








ratio [./d; ~ 250. We thus treat the concentration as being uniform throughout the thickness
of the solvent, though spatially varying within the plane. The flux rate (F = 1.6x10* TET
monomers um= of squalane s*) was determined from the induction time of t,,,,; ~ 140s. In
the nucleation regime where T = 60 °C, the saturation concentration, measured separately by
UV-VIS absorption spectroscopy of equilibrated bulk solutions, was n, = 0.15 g L. The
supersaturation ratio required to initiate nucleation under the experimental conditions is
n*/n, ~ 5, similar to that reported for VLS growth in some inorganic and related organic
systems.>2 93

The ratio of the monomer diffusion rate (in sites s?) to the flux F (sitt* s?) T = D/F
is known to govern many important aspects of submonolayer film formation, including island
size distributions and nucleation density.®” Here, the purpose of coating the substrate by a
solvent layer is to increase the number of available ‘sites’ per unit area by a factor 3d,/4ma’
as monomers disperse throughout the volume of the liquid. Consequently, the effective flux
rate becomes very small compared to conditions typically employed in vacuum deposition,
while diffusion in the liquid is relatively high. This high diffusion creates a system where every

monomer that arrives on the substrate will be incorporated into a crystal at some steady state.
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This allows for modeling of the change in crystal morphology to be dependent on monomer

diffusion, alone.

Figure 6.1: In situ optical micrographs showing early and late stages of TET film
development on squalane-coated 1TO/glass. (A) Epifluorescence and (B-E) bright-field
optical micrographs. (E) shows the full area analyzed in this chapter with VVoronoi cell
boundaries overlaid. Scale bar is 250 um. Images (A-D) show crystal growth in a 400400
pum subregion of (E).

For model development, a representative subregion containing N = 343 crystals was
selected for growth analysis. The crystals nearest to the edge were excluded from further
analysis. The position of the light source in this data set (see section 3.3) causes some crystals

to be highly susceptible to lensing effects. By performing depositions in an ultra-thin liquid
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layer most of these effects are minimized, allowing for accurate growth measurements of each
crystal without perceivable lensing effects. Figure 6.1 shows a representative micrograph of
several crystals which can be analyzed for growth Kkinetics as well as a few of which were
subject to lensing effects. Final measurements of crystal growth statistics were performed on
the remaining randomly distributed N = 189 crystals. Growth measurements were performed

well into the steady state growth regime starting in the 58 minute of deposition.
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Figure 6.2: The mean crystal volume was fit to the equation Z—: < Kk(t—t,)X. x=1.05=%

0.02 consistent with a steady state growth. The insets show the growth rate of crystal’s area
(lower right) and thickness (upper left).

Figure 6.2 shows the time-dependence of the average thickness, area, and volume of
the crystals within the analysis region. To a first approximation the trends are well described

by a growth model of the form:

oM
— —t )X
o = K(t —t,)%, 6.1

. oM . .
where k is a constant, and T the change of the analyzed measurement — thickness, area,

and volume — with respect to time t. Growth exponents for thickness, area, and volume, y =
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(0.58 £0.02), (0.47 £0.01), and (1.05 £ 0.02), respectively, are determined by fitting all three
measurements simultaneously. The fit induction time t, = 14.6 minutes differs from the
observed induction time due to the much higher initial growth rate of crystals within the
nucleation regime. The volumetric growth exponent is close to 1, consistent with the quasi-
steady-state growth conditions assumed in the following models (i.e. for every growth unit

newly arrived from the vapor, one growth unit is incorporated into a crystal).
Section 6.2: Experimental Correlations

Crystal growth in all regimes has been thought to be determined largely by crystal
separation distances because this affects the size of the local “territory” from which a crystal
can gather monomer.3” We find this not to be the case in the present system. More accurately,
the growth rate of a crystal is determined by several factors such as its initial size, shape, local
monomer concentration gradient, as well as its proximity to its neighbors, and most of which
are coverage- and time-dependent. Equation 6.1 is therefore only applicable for small relative
changes in average crystal size. More generally growth is described by a set of size-dependent
‘capture numbers’ g, = dV,./dt. A variety of approaches have been proposed for computing
these capture numbers?*’:49-50.53,94-100 (yefer to reference 47 for a summary of methods), but in
only a very few instances have they been experimentally measured, and never for crystals

grown in a liquid solvent. 490
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Figure 6.3. Growth rate correlations to various physical properties of the measured crystals
in the analysis region. A higher the correlation coefficient R?, shows a greater dependence
between the geometric calculation and the growth rate. (A) Compares the volumetric
growth rate with the calculated VVoronoi cell area. (B, C, D) Compare the growth rate for
initial surface area, perimeter area (thickness multiplied by the perimeter of a crystal) and
the perimeter, respectively. This gives R? values of, 0.28, 0.45, 0.45, and 0.60, respectively.

Figure 6.3 shows the relationship between o, in the growth regime, measured by in situ
videomicroscopy, to the Voronoi cell (V) area. The Voronoi cell area is a geometric
approximation of the capture zone of a crystal. V.. is found by determining the substrate area
which is closer to a crystal’s center of mass than any other crystal, as shown in Figure 6.4.4%
53.87 These geometrically calculated capture zones provide a reasonably good prediction of the
relative growth rate of crystals within thin films deposited in the vacuum-phase where

monomers attach to a crystal with close to unity sticking probability. However, when looking

71



at how V) area predicts the relative growth rate of crystals in the solution-phase by comparing
the experimentally measured growth rate with the V. area of each individual crystal, we find
a correlation coefficient of only 0.28 (Figure 6.3a). This suggests that the V,,;; area does not

adequately describe the physics associated with crystal growth.
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Figure 6.4: Voronoi cell tessellation on the growth regime analysis region. Each crystal is
encapsulated with a geometrically calculated polygon for which every space inside of the
cell is nearest to the center of mass of the central crystal.

