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ABSTRACT 

 

Understanding and control of crystallographic polymorphism and crystal habit 

of organic compounds is scientifically and technologically important to several 

industries. Since a polymorph is determined at the early stages in crystallization, 

methods that lead to an advanced understanding of early crystal formation pathways 

and mechanisms are highly desirable. In this work, we have introduced time-resolved 

in situ wide-angle X-ray scattering (WAXS) at Cornell’s High Energy Synchrotron 

Source (CHESS) to study the early formation stages of the Form I and II 

crystallization events of a pharmaceutical compound, acetaminophen (ACM), based 

on the knowledge we learned from previous work that both self-assembled monolayers 

(SAMs) surface chemistry and solvent conditions work together to control crystal 

polymorph. Studying crystallization of Form II by seeded nucleation, we verified that 

crystals grow faster at the substrate-solution interface than in the bulk above, and that 

PTS (trichloro(phenyl)silane) surface has a strong influence over crystallographic 

orientation, directing the (002) planes from slightly out-of-plane to a totally in-plane 

orientation. Studying crystallization of Form I by spontaneous nucleation, we 

identified unusual shifts along scattering vector, q, of the earliest peak occurring. The 

further analysis and corroboration of other data sets pointed to the possible existence 

of structural transformations at these early stages. These results indicate that our 

methodologies are effective to gain insights into the earliest formation stages of the 

crystallization of ACM and may be used to extend to other model compounds studies.  
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Chapter 1. Introduction and Background 

 

1.1 Polymorphism 

Polymorphism refers to the phenomenon that the same compound has different 

crystalline solid structures by varying the arrangements of molecules. Polymorphs of 

small organic molecules are crucial for applications of chemicals ranging from 

pigments, pesticides, electronics, food to pharmaceuticals, etc. For instance, DDT, or 

1,1,1-trichloro-2,2-bis(4-chlorophenyl) ethane, has been controversially used as an 

insecticide while considered as monomorphic. However, a recent study has reported 

discovery of a more active second polymorph, the potential efficiency of which will 

allow less usage of this chemical, hence less damage to the enviroment1. In the field of 

organic semiconductors, even a very small difference in the molecular packing among 

polymorphs results in substantial changes in the electron/hole carrier mobilities, e.g., 

three polymorphs of TIPS- Pentacene as shown in Figure1.12.  

 

Figure 1.1 Molecular packing of three polymorphs of TIPS-Pentacene and their 

corresponding predicted mobility of electron/hole carriers. Image reprinted with 

permission from ref. 2. Copyright 2014 American Chemical Society. 
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For pharmaceutical industries, drug bioavailability and stability are two crucial 

properties in developing, formulating, and marketing new medicines. Stability 

generally refers to the resistance to degrade in the human body, in which pH is around 

7 in aqueous solution, while bioavailability is determined by the dissolution rate and 

solubility of medicinal tablets. The solubility ratio between polymorphic pairs usually 

is up to two3. As a result, polymorphs of the same compound can vary in bio-

availabilities. One fascinating example is the story of Ritonavir, an anti-HIV drug. Just 

two years after the drug was marketed, a new polymorph of Ritonavir was found in the 

formulation vehicle. The much less soluble new polymorph resulted in drastically 

lower dissolution and bioavailability. As a result, the manufacturing company Abbott 

withdrew Ritonavir from the market in 19984.   

The discovery and examination of new polymorphs of pharmaceutical 

compounds have been constantly reported. Four years after Ritonavir was withdrawn 

from the market, high-throughput experiments were carried out to fully explore 

Ritonavir’s polymorphs. Three previously unknown forms including another 

metastable polymorph, a hydrate phase, and a formamide solvate were found and a 

new method of preparing the desirable form I was introduced5. In other work, 

Huperzine A, a natural cholinesterase inhibitor was reported with three new anhydrous 

polymorphs, all showing greater solubility up to two times than the monohydrate form 

on the market6. Finally, a second polymorph of aspirin (acetylsalicylic acid), a 

common medication, was not determined until 2005, while a third was reported 

recently obtained from the melt, and theoretically would have better bioavailability on 

the condition that it could be stored7. 
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On one hand, comprehensive understanding of crystal polymorphs led to 

widespread discovery of new polymorphs, potentially with more desirable properties. 

For example, driven by optimal performance of organic electronics, methods leading 

to metastable polymorphs are desired, in that electronic properties could differ by 

orders of magnitude due to the slightest molecular packing vatiations8. On the other 

hand, enriched polymorphic systems provided novel platforms for further knowledge 

of this phenomenon. For instance, 5-methyl-2-[(2-nitrophenyl) amino]-3-

thiophenecarbonitrile, or ROY, denoting for its red, orange, and yellow crystals has 

seven polymorphs, the largest number recorded in the Cambridge Structural 

Database9, and recently an eighth polymorph was reported10. Especially, in situ studies 

of crystallization process are key to comprehending polymorphism. Researchers 

created a setup for crystallizing pure ROY phases from solution using a specially 

designed acoustic levitator and monitor the process with combining XRD and Raman 

spectroscopy. The results suggested that the interactions between nearest ROY 

molecules or the intermolecular attractive forces between solvent and ROY molecules 

can lead to the occurrence of a specific polymorph11. 

 

1.2 Formation pathways of crystals 

Based on our current understanding of crystallization, polymorphism is 

determined at nucleation.  Nucleation is the process of forming a new solid phase from 

a supersaturated mother phase and is the starting point for all types of crystallization. 

