern because these images are collected with a very sharp probe, i.e. a probe with 

a single atom at its tip, the true hexagonal structure of HOPG can be resolved. This type 

of hexagonal lattice image varies significantly from the aforementioned lattice because 

the spacing between atoms will be 1.415 Å and the hexagonal structure will not display 

an atom in the center of each hexagonal member. The resulting image presents a structure 

reflecting the atomic bonding properties of carbon and not a close-packed hexagonal 

array. 

 

Instrument Preparation 

Introduction to the Nanoscope IIIa 

Lattice images are most easily captured at relatively fast scanning rates (20 Hz to 120 

Hz) and this characteristic makes the Veeco Nanoscope IIIa particularly suited to this 

application. The Nanoscope IIIa employs an open-loop feedback circuit and is 

consequently prone to drift. However, it also allows continuous captures of images at fast 

scanning rates because the system does not track ‘real’ position but only perceived 

position input from the calibration settings. The accuracy of the image depends on the 

amount the system drifts within the time it takes to collect one complete frame so 
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allowing the piezoelectric scanner to reach thermal equilibrium before attempting to 

collect lattice images can drastically improve the system’s performance.  

In addition to allowing the scanner to equilibrate, there are other techniques and 

modifications to standard AFM operation that enhance the ability to acquire high quality 

lattice images. These involve not only the selection of the probe, probe holder, and 

scanner, but also involve adjustments to the software, particular care in configuring the 

hardware, and involve customizing the environment of the room in which the AFM is 

housed. 

 

Probe 

AFM probes suitable to the collection of lattice images are the NP variety produced 

by Veeco Probes®. An NP chip includes four triangular cantilevers of two different 

lengths and two different widths resulting in a matrix of stiffnesses from 0.06 N/m to 

0.58 N/m. The cantilever best suited for acquiring lattice images under most conditions in 

the stiffest cantilever because it performs the best by minimizing deflection noise at fast 

scanning rates. This tip is distinguished from the other three cantilevers attached to an NP 

chip by having the widest leg and the shortest length.  

When attempting to acquire lattice images, it is often best to use a probe having a tip 

with a larger radius of curvature than is typically desired for topographical image 

acquisition. Intentionally blunting the tip by mechanically engaging the tip with 
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considerable force and allowing it to raster against a hard surface for several (1-5) 

minutes can achieve this effect. 

 

Probe Holder 

If a liquid medium is to be used in acquiring lattice images, a suitable liquid cell 

probe holder should be used and this should be carefully cleaned with isopropanol 

followed by a thorough rinse with deionized water. In some cases, when the volume of 

liquid is very small (< 1 mL), the small droplet may be placed on the substrate and a 

standard probe holder may be used. When very small quantities of liquid can be used, it 

may be advantageous to use the standard probe holder because it does not require the 

laser to pass through the glass medium of the liquid cell.  

 

Scanner 

A calibrated piezoelectric scanner with a small maximum scan area is preferred for 

collecting lattice images due to the minimization of inertial noise vibrations associated 

with rapid changes in direction as the scanner oscillates at high raster frequencies. A 

Veeco “A” or “E” scanner is ideal for this application and a large-area scanner with 

greater mass such as the Veeco “J” scanner will not work. 
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Vibration Minimization 

Perhaps the most important element of AFM configuration for acquiring lattice 

images is the minimization of vibrations. Although a passive isolation table employing a 

heavy work surface that is stabilized by shock-absorbing pneumatic cylinders is helpful, 

this method of vibration damping is seldom enough in the low-frequency range (5 Hz to 

0.3 Hz) to allow the collection of images displaying perfect lattices. Isolation tables 

employing active-electronic vibration damping work exceptionally well but are expensive 

and are more rarely implemented for this reason. Our laboratories have found that 

suspending a heavy ballast work surface (a piece of granite weighing approximately 500 

pounds) from a solid structure in the ceiling by elastomeric cords works well as a surface 

on which to place the AFM base. In addition to this configuration, vibration-damping 

pads can be placed beneath the AFM base to further reduce vibrations transmitted to the 

AFM. 