We also examined how growth rate is realted to the initial size of a crystal; this
comparison is shown in Figure 6.3. The hypothesis that larger crystals grow faster than smaller
crystals follows from the larger number of available sites, which allows the initial size of a
crystal to be used as a metric to predict the relative growth rate of crystals in close proximity.
However, both the initial surface area and the perimeter area, which is defined as the surface
area excluding the top of the crystal, exhibits a correlation coefficient of around 0.45 (Figures
6.3b and 6.3c). This shows that crystal growth in solution is weakly dependent on the available
surface area of the crystal but is a slightly better metric to predict the relative growth rate than
V.o area. An interesting geometric correlation was found to exist between the initial perimeter
of a crystal and its growth rate, giving R? = 0.60 (Figure 6.3d). This relatively high correlation

implies that the primary sticking location of a monomer is on the perimeter of a crystal and
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that the growth rate is relatively independent to the thickness of a crystal. However, it is
important to note that the observed degrees of correlation are all significantly lower than those
which have been found by simulation for films deposited in vacuum.®® Thus the direct
correlation of any one geometric measurement to growth rate is not sufficient to describe the

relative growth rates of crystals in a polycrystalline thin film.
Section 6.3: Mean Field Numerical Model

In order to determine which types of sticking sites have the highest sticking probability,
TET crystals were analyzed to determine their crystallographic orientation. Crystalline
tetracene is known to have one major polymorph with a triclinic unit cell that contains two
tetracene molecules within that unit cell.” From XRD data—refer to Figure 3.11—the ab
{001} face lies in the plane of the surface and comprises of ~95.22% total crystal surface
area.”* The ac {010} and bc {100} faces were determined by angle analysis from a
representative set of crystals imaged by AFM.0%192 The angle analysis, shown in Figure 6.5,
indicated that the long side of the rod-like crystal was the {010} (ac unit cell face) and the
short end was determined to be the {100} (bc unit cell face) both of which account for about
4.15% and 0.61% of a crystal’s surface area, respectively.

In order to determine a mean field growth mechanism, the length, width, and thickness
growth rates were measured for every crystal within the analysis region. Then the VVoronoi cell
volumes of all crystals were averaged over the whole analysis region, providing the mean field
crystal with an approximation of its capture zone. Then the experimental growth rates were fit
to:

aNface _ ﬁfaceFVVcAface 6 2

ot Atot
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Figure 6.5: Tetracene crystal angle analysis and diagram of monomer position in a crystal.
Angle analysis of and AFM image of a representative crystal (top) gives 8 =57.5°and ¢ =
127.9° which is consistent with the crystal face labeling diagram (bottom) where the top is
the ab unit cell face, the long end is the ac unit cell face, and the short end is the bc crystal
face.19-1%1 Two TET monomers sit in the unit cell as depicted allowing for accurate
predictions of growth rate based on the number of monomers which stick to each face.

where FVy is the flux which arrives in the average VVoronoi cell volume, which represents the
total number of monomer that will stick to the mean field crystal. The growth of each individual
crystal face was considered with the use of its fractional surface area. This was calculated as
the surface area of the face Ag,.., divided by the entire exposed surface area A;y;. Brace 1S @
coefficient representing the relative impact of the surface area of each face on the overall
crystal growth rate. From Equation 6.2 the number of monomers that attach to each face Ng,ce
in each time step dt = 180 sec can be converted into changes of length, width and thickness.
This conversion required use of the dimensions of the triclinic unit cell of crystalline TET

given by Trotter.”* Thus allowing for Bg... to be the only fit variable in the mean field
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numerical growth model. The model provides excellent agreement (Figure 6.6) to the

experimental growth rates with the S, .. values given in Table 6.1.
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Figure 6.6: Numerical model fits to experimental data collected from an average crystal. (A) shows

the numerical model fit to the volumetric growth determined simultaneously fitting the length (B),
width (C) and the thickness (D).

Table 6.1: Numerical Model Fitting Results

Face Brace | Percent Surface Area (%) | Percent Capture (%)
Top {001} | 0.61 95.22 59.64
Side {010} | 6.41 4.15 27.40
End {100} | 20.02 0.63 12.95

The determination of B¢, allows for a prediction of the effective surface area of each

face. If the number of monomers which are captured on a face is directly related to the surface
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area of that face then the monomer capture percent of each face would be directly related to
exposed facial surface area. For example, because the top of a crystal accounts for ~95.22% of
the total exposed surface area it would also account for ~95.22% of the total number of
monomers captured by the crystal. However, through the use of the mean field model we find
that monomer captured by solely the top of a crystal accounts for 59.64% of total monomer
capture. This means that the effective surface area of the top is 0.61 times less than the actual
surface area. We find that the A,,,; {100} accounts for 20.02 times more monomer growth
than its proportional surface area of 0.63% suggests. As a result, the end of a crystal accounts
for 12.95 % of the total monomer capture of the crystal. Table 6.1 shows that the sticking
probability of attaching to the end or the side of a crystal is much greater than the probability
of sticking on top of a crystal.