While classical nucleation theory (CNT), based on the contributions to total Gibbs free 

energy from the interface and bulk, is normally sufficient to explain experimental 
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results, recent observations from both synthetic and biogenic systems have challenged 

this theory. Much work has been done recently describing non-classical formation 

pathways12-15 for materials ranging from calcite to zeolites to proteins.  

While some crystal polymorphs are determined at the nucleation stage 

following classical models, others may form via alternative non-classical pathways, 

with species (e.g., pre-nucleation clusters) larger than monomeric chemical 

constituents (i.e., ions or single molecules) playing “on pathway” roles in the 

crystallization process. In the area of organic crystal formation, however, much less 

work has been done16,17.  Some polymorphic transformations have been reported for 

small organic molecule crystals, in the presence of solvent or via solution-mediated 

process, usually characterized by optical microscopy or Raman spectroscopy. Lu and 

Rohani18 found a polymorphic transformation from form II to form I of Stavudine, an 

anti-viral/HIV drug, in the presence of 2-propanol using in situ Raman spectroscopy. 

A trihydrate (a solvate form) to form I slurry conversion was reported for 

acetaminophen in aqueous solution19. 

Combining theory and molecular simulations, Mazzotti and coworkers20 

performed pioneering work and found that, in contrast to CNT, crystal-like clusters 

form during urea nucleation from aqueous solution. They further suggested that the 

homogeneous nucleation process of urea can either follow a single-step or a two-step 

mechanism depending on solvent21. They extended their work to 1,3,5-tris(4-

bromophenyl)-benzene nucleation and found a mechanism moving from dimers to 

needle-like clusters22. Taken together, these results indicate that to better understand 
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the origins of polymorph selectivity, the early stages of nucleation and growth must be 

characterized. 

 

1.3 Methods of polymorph selection 

Although there are multiple methods for polymorph selection including hetero 

polymer nuclei23, nanoconfinement24, and supersaturation25, not all of these methods 

can be used in a study aimed at advanced characterization of early formation stages. 

For that reason, in the following sections, I only introduce those methods amenable to 

in situ characterization by x-ray scattering techniques.  

 

1.3.1 Solvent-induced polymorph selection 

Experiments with solution crystallization methods usually involve various 

solvents and solvent mixtures considering wide range in properties such as solvent 

molecule size, polarity, hydrogen bond acceptors/donors, viscosity, etc. especially for 

high-throughput polymorph screening in pharmaceutical development26. Generally, 

selection of a certain polymorph induced by solvent is related to a comparison of 

solvent-crystal interfacial energy and the nucleation barrier. However, molecular 

simulation studies have shown that polymorphs of glycine were selected by specific 

interactions between solvent and nucleus in either solvent of water or methanol-water 

3:7 mixture27. A solvent-induced metastable form was observed for as-mentioned 

organic semiconductor molecule TIPS-pentacene, which was interpreted that larger 

solvent molecules led to slower relaxation to the stable form28.  

 



6 

1.3.2 Self-assembled monolayers (SAMs) as nucleating surfaces 

SAMs have a long history in serving as nucleating surface for crystallization 

studies. In 1999, Aizenberg et al. reported control over the orientation of calcite 

(CaCO3) by well-defined patterned SAMs with different functional group29. The 

alkanethiolate-gold chemistry used in this work is also the most studied type of SAMs 

(Fig. 1.2)30. This kind of surface chemistry consists of a metal substrate, the ligand 

group attached to the substrate, the spacing alkane chain and a terminal (omega) 

functional group (Figure 1.2).  

 

Figure 1.2 Representative schematic and explanation of the components of 

alkanethiolate-gold self-assembled monolayers (SAMs). Image reprinted with 

permission from ref. 30. Copyright 2005 American Chemical Society. 

 

The long chain alkanethiols self-assemble to form SAMs on gold. The thiols 

react with gold due to their high affinity30. Thickness (usually 1~3 nm) of SAMs 

depend on the number of carbons in the alkane chain. The specific thickness of alkane 

chain physically separates the underlying substrate and functional surface. Meanwhile, 

the alkane spacers have 2D crystalline structure on a smooth gold substrate. And the 
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terminal functional group will form a well-packed crystalline organic surface above 

the alkane chain.  

SAMs have been an excellent platform for crystal growth study due to their 

different surface properties by changing the functional groups. By applying 

alkanethiol-gold SAMs as surface templates, Hiremath and coworkers31 realized 

polymorph control among three polymorphs of 1,3-bis(m-nitrophenyl) urea (MNPU), 

a classic molecular crystal system. The control was rationalized with two-dimensional 

geometric matches and chemical interactions at interface. The metastable form of 

glycine was obtained on patterned SAMs on gold when the isolated islands were 

smaller than a well-defined diameter32. Myerson’s group has extensively used SAMs 

to control crystal morphology, study the effect of the supersaturation, pH, and 

concomitant nucleation, etc33.  

Other than thiol-gold SAMs, silane-silicon chemistry can be used to form 

SAMs. With the formation of covalent bonds (Si-O-Si) between the silane molecules 

and substrate, silanes often are used to functionalize glass34, metal oxide35, or oxide-

bearing surfaces36. A variety of surface chemistries can be achieved by changing the 

end group of the silane molecules. With respect to SAMs quality, silane SAMs can 

form multi-layers with relative high surface roughness36, whereas alkanethiol SAMs 

provide the most well-defined surfaces with 2D crystalline order. However, silane 

based SAMs are more chemically and mechanically robust and more thermally stable, 

up to 250 ℃35. These properties make alkanethiol-gold and silane-silicon SAMs ideal 

choices as nucleating surfaces for crystallization studies. 
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1.3.3 Seeding 

Seeding denotes the process of adding seed crystals to the crystallizer prior to 

the occurrence of nucleation37. Seeds can serve as heterogeneous nuclei to facilitate 

the crystallization process38. Since the growth occurs epitaxially, the polymorph of the 

seed is translated into the polymorph of the new crystals. Seeding techniques are 

widely used for obtaining otherwise difficult to crystallize products of 

pharmaceuticals39, proteins40, etc. or for controlling crystal size distribution (CSD)41. 