 

Real-Time Parameter (Software) Settings 

 

Introduction 

The plethora of real-time software parameters available to the user can be 

overwhelming without an understanding of how lattice images are recorded by the AFM 

as the tip rasters over the substrate. The following provide suggested settings typical to 
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AFM use aimed at collecting lattice images and are mixture of information taken from 

the Veeco® manual for calibrating an A-scanner and knowledge developed in our 

laboratories.3 

 

AFM mode 

Contact mode should be used for virtually all lattice image circumstances because the 

continuous nature of interaction between the tip and the substrate is essential to 

elucidating a two-dimensional surface potential. Per the previous discussion, it is much 

easier to acquire lattice images in liquid rather than in air due to the elimination of 

capillary adhesive forces between the substrate surface and the tip and decreased 

interaction forces between the tip and the substrate due to a smaller Hamaker constant. 

 

Scan Size 

The maximum scan size allowable to successfully acquire lattice images is ultimately 

a balance of pixel resolution, scanning speed, and lattice constants. This value often 

corresponds to an area between 50 nm x 50 nm to 75 nm x 75 nm. The lower limit for 

scan size is usually about 8 nm x 8 nm but will depend on the lattice constants of the 

particular substrate being investigated. Lattice images cannot reliably be obtained if the 

length scale of a single pixel in the acquired image approaches that of the lattice constant 

along one of the primary vector directions.  
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X-Y Offsets 

X-Y Offsets are usually not of considerable importance regarding the acquisition of 

lattice images but can be used to fine-tune the location that the scanner is rastering over. 

Performance is typically best when both X and Y are closest to zero however, as the 

signal to noise ratio is best when the scanner is operating in a position as close to neutral 

as possible. 

 

Scan Angle 

The scan angle is an important parameter to adjust and can have a significant impact 

on whether a lattice ‘appears’ or not. The best results for acquiring lattices are attained 

when one axis of the two-dimensional lattice is parallel to the vertical direction on the 

scanned image, i.e. an axis of the two-dimensional lattice is oriented parallel to the slow-

scan axis of the AFM. 

 

Scan Rate 

Lattice images are usually collected at scan rates between 20 Hz and over 100 Hz. 

Faster scan rates often yield better images because the amount of time required to collect 

one entire frame is smaller, reducing the distortion across the image caused by thermal 

drift. The scanning resolution affects the maximum speed at which the piezo is able to 
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operate and sometimes better results are yeilded at a lower resolution, but higher scan 

rate. 

 

Resolution 

Publication quality figures typically require a resolution of 300 dots per inch (dpi). 

AFM images typically are collected with pixel densities of 256 x 256 pixels per frame or 

512 x 512 pixels per frame. Therefore, reproductions of AFM images in native 

publication resolution result in images no larger than 2 inches x 2 inches. Because many 

publication figures are approximately 3 inches wide (the width of a column in many 

journals), some loss of detail occurs even in images that are collected at 512 x 512 

resolution. Whenever possible, it is best to collect lattice images at this resolution. 

However, there are many circumstances that prevent this from being possible and images 

that are collected at a resolution of 256 x 256 pixels must suffice. 

 

Z-Limit 

The z-limit describes the maximum movement afforded by the piezoelectric scanner 

in the “z”, or height, direction. This value depends on the specifications of the scanner 

and is typically between 5 µm and 6 µm. The heights involved in the acquisition of lattice 

images are incredibly small (usually on the order of 1 nm) and do not require the full 
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range of the z-limit of the scanner. Adjustment of this parameter becomes one of the most 

important parameters to set when attempting to collect lattice images.  

Reducing the z-limit does two things; it compresses the vertical range allowed by the 

scanner to move in response to the full sweep of 0 volts to 440 volts resulting in a more 

refined output sensitivity in the z-direction, and it places the piezoelectric scanner in a 

state of extreme sensitivity with respect to thermal drift. The first property is essential to 

successfully acquiring lattice images, the second property is detrimental because it means 

the scanner continually will drift away from the “zero” setpoint position and requires 

constant readjustment to maintain proper setpoint adjustment and engagement with the 

surface. Therefore, the goal is to control the drift and capitalize on the increased 

sensitivity. 