The variation in sticking probability increases the anisotropy of the crystals directly
after nucleation. If we employ a cubic nucleus approximation to the initial shape of the crystal,
then the rod-like shape can be attributed to a high sticking probability on the end of a crystal.
This sticking probably changes as the supersaturation of the liquid layer changes causing a
change in crystal shape. In nucleation regime, sticking is much more prevalent on the ends of
a crystal due to the equal surface area ratios and the high density of monomers in a crystal’s
local environment. The relatively low sticking coefficient of the top of a crystal causes the
thickness to not change nearly as rapidly with respect to the length and width, which creates
initially long and thin crystals. When the concentration begins to fall the sticking coefficients
begin to change creating a shift in the growth pattern of TET crystals. When the concentration
is lower the sticking coefficient changes causing the growth rate of each face to be more

dependent on the exposed surface area due to a higher energetic barrier to sticking. When the
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surface area of the ends with respect to the sides gets sufficiently small then the rate of
monomer capture on the ends drops below that of the sides, creating a change in the growth
character. The region of time in which the growth rate data was collected is well within this

second growth regime. Figure 6.7 shows that as crystals grow, the aspect ratios between the
length, width, and thickness changes over time. The % aspect ratio trends downward indicating

that over the course of the growth regime the width is catching up with the length of the
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Figure 6.7: Maximum normalized aspect ratio analysis from the mean field numerical
model versus time. Each line comes from the predicted change in % % and %from the

numerical fitting and the points come from the experimentally measured ratios. Due to the
change in aspect ratios the crystal morphology at long times can be predicted from the
relatively short analysis region.

crystals. When looking at the % and the % ratios, an upward trend suggests that the thickness

of these crystals is also catching up with the cross-sectional area. Eventually, this model
predicts that the shape of a crystal will go from rod-like to an energetically favorable cubic

structure.
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Section 6.4: Kinetic Monte Carlo Simulations

In parallel with the analysis performed in section 6.3 a kinetic Monte Carlo approach
was also used to examine various crystal growth models. Simulations were performed on a
grid which placed existing crystals from the analysis region shown in Figure 6.1e. These
crystals were placed based on their two-dimensional footprint and were not allowed to change
in size or shape as monomers stuck to them. Monomers were fluxed randomly onto the grid
and could diffuse randomly until stepping on top of a crystal. This step created an opportunity
to stick to that crystal, where the probability of sticking was related to some sticking coefficient
a. Growth models were tested by varying a over several orders of magnitude and calculating
the R? for the relationship between the simulation capture rate, with respect to the
experimentally observed volumetric growth rate. The simulation boundaries were set as
periodic to account for the constant concentration throughout the liquid. Therefore, creating a
simulation was created with relatively low computational cost which allowed for examination
of several sticking models.

We began by investigating a standard singular sticking model. This model sets the
sticking coefficient of each site on a crystal to the same value, regardless of its position.
Primarily used in vacuum-phase systems to predict how a crystal’s VVoronoi cell area will
impact its relative growth rate, this model was used as a baseline.*” It is important to note that
with respect to solvent-phase depositions this simple singular sticking coefficient model does
not encapsulate the three-dimensional nature of these thin films. A maximum correlation at a=
0.01 with a R? = 0.49 suggests that crystal growth is significantly more complex in a solution

than in the vacuum phase, where much larger correlations are typically observed.®” 4% %3 In
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order to better understand the effect of the liquid solvent a series of exploratory growth models
are discussed here.

Observation of the sizes of the crystals shows that at long deposition times the thickness
of a crystal begins to approach on that of the 100 nm thick liquid solvent layer. Consequently
the liquid thickness on top of crystals is either extremely small or non-existent. To take this
into account, the simulation was modified to allow for variable sticking coefficients on
different faces. Sticking was only allowed on the outer perimeter of each crystal, thus
excluding the tops. From here two different models were tested to determine their impact on
the correlation between the simulation and experiment growth rates. To examine the growth
rates in the case of a very thin solvent layer, the model was set such that monomers could
diffuse on top of the crystals but were only allowed to stick on the outer boundary. This edge-
only sticking model provided a significant improvement over the previous model. The max R?
value for the edge-only model was found at «=0.01 to be 0.55.

The second case takes the potentially bare tops of a crystal into account by treating the
crystals as infinitely tall objects. This simulation allowed for monomer diffusion on any space
besides the inner area of the crystal. If a monomer walk onto the perimeter of a crystal it has
some sticking probability a. If sticking fails, the monomer is deflected off the crystal. After
deflection, the monomer is then allowed to undergo Brownian diffusion until it eventually does
stick. The max R? value for the obstacle model was found at @=0.01 to be 0.54. Both edge-
only sticking models performed better than the singular sticking model. This result shows the
impact of the liquid layer thickness on the relative growth rate of crystals. However, these

models do not consider the variable sticking coefficients suggested in section 6.3.
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The next model tested was based on the variation in sticking probability found in
section 6.3. From the numerical fit the relative surface area impact was represented by the

Brace Values. Condensation of Equation 6.2 gives:

Nf — ﬁface ot2face 633.
ace Stot

where N.o: = FVyct and is the total number of monomer that will attach to the crystal in each
time step. To get relative sticking multipliers for each face, B, ce Was isolated in Equation 6.3a

to get the relationship:

_ Nfacestot
Bface T NS 6.3b
tot2face

which gives B, Values for the ends, sides, and top of the crystal. These coefficients were
normalized to give 30, 10, and 1, respectively, and were implemented into the simulation. The
variable sticking coefficient was multiplied by the a value to determine the sticking
probability. Direct translation of the surface area impact factors causes a decrease in
correlation. These values, when entered into the simulation, give a max R? of 0.43 at an a=

0.01. However, Figure 6.6 suggests that the sides of the crystal are growing more quickly than
the ends of the crystal due to the decrease in the % aspect ratio. With this in mind, the end and

side sticking coefficient multipliers were exchanged such that the sides had a greater
probability of collecting monomer than the ends. This created an increase in the simulation the
R? to 0.55 at an @ = 0.001. The increase in correlation is contrary to prediction from the
numerical model but follows what is observed optically, suggesting a disconnect between the
Brace Values found in the numerical model with the actual sticking coefficient.