Based on knowledge such as solid-liquid equilibrium, seeding supersaturated solution 

can efficiently reproduce the desired polymorph26. For instance, a process 

development strategy including identifying transition temperature and seeding at low 

supersaturation enabled robust scale-up manufacture of two exemplary active 

pharmaceutical ingredients (API)42. Seeding enables batch-to-batch variabilities in 

polymorphs and particle size to be eliminated with appropriate seed type, loading and 

conditioning43. For example, the desired abecarnil Form A solids were exclusively 

obtained by implementing pure Form A seeds44. However, in some case45, seeding is 

not the key factor in terms of determining crystal polymorphs.  

 

 

1.4 In situ wide angle X-ray Scatterings (WAXS) 

Wide angle X-ray scattering (WAXS) is a non-destructive characterization 

method for detecting structures at the nanometer level. By taking advantage of time-

resolved in situ WAXS, Giri and coworkers28 have determined the air-solution 

interface as the nucleation site for metastable TIPS-pentacene formation. In other 

work, the Headrick group has identified a transient state for C8-BTBT, an organic 
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semiconductor molecule during high-speed solution processing46. More frequently, in 

the field of polymer studies, using WAXS enables investigation of the structure 

evolution at the earliest relevant time scales47,48.  

 

1.5 Goal and Experimental Design 

The high-level objective of this thesis is to identify appropriate model systems 

to study, adapt, and apply characterization techniques to describe early crystal 

formation stages and role of surface chemistry in determining polymorph and crystal 

orientation. Taking advantages of WAXS allows unambiguous identification of 

polymorphs as well as possible structural transformations at early times. Since we are 

interested in understanding and controlling polymorphism, which is determined in the 

early formation stages of crystals, we have used the D1 beamline station of the Cornell 

High Energy Synchrotron Source (CHESS) to record X-ray diffraction patterns at a 

rate of 10 frames/s. The time resolution is crucial to this research due to the short life 

of possible transformations. This work is dedicated to answering the following 

questions: Is the polymorph established at the initial nucleation event or do the 

different polymorphs form via different pathways? Does the substrate chemistry 

and/or solvent choice bias the system towards a specific pathway? What is the role of 

surface chemistry in early crystal formation stages?  
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Chapter 2. Studying early formation pathways and polymorphism in 

acetaminophen  

 

2.1 Introduction 

 Polymorphism is a phenomenon in which the same molecule can crystallize 

into two or more crystal structures. Polymorphs, or the three-dimensional crystal 

structures of the same chemical composition can be closely linked to various 

properties. For example, in the pharmaceutical industry, an undesired polymorph 

could be responsible for less stability1, lower solubility2, slower dissolution rate3, 

worse mechanical properties4-6, or other unpreferable characteristics7.   

 Hence, a broad interest has been drawn to discover and select the crystal forms. 

High throughput screening8,9 is one of the traditional strategies to speed up the 

discovery of polymorphs of pharmaceutical compounds in industry. In the field of 

small organic crystals, the methods for discovery and control of polymorphs also 

include nanoconfinement10,11, additives12,13, continuous crystallization14,15, polymer 

heteronuclei16, epitaxial nucleation on single crystal substrates17, computational 

screening18, and even data mining19. 

To date, however, a comprehensive understanding and control of 

crystallographic polymorphism and crystal habit of organic compounds is still 

difficult. Since a polymorph is usually determined at the early stages of crystallization, 

methods that lead to an advanced understanding of early crystal formation pathways 

and mechanisms are highly desirable. 
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To establish a platform to realize polymorph selection prior to high-resolution 

characterization using in situ X-ray diffraction, acetaminophen (ACM), a well-studied 

active pharmaceutical ingredient (API) for the painkiller Tylenol®, has been chosen as 

our model system. ACM has two well-known polymorphs (Fig. 2.1): the monoclinic 

stable Form I20 and the orthorhombic metastable Form II21. Due to a stacked layer 

crystal structure, metastable Form II has a faster dissolution rate and a better 

compression ability as compared to Form I22. The selection of Form II could be 

realized through recrystallization from monosubstituted halobenzoic acid, i.e., a 

multicomponent crystallization technique23, or through heteronucleation on polymer 

surface24. The ACM nucleation and growth are sensitive to surface chemistry. One 

work has revealed a particularly efficient surface in accelerating the induction of ACM 

nucleation by about 10 times25, another work from the same group shows a great 

enhancement of ACM nucleation rates by using angular nanopatterns of a 

biocompatible polymer surface26. The two-polymorph system of ACM can reduce the 

complexity of crystallographic analysis, considering polycrystalline small organic 

molecules display dense reflections of high-indexed planes that are difficult to be 

distinguished. 
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Figure 2.1 (a) Structure of ACM, and crystal structures of (b) Form I and (c) Form II 

generated from published structures using VESTA (Visualization of Electronic and 

Structural Analysis).20,21 

 

Surfaces functionalized by self-assembled monolayers (SAMs) have proven to 

generate great impacts on polymorph selection and crystallization27,28. Studies in 

Myerson’s group have shown that thiols on gold can modify morphology of glycine 

crystals as nucleating surface29 and that rigid biphenyl thiols on gold surface act as 

hydrogen bond in the nucleation of amino acids30, moreover, they have developed 

patterned SAM islands for polymorph control31,32. The use of SAMs can lead to the 

growth of phases not accessible through traditional crystal growth methods33. 