 

The z-limit can be described as the “height value” of each pixel. If an image contains 

a bit-depth of 2n, and the overall maximum z-direction limit of travel is 5 µm, then the 

“height value” for each pixel assignment is equal to 5 µm divided by 2n. For example, an 

image having a resolution of 512 x 512 pixels has an x, y, and z bit depth of 29 = 512. 

The increment of space assigned to each pixel for a 5 µm x 5 µm x 5µm image will be 5 

µm / 512 ≈ 0.01 µm. This means that each pixel mapped onto the image exists in the z-

direction in increments of 10 nm. If the resolution of the lattice is detectable in the z-

direction over the nanometer length-scale, it will be impossible to record any data 

because all the data will fits into one pixel “height value” and the image will appear 
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blank. On the other hand, if the z-limit is reduced from 5 µm to 0.5 µm, then the “height 

value” each pixel is capable of rendering becomes 0.5 µm / 512 ≈ 0.001 µm and we can 

expect to capture features having effective heights of a couple nanometers or less.  

 

The thermal drift will always act on the full range of the z-limit, so under a reduced z-

limit setting it is common to manage a magnified percieved drift. This is why it is a good 

idea to allow the piezoelectric scanner to warm up and thermally equilibrate prior to a 

lattice image microscopy session. 

 

Integral Gain, Proportional Gain, and Lookahead Gain 

Imaging modes for AFM incorporate a control interface common to many control 

systems. The AFM control interface is analogous to a standard Proportional, Integral, and 

Differential (PID) gain system used in temperature control, motor speed control, and 

other systems requiring fast response and adjustment to a desired output. Managing the 

control gains on the Nanoscope IIIa involves adjustment of the proportional and integral 

gains.  

The lookahead gain can generally be left at zero because its usefulness is rarely 

applicable. The proportional gain adjusts the immediate response of the piezoelectric 

scanner in the z-direction to stimuli affecting the cantilever. The magnitude of the 

proportional gain corresponds to the magnitude of the immediate response from the 
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piezoelectric scanner to correct perturbations impinged on the cantilever. The integral 

gain damps this response by sampling a time-integrated response history in order to avoid 

over reactions of the scanner. 

Proper implementation of the proportional and integral gains is therefore dependent 

on which channel is being used to collect lattice images. Typical values for ‘height mode’ 

are often 2 to 3 but can be as high as 7 to 8. For ‘deflection mode’, values can be as low 

as 0.0001. 

 

Setpoint 

Prior to engaging the surface, a low setpoint is desired to prevent forceful contact 

from occurring between the cantilever and the substrate. Values of -1.0 V to -0.5 V are 

typical. The software setpoint should always be zero when the tip engages the substrate 

and should be adjusted during the experiment to keep drift centered at 0 V. The extension 

and retraction of the scanner has the highest sensitivity when the setpoint voltage is zero. 

 

Laser Position 

When the laser is positioned as far as possible towards the tip of the cantilever, the 

greatest sensitivity to deflection is achieved. Acquiring lattice images requires as much 

sensitivity to cantilever deflection as possible so this is usual the preferred method to set 

up the laser.  
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Sound, Air Current, Traffic, Vibration, Lights 

Vibrations in the AFM room drastically impede the ability of the AFM to detect the 

delicate surface potential of crystalline lattices. Audible interference from conversations, 

music, or doors opening and closing can ruin the ability to collect images and should be 

minimized. If the AFM room is housed in a structure adjacent to a street with heavy 

traffic, it may be beneficial to work during hours that are free of truck and automobile 

traffic. Air currents or drafts can also interfere with sensitive AFM data collection and 

HVAC diffusers can sometimes be closed to minimize these vibrations during sensitive 

AFM use.  

In rare cases, the room in which the AFM is housed contains older fluorescent lights 

containing older ballasts. Some of the older ballast designs for running these lights emit a 

soft 60 Hz ‘hum’. Under these conditions, it is highly advantageous to turn the lights off 

during the experiment because this is well known to interfere with data collection. 