The final model which was tested was a hybrid between the variable sticking coefficient

model and the edge-only model. This model uses the switched Sy Values as relative sticking
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coefficients on the outside edges of the crystal but does not allow monomer to stick on the top
of a crystal, setting the {010} coefficient to 3, and the {100} coefficient to 1, while preventing
sticking on the top altogether. This adaptation to the model gave a R? = 0.57 at an a =0.001
which was the best correlation seen in simulation. Figure 6.8 shows a comparison in R? for

each of the five models explored from the KMC simulations described above.
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Figure 6.8: Correlation coefficients comparing simulation growth rate and experimental
growth rate for various KMC simulation models. Models are denoted as follows: Squares =
Singular Alpha; Circles = Edge-only sticking single sticking coefficient; Triangles =
Crystals as obstacles single sticking coefficient; Hexagons = Numerical model variable
sticking coefficients; Diamonds = Numerical model variable coefficients with exchange
edge and side sticking coefficients; Upside-down triangles = Edge-only variable sticking
coefficient.
KMC simulations have allowed relatively rapid analysis of atomistic descriptions of
crystal growth. However, the simplicity of the models fail to incorporate the exact physics of
crystal growth. Models with constant sticking probabilities across the whole face of a crystal

do not accurately predict the relative growth rates of crystals, whereas hindering sticking on

the top of a crystal improves the correlation coefficient of the model.

81



This work has allowed us to show that crystal growth in solution is only partially
determined by the initial size of a crystal and its V., area, in contrast to what is often observed
in vacuum. In a solution, low sticking coefficients and long diffusion distances are more
important contributing factors. Further development of models which explore all aspects of
crystal growth are needed to fully understand how the solvent impacts the final crystal size and
shape. From the growth data conclude here we can determine that crystal growth in a solvent
occurs in at least two different regimes. These regimes greatly impact growth habit and are

determined by variations in the sticking probabilities of crystal faces.
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Appendix

A: Computational Post-processing

ImagelJ, a java based software package, can be used to edit and analyze videos with
high amounts of flexibility and accuracy. After optical microscopy videos are collected the
video files are loaded into ImageJ and analyzed through custom made tools and scripts to
provide consistent analysis. A crystal counting program the location of every crystal in an
analysis region is obtained and allows for easy determination of nucleation time. Imagel
provides video editing techniques to help remove non-crystal particulate from the analysis
region.

Monte Carlo simulations simulate the Brownian motion of monomers on a substrate
using a random number generator that dictates the direction that a monomer will move in
solution. Growth of crystalline material is modeled by adding a single monomer to a grid, with
already placed crystals from a model deposition. By allowing it to diffuse around the space
until it hits a crystal a simulation growth rate can be calculated by the number of monomers
that arrive at each crystal. Data collected after many monomers are allowed to diffuse around
the substrate is used to test models of growth of our crystalline materials.

To model crystal nucleation of liquid based nucleation systems MFRE are used to
predict nucleation statistics and critical nucleus size of crystalline material. The MFRE is a
thermodynamically driven calculations which consists of mean field flux of monomer, F,
adding to the system and the removal of monomer through aggregation into a new crystal or
growth of an existing crystal. As concentration increases the entropic barrier of nucleating a
stable crystal decreases thus causing the probably of starting nucleation to increase. When the

simulation reaches the critical supersaturation, concentration burst nucleation occurs. The
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nucleation rate of crystals by the MFRE can be compared to actual nucleation rates determined
in experimentation. These comparisons are used to inform predictions about the mechanism of

thin film formation by OVLS.
B: Kinetic Monte Carlo Simulation Code

Written in collaboration with Allison Stanfield
Code begins:

import java.io.BufferedReader;
import java.io.BufferedWriter;
import java.io.File;

import java.io.FileReader;
import java.io.FileWriter;
import java.io.lOException;
import java.io.LineNumberReader;
import java.util.ArrayList;
import java.util.HashSet;
import java.util.List;

import java.util.Map;

import java.util.Random;
import java.util.Set;

import java.util. TreeMap;

public class MCSimulatorEdgeModel {
/** A pixel map of the crystals. Every cell is a crystal id or O if empty space **/
private short[][] crystalMap;

[** Counts for each pixel of cycles during which a monomer has been on the pixel **/
private short[][] contourDiagram;

/** A tessellation of the crystal space. Each entry is the id of the crystal to
* which the position is closest.

*/

private short[][] tessellation;

private short[][] edgeMap;

/** A map from crystal id to crystal **/
private Map<Short,Crystal> crystals;

/** A list of monomers that have been used in this simulation **/
private List<Monomer> monomers;
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[** A sticking coefficient **/
private double alpha;

[** Types of moves that a monomer can undergo, each with a designated probability **/
public enum Move {
WALK, /I move randomly in one of the 4 non-diagonal directions
STICK_EDGE, // stick to the edge of a crystal
STICK_TOP, /I stick to the top of a crystal
EDGE_BOUND, // become edge-bound to a crystal
UN_EDGE_BOUND; // become un-edge-bound from a crystal

/**

* @return The probability of this move.
*/
double probability() {
switch(this) {
case WALK: return 1.0;
case STICK_EDGE: return 0.1;
case STICK_TOP: return 0.1;
case EDGE_BOUND: return O;
case UN_EDGE_BOUND: return 0;
}
throw new AssertionError(“Unknown move: " + this);
}
}

/Il used to generate random numbers throughout the program
private static final Random random = new Random();

/**

* Creates a new a new MC simulator with the given crystal image.