 To gain further insights into the crystallization pathways leading to polymorph 

selectivity, it is crucial to study the early stages in crystal formation by applying in situ 

characterization techniques with high temporal and spatial resolution. Synchrotron 

based X-ray scattering experiments have a unique ability to record the diffraction 

pattern with a high resolution both in time34 and space35, thus serving as a great tool 

for studying early stages in crystallization. 
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 In previous work36, we investigated the ability of different SAM-solvent pairs 

to influence the nucleation, polymorph selection, and crystal orientation of 

acetaminophen (ACM). In the present work, we have introduced in situ wide-angle X-

ray scattering (WAXS) at Cornell’s High Energy Synchrotron Source (CHESS) to 

study the early formation stages of ACM Form I and II crystallization events. Our 

work may provide a pioneering perspective in understanding the role of surface 

chemistry and possible early transformations in the crystallization of ACM. 

Furthermore, the effective methodologies may be extended to other model 

compounds. Finally, our novel insights into the earliest stages of crystal formation and 

polymorph selection may enable utilization of computational materials science 

methods to fully understand these observations. 

  

2.2 Experimental  

2.2.1 Substrate preparation and surface modification 

Four kinds of self-assembled monolayers (SAMs) surface chemistries were 

used in this work. Two of them were alkanethiols on gold, the other two were silanes 

on silicon.  

Alkanethiolates on gold. We modified previously reported procedures for fabrication 

of alkanethiolate-gold SAMs37,38. Gold-coated silicon wafers were purchased from 

Platypus Technologies. These wafers were first cut into 2 cm by 1 cm substrates, 

sonicated in deionized (DI) water, and then washed in ethanol (200 Proof, KOPTEC) 

for 2 mins each. Each substrate was then plasma cleaned for 5 mins at “high” level to 

remove organic impurities on the surface. The plasma-cleaned wafer was then moved 
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into a vial. The vial was sealed with parafilm and purged in dry N2 for 15 seconds to 

create an N2 atmosphere inside the vial. Alkanethiol solutions (10 mM) of 11-

mercapto-1-undecanol (99%, Sigma-Aldrich) or 1-undecanethiol (98%, Sigma-

Aldrich) (structures of which are shown in Table 2.1) in ethanol were prepared and 

sonicated for 5 mins. Thiol solution (5 mL) was then injected into the vial containing 

the wafer pieces. After 24 hours at room temperature, wafers were taken out of the 

thiol solution and then sonicated in fresh ethanol for 2 mins and blow-dried with N2. 

Silanes on silicon. We modified previously reported procedures for fabrication of 

silane-silicon SAMs39. Silicon wafers were purchased from WRS Materials. These 

wafers were first cut into 2 cm by 1 cm substrates, sonicated in acetone (MACRON) 

for 5 mins each. Each substrate was then plasma cleaned for 5 mins at “high” level to 

remove organic impurities on the surface. The plasma-cleaned wafer was then moved 

into a vial. The vial was sealed with parafilm and purged in dry N2 for 15 seconds to 

create an N2 atmosphere inside the vial. Silane solutions (10 mM) of 

trichloro(phenyl)silane (≥ 97%, Sigma-Aldrich) or trichloro(octadecyl)silane (≥ 90%, 

Sigma-Aldrich) (structures of which are shown in Table 2.1) were made by mixing 

silane and hexane (95%, Sigma-Aldrich) in a glove box, in which the O2 concentration 

was below 10 ppm and H2O concentration was below 1 ppm. Silane-in-hexane 

solution (5 mL) was then injected into the vial. After 24 hours at room temperature, 

wafers were taken out of hexane solution and then sonicated in fresh acetone for 5 

mins and blow-dried with N2. The bare silicon wafer used for control experiment was 

prepared without any further steps after plasma cleaning. 
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Table 2.1 Molecules and substrates used for SAMs Formation 

SAMs molecule Chemical structure Substrate 

1-undecanethiol (UDT)  Au/Si 

11-mercapto-1-

undecanol (MUOH)  
Au/Si 

trichloro(octadecyl)silane 

(OTS)  
SiO2/Si 

trichloro(phenyl)silane 

(PTS) 
 

SiO2/Si 

 

2.2.2 Solution preparation 

Four solvents were chosen to prepare ACM solutions: 1) DI water, 2) ethanol, 

3) anhydrous 1,4-dioxane (99.8%, Sigma-Aldrich) and 4) 20:80 (vol:vol) mixture of 

DI water and anhydrous 1,4-dioxane. The polar solvents, ethanol and 1,4-dioxane 

were first dried over 4 Å molecular sieves (Sigma-Aldrich) and filtered via 0.2 μm 

PTFE syringe filter (Agilent Technologies) before the solvent was used to dissolve 

ACM (98%, Sigma-Aldrich). Drying of solvents and subsequent filtering were steps 

found to be key to obtaining reproducible results for all studies. To prepare ACM 

solution, 30 mg of ACM was first added to 2 mL of solvent and heated to 45 ℃ until 

complete dissolution. The solution was then cooled to room temperature. 

 

2.2.3 Crystallization of ACM by droplet evaporation 

Lab based crystal growth experiments by droplet evaporation were conducted 

with a custom-designed chamber (Fig. 2.2). 10 μL droplets of the various ACM 

solutions (15 mg/mL) were placed onto the SAMs-functionalized surface by using a 

micropipette. The dome was used to protect samples from contamination (e.g., dust in 
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air). The space between dome and substrate allowed air flow, so that droplet 

evaporation occurred under atmospheric pressure. The concentration was chosen 

based on previously reported work on ACM solubility40. In this setup, the number of 

droplets one substrate can hold to crystallize simultaneously depended on size and 

wettability of the substrate, and solvent type of the ACM solution.  