 

Cable slack 

The ribbon cable that connects the AFM base to the controller must not be kinked or 

pulled tight. The baud width and signal-to-noise ratio of the data stream from the base to 

the controller is influenced by the configuration of the cable and the lowest signal-to-

noise ration results from smooth and slack routing of the data cable. 
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Tubing and attachments vs. pinned drop 

Crystal growth experiments often require precise control over the supersaturation of 

the growth medium. The standard Veeco® fluid cell contains an inlet port and an outlet 

port for setting up constant flow experiments. For collecting lattice images, these can be 

detrimental to the experiments because they increase the mass associated with the AFM 

head. When the AFM is undergoing high raster rates (50 – 100 Hz), sudden changes in 

direction along the fast-scanning axis can cause interference due to the inertia of the 

weight of the head and everything that is attached to it. The tubing attached to the inlet 

and outlet ports should have a considerable amount of slack and should not impede any 

motion of the AFM. Additionally, any objects placed on the head during set up, i.e. a 

spirit level, should be removed to minimized extra weight.  

A good method for collecting lattice images is to use a very small amount of fluid (1 

mL) to cover the crystal on the specimen disk. The contact angle between the specimen 

disk and the fluid ‘pins’ the droplet in place and allows relatively fast equilibrium to be 

reached between the crystal and the fluid. When equilibrium has been achieved the 

crystal surfaces no longer etch or grow and the experiment can be started. This 

configuration does not require the use of the fluid cell. Using a small quantity of fluid and 

the standard air cell allows the laser light to pass through fewer interfaces and results in 

stronger signal-to-noise data.  
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Microscope Illumination source 

When the surface of the specimen disk is highly reflective, the microscope light can 

cause optical interference and degrade signal sensitivity. Often, it is beneficial to reduce 

the power of the optical microscope illumination source to a level that is conducive to 

observing the crystal and cantilever, but not excessive. If the optical microscope is not 

needed for the experiment, turning the light source completely off can sometimes 

increase the chances of acquiring lattice images. Additionally, the microscope boom can 

be rotated away from the region above the head. Rotating the microscope boom so that it 

extends in a direction parallel to the fast scan axis helps to reduce translated vibrations 

caused by inertia of the head as it scans. 

 

Rounding Parameter 

The rounding parameter determines the amount of deceleration and acceleration at the 

end of each scan line. Because more time is used in accelerating at the beginning of the 

scan line and decelerating at the end of the scan line, the overall scan rate will decrease as 

the rounding parameter is increased. The value of having access to this parameter is that 

it can help to reduce vibrations associated with the sudden change of direction as the head 

and scanner reverse scanning direction. If a series of vertical lines appear on one edge of 

the image, then the scanning rate is too fast for the particular set of parameters being used 

to collect images. Increasing the rounding parameter up to a value of about 0.1 may help 
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to reduce these interference artifacts. Access to this parameter is through the microscope 

menu under Microscope->Calibrate->Scanner->’Rounding’. 

 

Concluding Remarks 

AFM is a useful technique for gleaning a variety of information from surfaces. In 

particular, AFM is the preeminent tool used for studying topography, crystal growth 

behavior, and goniometric face assignment of the surfaces of crystals. Lattice images 

unequivocally allow face assignment to be made for crystal surfaces by comparing the 

two-dimensional lattice parameters detected by AFM with the crystallographic data for 

the crystal being studied. Although examples are common in the literature for the 

acquisition of lattice images of crystalline surfaces, the techniques required to elucidate 

these images are relatively complex and may sometimes seem the result of more art than 

science. The above discussion portrays information pertinent to our laboratory’s 

experience in the best practices for acquiring lattice images. Although the suggestions 

herein are provided as a ‘tips and tricks’ guide to acquiring lattice images by AFM, they 

do not guarantee success. Our laboratories have enjoyed considerable success by 

employing these methods and are documented in this appendix to archive the 

experimental details important to this work. 
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