*

* @param filename A csv file containing

*/

public MCSimulatorEdgeModel(String filename, double alpha) {
crystalMap = arrayFromCSV (filename);
tessellation = computeTesselation(crystalMap);
/ltessellation = arrayFromCSV/("tessellation.csv"); // read in from file for efficiency
contourDiagram = new short[crystalMap.length][crystalMap[0].length];
crystals = initCrystals();
monomers = new ArrayList<Monomer>();
this.alpha = alpha;
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public MCSimulatorEdgeModel(String imgFile, String tesselationFile, double alpha) {
crystalMap = arrayFromCSV(imgFile);
/ltessellation = computeTesselation(crystalMap);
tessellation = arrayFromCSV (tesselationFile); // read in from file for efficiency
contourDiagram = new short[crystalMap.length][crystalMap[0].length];
crystals = initCrystals();
monomers = new ArrayList<Monomer>();
this.alpha = alpha;

}
public MCSimulatorEdgeModel(String imgFile, String tesselationFile, String edgeFile,

double alpha) {
crystalMap = arrayFromCSV (imgFile);
/ltessellation = computeTesselation(crystalMap);
tessellation = arrayFromCSV (tesselationFile); // read in from file for efficiency
edgeMap = arrayFromCSV (edgeFile);
contourDiagram = new short[crystalMap.length][crystalMap[0].length];
crystals = initCrystals();
monomers = new ArrayList<Monomer>();
this.alpha = alpha;

k
/**

* Creates one monomer, places it randomly, and has it walk randomly until
* sticking to a crystal or falling off the edge of the image.
*/
public void doRandomWalk() {
/I create a new monomer and add it to the list of all monomers used in the
[l simulation
Monomer m = new Monomer();
monomers.add(m);

/I get the initial row and column for the monomer randomly
int row = random.nextInt(crystalMap.length);
int column = random.nextInt(crystalMap[0].length);

/I Figure out the crystal whose capture zone the monomer arrived in, and
/[ increment this count for the crystal

short captureZoneArrived = tessellation[row][column];
crystals.get(captureZoneArrived).numArrived++;

m.start = crystals.get(captureZoneArrived).id;

boolean stuck = false;  // whether on not the monomer has become stuck to a crystal

boolean edgeBound = false; // whether or not the monomer is edge bound to a crystal
boolean onMap = true; // whether or not the monomer is on the map
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boolean stuckOnEdge = false; // where something has stuck

/I The set of crystals that this monomer has been next to or on top of.
I/ Used to keep track of sticking opportunities for crystals.
Set<Short> crystalsTouched = new HashSet<Short>();

/' Walk until the monomer becomes stuck or walks off the edge
while (!stuck && onMap) {
/l increment the contour diagram for this position
contourDiagram[row][column]++;

/I get the possible moves for this monomer based on its position
List<Move> possibleMoves = possibleMoves(row, column, edgeBound);

/I Add to our set of crystals that have had sticking opps during this MC cycle

if (possibleMoves.contains(Move.STICK_TOP)) {
crystalsTouched.add(crystalMap[row][column]);

} else if (possibleMoves.contains(Move.STICK_EDGE)) {
crystalsTouched.add(adjacentCrystal(row, column));

}

Move nextMove = chooseMove(possibleMoves, m, numEdgeSites(row, column),
row, column);
switch (nextMove) {
case WALK:
if (ledgeBound) {
/I choose randomly among the 4 directions to move or to not
move
int direction = random.nextiInt(4);
if (direction ==0) {
row++;
} else if (direction == 1) {
column++;
} else if (direction == 2) {
row--;
} else if (direction == 3) {
column--;
I} else if (direction == 4) {
/I no move selected cs
}

} else {
// TODO: fill in the edge bound move

/I Calculate the two possible moves and decide randomly
I between them

¥

// increment the distance traveled for the monomer
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m.distT++;
break;
case STICK_EDGE:
stuck = true;
stuckOnEdge = true;
break;
case STICK_TOP:
stuck = true;
break;
case EDGE_BOUND:
edgeBound = true;
break;
case UN_EDGE_BOUND:
edgeBound = false;
break;
default:

throw new RuntimeException("unknown move");
}

[*if (row < 0 || row >= crystalMap.length || column < 0 || column >=
crystalMap[0].length)

/' We walked off the edge! End this random walk
onMap = false;*/

/I Defined Border Conditions: Periodic
if (row < 0)
row = crystalMap.length - 1;
else if (row > crystalMap.length - 1)
row = 0;
if (column <0)
column = crystalMap[0].length - 1;
else if (column > crystalMap[0].length - 1)
column =0;

}

if (onMap) {
/I The monomer has stuck! Update this position in the crystal map
/1 to reflect that it is now part of a crystal

if (stuckOnEdge){
short adjacentCrystal = adjacentCrystal(row, column);

/I sanity check (since we're now stuck, we should be next to a crystal)
assert adjacentCrystal '= -1 : "no adjacent crystal found";

/I This spot now belongs to the adjacent crystal
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IlcrystalMap[row][column] = adjacentCrystal,
crystals.get(adjacentCrystal).final Area++;

if (adjacentCrystal == captureZoneArrived)
I/ we stuck to the same crystal whose capture zone we arrived in,
Il update this count for the crystal
crystals.get(adjacentCrystal).numStuck++;

Yelse{

short topCrystal = topCrystal(row, column);

/I sanity check (since we're now stuck, we should be next to a crystal)
assert topCrystal !'= -1 : "no adjacent crystal found";

/I This spot now belongs to the adjacent crystal
IlcrystalMap[row][column] = adjacentCrystal,

crystals.get(topCrystal).final Area++;

if (topCrystal == captureZoneArrived)
I/ we stuck to the same crystal whose capture zone we arrived in,
// update this count for the crystal
crystals.get(topCrystal).numStuck++;
m.end = crystals.get(topCrystal).id;
}
}

for (short cld: crystalsTouched) {
Il increment the # of sticking opps for any crystal this monomer touched
crystals.get(cld).numsStickingOps++;
}
}

/**

* Returns a list of possible moves for the monomer based on its position and

* whether or not it is edge bound.