 

Figure 2.2 Representation of crystallization of ACM by droplet evaporation. a) Phone 

image of ACM solution on an UDT-covered gold wafer. b) Schematic of droplet 

evaporation experiments on SAM-modified substrates (side view)36. (reproduced with 

permission from Zihao Zhang) 

 

2.2.4 Crystallization of ACM by seeding elongated film 

In order to generate stable and controllable crystal growth so that the early 

crystal formation stages could be probed by in situ synchrotron-based beam, a long 

narrow shape of liquid ‘film’ was created, by adding small increments of ACM 

dioxane/water solution. Specifically, as shown in Figure 2.3, a few droplets were 

deposited on a PTS-modified substrate (Fig. 2.3a), the evaporation of solvent 

concentrated several solution droplets (Fig. 2.3b), then additional solution was added 
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to make larger droplets (Fig. 2.3c). Steps a-c were repeated several times until the 

different solution droplets connected to form an elongated single solution (Fig. 2.3d). 

Continued addition and concentration of solution created a final long, narrow solution 

shape (Fig. 2.3e). This setup allowed us to trigger the crystallization by introducing a 

seed crystal of either Form I or Form II at one end of the elongated ‘film’ to generate a 

predictable propagating direction.  We then probed the propagating crystallization 

front with an in situ synchrotron-based X-ray beam. 

 

 

Figure 2.3 Creation of a long narrow shape of liquid ‘film’. Photographs (top row) 

and schematics (bottom row) of (a) adding 10 μL ACM water/dioxane droplets onto 

the PTS substrate by micro peptide, (b) droplets concentrating into smaller ones upon 

evaporation, (c) adding more solution to make larger droplets by 10 μL increments, (d) 

connecting the droplets by repeating a-c, (e) the final elongated film composed of a 

long-lived ‘glassy’ state formed by concentrating 200 μL of solution. 

 

2.2.5 Characterization by General Area Detector Diffraction System (GADDS)  

ACM crystals were characterized by a Bruker D8 GADDS with Cu Kα (λ = 

1.5406Å) radiation, operating at 1600W power (40 kV, 40 mA). The 0.5 mm slit size 

was selected to obtain a strong reflection signal from the general area of crystals while 

no more than one droplet was detected at once. The detected area of the sample was 
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selected and centered by a built-in camera. To maximize signal to noise ratio, Ni 0.02 

was selected as the beam filter. ‘Coupled Two Theta/Theta’ was chosen as the scan 

type, and ‘Step’ scan mode in the instrumental setup. Raw XRD data were first 

processed in DIFFRAC.EVA software, provided by Bruker, to generate 2D diffraction 

patterns and 1D azimuthal integration of selected wedged area before further analysis.  

 

2.2.6 Characterization by in situ wide-angle X-ray Scattering (WAXS) 

 In situ WAXS measurements on ACM growing crystals in early stages were 

carried out at Cornell High Energy Synchrotron Source (CHESS) D1 station, with 

sample-to-detector distance of 1.86 m and incident photon energy of 9.83 keV. WAXS 

patterns were recorded on a Dectris Pilatus3−200k pixel array detector, covering a q 

range of -0.123 ~ 2.788 Å-1 and -0.151 ~ 2.282 Å-1 respectively in qy and qz directions, 

with dimension of q for each pixel is 5.978 × 10-3 Å-1. A heating stage, connected with 

a temperature controller, used during ACM crystallization experiments was set up at 

CHESS beamline D1, to keep at constant temperature of 50°C. The diffraction 

patterns collecting rate was set as 10 frames per second. 

 

2.3 Established work 

A former group member, Zihao Zhang, laid the groundwork for the in-depth 

studies of ACM crystal growth at early stages by using four different SAMs surface 

chemistries (Table 2.1) in the presence of various solvent systems to investigate the 

relationships between surface chemistry, solvent, and ACM polymorphs36. The droplet 

evaporation setup (Fig. 2.2) was applied, and GADDS was used to characterize the 
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resulting crystals. Upon evaporation, each droplet of ACM solution crystallized into a 

pure crystal polymorph, either orthorhombic (Form I) or monoclinic (Form II) in this 

system. Table 2.2 shows the result of polymorph selection by the combination of 

SAMs chemistry and solvent choice. Solvent and surface chemistry must be 

considered in concert for polymorph selection. The statistical results could be 

interpreted as i) for pure solvent systems, if solvents are organics, polymorph switches 

from stable Form I to metastable Form II when surface chemistry is changed from 

hydrophobic to hydrophilic, and for water as solvent, Form I is selected, independent 

of substrate chemistry; ii) for the mixed solvent system, even a small fraction of water 

(20% volume), generates exclusively the metastable Form II, independent of surface 

chemistries. 
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Table 2.2 Crystallization results for combinations of different SAM chemistries with 

various solvents. n = number of droplets in the study36. (reproduced with permission 

from Zihao Zhang) 

Solvent SAMs n Form I Form II 

Ethanol 

UDT 20 80% 20% 

OTS 18 94% 6% 

PTS                         14 93% 7% 

MUOH 11 9% 91% 

DI water 

UDT 9 93% 7% 

OTS 18 89% 11% 

PTS                         10 90% 10% 

MUOH 17 100% 0% 

1,4-dioxane 

UDT 12 100% 0 

OTS 10 90% 10% 

PTS                         10 70% 30% 

MUOH 10 20% 80% 

DI water/ 

dioxane 

20:80 

UDT 11 9% 91% 

OTS 11 0 100% 

PTS                         9 0 100% 

MUOH 10 0 100% 

 