*

* @param row The monomer's row

* @param column The monomer's column

* @param edgeBound True if the monomer is edge-bound

* @return A list of possible moves

*/

private List<Move> possibleMoves(int row, int column, boolean edgeBound) {
List<Move> moves = new ArrayList<Move>();
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/I 1t is always possible to walk so add this to the list
moves.add(Move.WALK);

if (crystalMap[row][column] I=0) {
I/l we are on a crystal so it is possible to stick to the top
// added 2-16
moves.add(Move.STICK_TOP);

/I Don't need to check if adjacent
I } else if (adjacentToCrystal(row, column)) {
I/l we are next to a crystal; possible to stick to an edge
/Imoves.add(Move.STICK_EDGE);
/I also possible to become edge-bound if we aren't already
[*if ('edgeBound)
moves.add(Move.EDGE_BOUND);*/
}

// can become un-edge-bound if we are currently bound
[*if (edgeBound)
moves.add(Move.UN_EDGE_BOUND);*/

return moves;

}

/**
* Pick a move for the random walker based on weighted probabilities of
* possible moves and update the monomer's time in existence.
*
* @param possibleMoves The list of possible moves to choose from
* @param mmer The monomer to update the time for
* @return The chosen move
*/
private Move chooseMove(List<Move> possibleMoves, Monomer mmer, int
numEdgeSites, int row, int column) {
/I cumulative functions for possible moves
List<Double> R_i = new ArrayList<Double>();
double cumProb = 0.0;

for (int 1= 0; i < possibleMoves.size(); i++) {
Move m = possibleMoves.get(i);
if (m == Move.STICK_EDGE) {
/lcumProb += alpha; cannot stick edge (cs)
// added to account for prob of sticking to top if non top of crystal
} else if (m == Move.STICK_TOP) {
/lalpha replaced with edge array and this is
cumProb += ((double)edgeMap[row][column] * alpha);
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}else {
cumProb += m.probability();

R_i.add(cumProb);
}

double unifOtol = random.nextDouble();
double R_n =R_i.get(R_i.size() - 1);
double uR_n = unif0tol * R_n;

/l update the monomer's time based on the cumulative probability
mmer.updateTime(R_n);

[*bug check*/
I checks the prob of each move.
/I if greater than random prob number then return that move.
for (int i = 0; i < possibleMoves.size(); i++) {

double r_i = R_i.get(i);

if (r_i>=uR_n)

return possibleMoves.get(i);

}

return null;

k
/**

* Returns the id of the adjacent crystal if there is one. Returns -1 if the pixel
* at the given row/column does not have a face touching a crystal.
*/
private short adjacentCrystal(int row, int column) {
/' If we want to account for the possibility of multiple adjacent crystals,
/I this method may need to be changed later
if (row != 0 && crystalMap[row - 1][column] != 0)
return crystalMap[row - 1][column];
if (row != crystalMap.length - 1 && crystalMap[row + 1][column] != 0)
return crystalMap[row + 1][column];
if (column !'= 0 && crystalMap[row][column - 1] I= 0)
return crystalMap[row][column - 1];
if (column != crystalMap[0].length - 1 && crystalMap[row][column + 1] !=0)
return crystalMap[row][column + 1];

/l no adjacent crystal found
return -1,

¥

private short topCrystal(int row, int column){
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if (row != 0 && crystalMap[row][column] !=0)
return crystalMap[row][column];

if (row != crystalMap.length - 1 && crystalMap[row][column] != 0)
return crystalMap[row][column];

if (column =0 && crystalMap[row][column] != 0)
return crystalMap[row][column];

if (column != crystalMap[0].length - 1 && crystalMap[row][column] != 0)
return crystalMap[row][column];

/[ not on crystal
return -1;

¥

private int numEdgeSites(int row, int column) {

int edges = 0;

if (row != 0 && crystalMap[row - 1][column] != 0)
edges++;

if (row != crystalMap.length - 1 && crystalMap[row + 1][column] != 0)
edges++;

if (column !'= 0 && crystalMap[row][column - 1] I= 0)
edges++;

if (column != crystalMap[0].length - 1 && crystalMap[row][column + 1] = 0)
edges++;

return edges;

k
/**

* Returns true if the pixel at the given row/column is adjacent to a crystal
* (has at least one face touching a crystal pixel), false otherwise.
*/

/Iprivate boolean adjacentToCrystal(int row, int column) {

/I return adjacentCrystal(row, column) !=-1;

I}

/**

* Initializes the set of crystals in this image with their
* initial area, perimeter, and whether or not an edge crystal (edge crystal
* being defined as one whose capture zone touches the end of the image)
* @return A map of crystal ids to crystals
*/
private Map<Short,Crystal> initCrystals() {

Map<Short,Crystal> crystals = new TreeMap<Short, Crystal>();

for (int 1 =0; i < crystalMap.length; i++) {

for (int j = 0; j < crystalMap[0].length; j++) {
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short cld = crystalMap[i][j];

if (cld == 0)
/I no crystal here, advance to next pixel
continue;

Crystal c;

if (crystals.containsKey(cld)) {
I/l we've already seen this crystal
c = crystals.get(cld);
//System.out.printin(c);

}else {
/[ create a new crystal
¢ = new Crystal(cld);
crystals.put(cld, c);

}

c.initArea++; // increment the crystal area for this pixel

c.finalArea++;

[[c.initPerim += numPerimEdges(i, j, cld);

if (isEdgePixel(i, j, cld))
/I this pixel has a non-crystal pixel next to it; increment
/I the perimeter count
c.initPerim++;

}
}

/I Circle around the outer edge of the tessellation. Any crystal
/I 1Ds found along these edges correspond to edge crystals,
[/l so mark them as such.
for (inti = 0; i < tessellation.length; i++) {
if (‘crystals.containsKey(tessellation[i][0])) {
System.out.printin(tessellation[i][0]);
System.out.printin(i);
}
if (Icrystals.containsKey(tessellation[i][tessellation[0].length - 1])) {
System.out.printin(tessellation[i][tessellation[0].length - 1]);
System.out.printin(i);
}
crystals.get(tessellation[i][0]).edge = true;
crystals.get(tessellation[i][tessellation[0].length - 1]).edge = true;

¥

for (int 1 = 0; i < tessellation[0].length; i++) {
crystals.get(tessellation[0][i]).edge = true;
crystals.get(tessellation[tessellation.length - 1][i]).edge = true;

¥

return crystals;

¥
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/**

* Computes the final areas and perimeters for the crystals. To be called
* at the end of the simulation before printing crystal stats.
*/
private void finalizeCrystals() {
for (int i = 0; i < crystalMap.length; i++) {
for (int j = 0; j < crystalMap[0].length; j++) {
short cld = crystalMap[i][j];
if (cld ==0)
/I no crystal here, advance to next pixel
continue;
Crystal ¢ = crystals.get(cld);
c.finalAreat++; // increment the crystal area for this pixel
if (isEdgePixel(i, j, cld))
/I this pixel has a non-crystal pixel next to it; increment
/I the perimeter count
c.finalPerim++;

k
/**

* Returns true if this pixel has a face touching a pixel that is empty
* space, has an id is different from the given id, empty space or the edge of the
* diagram.
* @param row The row of the pixel
* @param column The column of the pixel
* @param cld The id of the crystal w
* @return true if an edge pixel
*/
private boolean isEdgePixel(int row, int column, short cld) {
if (row ==0 || column == 0 || column == crystalMap[0].length - 1 ||
row == crystalMap.length - 1) {
I/ we are on the edge of the map!
return true;

¥

return crystalMap[row][column - 1] !=cld ||
crystalMap[row][column + 1] '=cld ||
crystalMap[row - 1][column] !=cld ||
crystalMap[row - 1][column + 1] '=cld ||
crystalMap[row + 1][column] !=cld ||
crystalMap[row + 1][column - 1] !'=cld,
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T T o
1 RESULTS STATS METHODS I
T e T T

/**

* Prints a CSV file of the image of the current simulation state.

*

* @param filename The name of the file to write to.

*/

public void simulationStateToCSV(String filename) {
arrayToCSV(filename, crystalMap);

ks

/**

* Prints stats for the crystals in the simulation in the form of a CSV file.

*

* @param filename The name of the file to write to.

*/

public void printCrystalStats(String filename) {

try {

File out = new File(filename);
BufferedWriter output = new BufferedWriter(new FileWriter(out));
/[finalizeCrystals();

output.write(*id,edge,init_area,final_area,init_perim,final_perim #sticking_ops,%stuck_arri
ved_in_zone\n");
for (short cld : crystals.keySet()) {

Crystal ¢ = crystals.get(cld);

output.write(c.id + "," + c.edge + "," + c.initArea + "," + c.finalArea + """ +
c.initPerim + """ + c.finalPerim);

output.write("," + c.numStickingOps + "," + (1.0 *
c.numArrived)/(c.numArrived + c.numStuck)+ "\n");

output.close();

} catch (IOException e) {
throw new RuntimeException(e.toString());
}

¥

/**

* Writes stats for the monomers that have been used in the simulation to a file.
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* Prints the time in existence and distance traveled for every monomer.

*

* @param filename The name of the file to write to.

*/

public void printMonomerStats(String filename) {

try {

File out = new File(filename);
BufferedWriter output = new BufferedWriter(new FileWriter(out));
finalizeCrystals();

output.write(*"time,dist,start_zone,end\n™);
for (Monomer m : monomers) {
output.write(m.timeExist + "," + m.distT + ", + m.start + "," + m.end +"\n");

output.close();
} catch (IOException e) {

throw new RuntimeException(e.toString());
}

}

/**

* Writes the contour map to a file in the form of a CSV file. Every entry is the
* number of MC cycles during which a monomer was on a particular pixel.
*
* @param filename The name of the file to write to.
*/
public void printContourMap(String filename) {
arrayToCSV(filename, contourDiagram);

¥
T T o
I INNER STATIC CLASSES I

T e T

/I Represents a single crystal in the MC simulation
private static class Crystal {
short id; /I the crystal's unique id
boolean edge;  // true if this crystal's capture zone goes off the edge of the image
int initArea; /I the pre-simulation area of the crystal
int finalArea;  // the post-simulation area of the crystal
int initPerim;  // the pre-simulation perimeter of the crystal
int finalPerim;  // the post-simulation area of the crystal
int numStickingOps; // the number of cycles a monomer has been adjacent to this crystal
int numArrived; // the # of monomers that arrived in this crystal's capture zone
int numStuck;  // of those that arrived in this capture zone, the # that actually stuck
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/I Creates a new crystal with the given id
public Crystal(short id) {

this.id = id;

edge = false;

initArea = 0;

finalArea = 0;

initPerim = 0;

numStickingOps = 0;

numArrived = 0;

numStuck = 0;