Furthermore, the crystallographic orientations of ACM Form II crystals 

obtained from water/dioxane solution on different substrates were determined by 

analyzing 2D X-ray diffraction data from GADDS. While the 2D diffraction pattern of 

ACM Form II crystallized on PTS-modified substrates from water/dioxane solution 

was missing the (002) diffraction arc (Fig. 2.4a), the diffraction pattern from Form II 
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crystals grown on MUOH surfaces only showed the (002) arc (Fig. 2.4b). Since all 

other conditions, including solvent, were kept the same, this result indicates that 

surface chemistry dictates crystallographic orientation for Form II crystals. The 

proposed molecular interpretation of this orientation preference is shown in Figure 

2.4c, d. The phenyl-terminated (PTS) SAM surface (Fig. 2.4c) nucleated crystals with 

the phenyl rings oriented approximately perpendicularly to the substrate (e.g. (200), 

(211) and (210) planes lie parallel to the substrate). In contrast, hydroxyl-terminated 

(MUOH) SAM surfaces (Fig. 2.4d) promoted crystallization with the (002) cleavage 

plane oriented parallel to the substrate. 
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Figure 2.4 2D X-ray Diffraction patterns for ACM crystallized on PTS (a) and 

MUOH (b) based surfaces with a water/dioxane (20:80 v/v) mixture as solvent, and 

corresponding schematic representation (c, d) of the proposed molecular interaction 

between Form II crystals and different SAMs. Red indicates peaks of crystal plane 

(002) and parallel ones. Blue indicates peaks of crystal planes not orthogonal to plane 

(002). Green indicates peaks of crystal planes perpendicular to the plane (002), such as 

(200)36. (reproduced with permission from Zihao Zhang) 

 

2.4 Results 

Having established an experimental platform to control polymorph selection 

and crystallographic orientation, I pursued synchrotron-based in situ X-ray 

experiments to collect data on the early crystal formation stages. Among all the 

choices of SAMs and solvents to start with, PTS, a robust hydrophobic surface 
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chemistry was selected as the surface chemistry. For solvents, I used water and an 

80:20 dioxane/water mixture, as reliable routes to ACM Form I and Form II, 

respectively, to gain insights into early stages in the crystallization of both 

polymorphs.  

2.4.1 Seeded nucleation of ACM Form II in water/dioxane 

Despite the appealing possibility to look at a spontaneous nucleation process of 

the metastable form of ACM, there is a very long-lived (more than 3 hours even at 

50°C) ‘glassy’ state observed prior to the formation of Form II crystals from 

water/dioxane solution. In addition to the long times required to observe 

crystallization, the nucleation site is also unpredictable, making it extremely difficult 

to locate the new crystal within the X-ray beam. Instead, the experimental setup 

described in Section 2.2.4 (Fig. 2.3) for seeded nucleation was created at CHESS, to 

get first insights into the early stages of crystallization, even if not nucleation, of Form 

II crystals. On a PTS modified silicon wafer, a crystal seed was added to one end of a 

long narrow shaped ‘thin-film’ of ACM water/dioxane in its ‘glassy’ state (Fig. 2.5a) 

on a sample stage kept at 50°C, to trigger the crystallization. While the crystal started 

to propagate, a parallel WAXS beam was introduced (Fig. 2.5b). As the crystal front 

propagated into the beam volume, the very first diffraction patterns can be obtained of 

the initial stages of crystal growth. Furthermore, due to the sufficiently long time (~10 

min) for crystal growth to occur over the entire length of the elongated sample 

(hundreds of microns thick), multiple data sets could be obtained from the same 

sample by moving the beam to an area where the crystallization had not yet happened. 

The crystal growth front propagation could be tracked by optical microscopy (Fig. 
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2.6). Interestingly, a dark line separated the grown crystals (left) and the solution 

(right) in both micrographs. 

 

Figure 2.5 Schematic representation of crystal propagation by seeded nucleation. (a) 

Add Form II seed crystal to one end of the elongated solution film to initiate 

crystallization and (b) Let the crystal front pass through the position of the parallel 

WAXS beam, with the growth direction from left to right. In both schematics, green 

represents crystalline material and blue represents uncrystallized ACM. 

 

 

Figure 2.6 Optical micrographs of growth front (a), and ~80s later (b), top view. To 

the left of the dark line is the crystal, and to the right is the solution. 

 

In addition to moving the sample stage horizontally so that the parallel WAXS 

beam could change the relative horizontal position, the sample stage could also be 
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moved vertically, i.e., in the z direction so different vertical positions could be 

detected in one ‘thin-film’ sample. Two vertical positions at different horizontal 

locations were selected (Fig. 2.7a): ‘bottom’ was marked in red, where most signal 

was blocked by the silicon wafer, thus the information represented the crystals near 

solution-substrate interface; ‘middle’ was marked in purple, where most signal passed 

through the sample, thus the information represented the crystals in the bulk. The 

comparison between the two positions would allow us to verify where in a ‘thin-film’ 

crystals formed first. 2D diffraction patterns at 8s after the first occurring diffraction 

peak are shown for ‘bottom’ (Fig. 2.7b, c) and ‘middle’ (Fig. 2.7d, e) positions 

respectively. The two data sets were recorded on the same film, but at different 

positions and at different times during the growth front propagation, however, the time 

stamps were adjusted as relative to first occurring diffraction peak recorded at each 

position, i.e., corresponding to when the crystal growth front entered the beam path.  