[I@Override

/Ipublic int hashCode() {

/I return Short.hashCode(id);
I}

@Override
public boolean equals(Object 0) {
if (!(o instanceof Crystal))
return false;
return ((Crystal)o).id == this.id,;
}
}

/**

* Represents a single monomer (random walker).
*/
private static class Monomer {

double timeExist; // time in existence

int distT;  // distance traveled

short start;

short end;

/I Creates a new monomer
public Monomer() {
timeExist = 0.0;
distT = 0;
start = 0;
end =0;
}

/I Updates the time for the monomer at the end of a cycle
/I using the equation:
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1
Ilt=t+In(1/u)/R_n
1
[l where R_n is the sum of the probabilities of all possible
/I moves for the monomer at this cycle, and u' is a number
/l chosen uniformly from O to 1
public void updateTime(double R_n) {
timeExist += Math.log(1 / random.nextDouble()) / R_n;

k
¥
T T T o
I STATIC HELPER I/O METHODS 1

T T T o

public static void arrayToCSV(String filename, short[][] pixels) {
try {
File out = new File(filename);
BufferedWriter output = new BufferedWriter(new FileWriter(out));
int rows = pixels.length;
int columns = pixels[0].length;
for (int j = 0; j < rows; j++) {
for (inti =0; i < columns; i++) {
if (i ==columns - 1) {
/I last pixel on the row; print a newline instead of ',
output.write(pixels[j][i] + "\n");
Yelse {

}

output.write(pixels[j][i] +",");

}

}
output.close();

} catch (IOException e) {
System.err.printIn("Caught IOException: " + e.getMessage());
System.exit(1);

}

}

public static short[][] arrayFromCSV/(String filename) {

short[][] crystalMap = null,

try (BufferedReader r = new BufferedReader(new FileReader(filename))) {
/I Get the height in pixels of the image
int rows = getLineCount(filename);
String line;
int lineNumber = 0;

while ((line = r.readLine()) !=null) {

110



String[] rowVals = line.split(",");
if (crystalMap == null) {
/I this is the first line we're reading; get the width and
// initialize the crystal map
int columns = rowVals.length;
crystalMap = new short[rows][columns];

}

for (inti = 0; i < crystalMap[0].length; i++) {
crystalMap[lineNumber][i] = Short.parseShort(rowVals[i]);
¥

lineNumber++;
}
} catch (IOException e){
System.err.printIn("Caught IOException: " + e.getMessage());
System.exit(1);
}

return crystalMap;

}

public static short[][] computeTesselation(short[][] crystalMap) {
short[][] tesselation = new short[crystalMap.length][crystalMap[0].length];
for (int i = 0; i < crystalMap.length; i++) {
for (int j = 0; j < crystalMap[0].length; j++) {
short closestCrystal = computeClosestCrystal(crystalMap, i, j);
tesselation[i][j] = closestCrystal;

¥
System.out.printin(i + "/" + crystalMap.length);

}

return tesselation;

¥

private static short computeClosestCrystal(short[][] crystalMap, int row, int column) {
if (crystalMap[row][column] = 0)
I/l we are on a crystal (so closest crystal is this one)
return crystalMap[row][column];

short closestCrystal = -1;
double minDist = Double. MAX_VALUE;
for (inti = 0; i < crystalMap.length; i++) {
for (int j = 0; j < crystalMap[0].length; j++) {
if (crystalMap([i][j] == 0)
continue; // this point is not a crystal
double xDist = row - i;
double yDist = column - j;
Il we can skip the sqrt sine we're just interested in relative dists
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double dist = xDist * xDist + yDist * yDist;
if (dist < minDist) {
minDist = dist;
closestCrystal = crystalMap[i][j];
}

}
}
assert (closestCrystal '=-1) : "Closest crystal not found";

return closestCrystal;

¥

/**

* Returns the line count for the given file.

*/

public static int getLineCount(String filename) throws IOException {
LineNumberReader | = new LineNumberReader(new FileReader(new File(filename)));
I.skip(Long.MAX_VALUE);
int numLines = l.getLineNumber();

I.close();

return numLines + 1;
}
i
1 MAIN 1

T T T T

public static void main(String[] args) {
double[] alphas = {0.0001, 0.00001, 0.000001,0.0000001};
if (args.length 1=5) {
System.out.printin("Invalid arguments. Usage: java MCSimulatorEdgeModel [input
file] [tesselation file] [edge file] [number of monomers] [ID].");
System.exit(1);
}

String inputFile = args[0];

String tesselationFile = args[1];

String edgeFile = args[2];

int numWalks = Integer.parselnt(args[3]);

String id = args[4];

for (int j = 0; j < alphas.length; j++) {
System.out.printin(Starting simulation = " + alphas[j]);
MCSimulatorEdgeModel walker = new MCSimulatorEdgeModel(inputFile,

tesselationFile, edgeFile, alphas[j]);

[larrayToCSV("tessellation.csv", walker.tessellation);
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/Iwalker.simulationStateToCSV ("initialState.csv");
for (int i = 0; i < numWalks; i++) {
if (I+1)% 100==0) {
System.out.printin("walk " + (i + 1));
}

walker.doRandomWalk();

walker.simulationStateToCSV("finalState_alpha” + alphas[j] + "ID_" + id + ".csv");
walker.printCrystalStats("crystalStats_alpha" + alphas[j] + "ID_" + id + ".csv");
walker.printMonomerStats(“monomerStats_alpha” + alphas[j] + "ID_" + id + ".csv");
walker.printContourMap("contourMap_alpha" + alphas[j] + "ID_" + id + ".csv");

C: Analysis Videos

Analysis videos can be viewed in the digital version of this work as supplementary
materials. A represented video of epifluorescence microscopy, dark field microscopy, and

bright field microscopy can be found titled as such.
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