The only diffraction peak at 8s is identified as the (002) reflection of Form II 

for either vertical beam position. By zooming into the (002) reflection recorded at 8s, 

there is a wider azimuthal spread in the ‘middle’ pattern as compared to the ‘bottom’ 

pattern.  This difference suggests that the substrate exerts more control over crystals 

growing near the solution-substrate interface (‘bottom’) than those in the bulk 

(‘middle’). It could be interpreted as crystals forming in the bulk were less sensitive to 

the PTS SAMs chemistry, they had more freedom in choosing orientation, leading to a 

wider diffraction arc of Form II (002) at the ‘middle’, or ‘bulk’, position. This 

conclusion was corroborated by the results of WAXS pattern videos (data not shown) 

of the two different vertical beam positions, in which the initial diffraction pattern at 
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the ‘bottom’ beam position occurred almost perfectly in-plane as individual reflexes, 

while the initial diffraction pattern at the ‘middle’ beam position occurred 

simultaneously as a “smeared” arc. 

The positions of the (002) peaks were further verified through a Gaussian fit on 

the 1D integration of the two individual frames (8s after the first peak occurred at 

‘bottom’ and ‘middle’ respectively) (Fig. 2.8). The Gaussian-fitted peak position of 

‘bottom’ was x0 = 1.7060Å, ‘middle’ x0 = 1.7047Å, compared to reference (002) 

position, 1.6998Å21 of ACM Form II.  The shoulder peak in the ‘middle’ came from 

the bright spot next to the dominant (002) arc that is obvious in Figure 2.7e. 
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Figure 2.7 (a) Schematic of the parallel X-ray beam positions in a ‘thin-film’ sample, 

where green is crystallized material and blue is uncrystallized material. 2D diffraction 

patterns of growing crystals at ‘bottom’ (b) and ‘middle’ (d) of the ‘thin-film’ 8s after 

first crystal occurs and (c, e) the corresponding zoom in diffraction patterns at the 

adjacent areas (black boxes in (b, c)) of Form II (002) peaks. Scale bar: log intensity 

from 0 to 105. 
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Figure 2.8 1D integration of WAXS patterns at ‘bottom’ (a) and ‘middle’ (c) of the 

‘thin-film’ 8s after first crystal occurs and their Gaussian fit of Form II (002) peak 

positions x0 = 1.7060Å in (b) and x0 = 1.7047Å in (d). 

 

The as-made seeded Form II sample was further characterized after growth by 

ex situ GADDS. The 2D diffraction pattern and corresponding 1D integration of the 

wedged area are shown in Figure 2.9a, b. Significantly, the (002) peak, which was 

dominant in the parallel beam WAXS experiments, was clearly missing. This result is 

expected due to the scattering geometry difference between GADDS and the parallel 

WAXS beam at CHESS (Fig. 2.9c). Since the incident beam in GADDS is at an angle 
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to the substrate, only those planes that are parallel to or have a component parallel to 

the substrate would diffract in this geometry. In comparison, the diffraction patterns 

generated by parallel WAXS beam should include all planes, since the beam is 

transmitted through the sample. As previously shown, when ACM Form II nucleates 

on PTS SAMs (Fig. 2.4c), the (002) planes are perpendicular to the substrate. Thus, 

the (002) peak is missing in the 1D spectrum obtained using the GADDS instrument, 

while in-plane (002) reflexes (an arc originating from qy axis) appear in the 2D 

diffraction pattern (Fig. 2.7b, d) obtained using in situ WAXS beam at CHESS of the 

same sample.  
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Figure 2.9 2D diffraction pattern (a) and 1D integration (red line in (b)) of the as-

made seeded sample on by GADDS compared with reference pattern for Form II 

ACM21 (blue sticks in (b)). Schematics of diffraction geometry comparison of the 

seeded Form II sample (c) between GADDS and parallel WAXS beam at CHESS. 

Green indicates crystallized film and blue indicates “glassy” ACM state in 

water/dioxane mixture. Square in purple represents in situ parallel WAXS beam 

propagating along the direction perpendicular to the paper. Arrows in orange indicates 

the incident and reflex GADDS beam applied for ex situ study. 

 

To verify the role of the PTS-functionalized substrate in favoring the (002) 

orientation to be in-plane, a negative control experiment of droplet evaporation was 

performed on a clean, unfunctionalized silicon wafer without further modification, in 
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the presence of water/dioxane solution. Using GADDS, the ex situ characterization on 

the crystals formed on bare wafer showed a strong (002) arc in the 2D diffraction 

pattern (Fig. 2.10a) and a strong intensity (002) peak in the 1D integration (Fig. 

2.10b), suggesting an out-of-plane orientation of the (002) planes, which is in contrast 

to the completely missing (002) peak from crystals formed on PTS-modified surfaces 

(Fig. 2.4a and Fig. 2.9b). The results from this control experiment strengthened the 

conclusion that the PTS surface chemistry favors crystal orientations in which the 

(002) planes of Form II ACM are perpendicular to the substrate. 

 

Figure 2.10 2D diffraction pattern (a) and 1D integration (red line in (b)) of Form II 

on bare wafer with water/dioxane (20:80 v/v) mixture as solvent from GADDS 

system, compared with reference21 (blue sticks in (b)). 

 

Since GADDS has been proved to be an efficient ex situ characterization tool 

especially when interpreting the preferred orientation of the seeded ACM Form II 

sample made at CHESS, it would be interesting to find out how the crystallization 

evolves by examining this sample along its propagating direction(Fig. 2.11). Seven 

positions from (i) to (vii) were selected along the long axis of the elongated-shape 
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sample in a sequence from the seeding end to the other end. Intensity of each spectrum 

was normalized to (020), the strongest peak in each position with small variations in 

intensity. Five notable peaks were chosen to demonstrate the evolution of crystal 

orientation during propagation of the growth front from the seed crystal to the end of 

the film. The extracted information on intensity changes of individual peaks is shown 

in Figure 2.11b. The (002) peak shows an instant decline in intensity from position (i) 

to position (ii), then totally disappears. According to the GADDS scattering geometry, 

at the first couple of positions, an out-of-plane orientation component of the (002) 

planes was significant enough to contribute to scattering, which decreased at position 

(ii) then vanished at positions (iii) and later. In comparison, the (040) or (120) 

scattering peaks existed through all seven positions; and it took five positions for both 

(220) and (200) diffraction peaks to vanish. In other word, the evolution of the (002) 

peak through seven positions was unique in terms rapid decrease in intensity. A more 

straightforward presentation of the results is shown in Figure 2.11c. Comparing 

position (ii) to position (i), the (002) peak showed the most dramatic decrease in 

intensity. All the results pointed to the (002) peaks resulting from an out-of-plane 

component showed most sensitivity to the sequence of positions, i.e., the evolution of 

crystallization. This result may indicate that the (002) planes were most strongly 

influenced by the chemistry of the substrate. For results (Fig. 2.8) of the same sample 

by the in situ study, only the (002) peak was obviously observed until even 8s after the 

first crystal reflex occurred. For other peaks indicated in Figure 2.11, there were no 

corresponding reflexes in the diffraction pattern in Figure 2.7b, d. It was likely that 

(002) planes dominated in the crystal propagation front at the earliest time points. Also 
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as mentioned before, PTS chemistry influenced more on the crystals near the solution-

substrate interface than those in the bulk, and directly led to missing (002) out-of-

plane component in comparison with other surface chemistries. The corroboration of 

in situ and ex situ results suggested that as the crystal growth front propagated, PTS 

chemistry was directing the dominant (002) planes from slightly out-of-plane to 

completely in-plane direction at the substrate-solution interface.  

To confirm the initial observations, an independent second data set was 

collected using the same experimental setup (Fig. 2.12a). We reproduced the result 

that the substrate exerts more control over the orientation of the crystals close to the 

substrate-solution interface than in the middle of the film (Fig. 2.12b, c) than in the 

bulk (Fig. 2.12d, e). The major peaks in the diffraction patterns was again confirmed 

as (002), consistent with the first data set. The gaussian fit peak positions were x0 = 1. 

7041Å for ‘bottom’ (Fig. 2.13a, b), and x0 = 1.6978Å for ‘middle’ (Fig. 2.13c, d), 

compared to reference (002) position, 1.6998Å21. Also, the difference between 

missing (002) peak by ex situ GADDS (Fig. 2.13e, f) and obvious (002) peak (Fig. 

2.13b, d) by in situ WAXS was consistent with the first data set, originating from the 

geometry difference in these two systems explained in Fig. 2.9c. 
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Figure 2.11 Ex situ GADDS 1-D spectra (a) taken at multiple positions along the long 

axis of the elongated narrow shape of ACM Form II sample studied previously at 

CHESS (intensity normalized to (020)), intensity change (b) of the five noteworthy 

peaks, and associated intensity changes (c) between the first two positions. 
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Figure 2.12 (a) Schematic of the parallel X-ray beam positions in a ‘thin-film’ sample 

where green is crystallized material and blue is uncrystallized material. Second data 

set: 2D diffraction patterns of growing crystals at ‘bottom’ (b) and ‘middle’ (d) of the 

‘thin-film’ when 8s after first crystal occurs and (c, e) the corresponding zoom in 

diffraction patterns at the adjacent areas (black boxes in (b, c)) of Form II (002) peaks. 

Scale bar: log intensity from 0 to 105. 
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Figure 2.13 Second data set: 1D integration of WAXS patterns at ‘bottom’ (a) and 

‘middle’ (c) of the ‘thin-film’ when 8s after first crystal occurs and their Gaussian fit 

of Form II (002) peak (b, d). 2D diffraction pattern (e) and 1D integration (f) from 

GADDS system show a missing of (002) peak. 
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2.4.2 Spontaneous nucleation of ACM Form I in water 

For the growth of ACM Form I from water solution on a PTS-functionalized 

silicon wafer, a single droplet (10 μL) took a relatively short time, usually less than 30 

minutes to crystallize (Fig. 2.14). This time window enabled us to probe the droplet 

with a stationary WAXS beam at CHESS. After setting up the droplet on a PTS-

functionalized wafer on the sample stage kept at 50°C, we closed the chamber door 

and introduced the beam. By checking the built-in optical camera, we waited for 

nucleation to occur within the beam path, which was a rare event. Luckily, such a 

sample was captured that the crystal nucleated and grew faceted within several 

seconds within the beam path (Fig. 2.14c, d). 

The first occurring peak (at relative larger q, meaning high-index plane(s)), 

was determined for the 2D diffraction pattern (Fig. 2.15a) as Spot 1, and some other 

early occurring peaks (Fig. 2.15b) were identified as well to compare their behavior in 

early stages of crystal formation. Time stamps are relative to the time point of first 

signal from crystal reflex. 

 

  



44 

 

 

Figure 2.14 Schematic (a) of an ACM water solution droplet on PTS-modified silicon 

substrate and relative parallel WAXS beam, and (b) photographs of the droplet from 

side view. Optical micrographs of the nucleation happening within the beam position 

(c) and 4 s later (d). 
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Figure 2.15 First occurring Form I peak (a) and the four early occurring Form I peaks 

(b) in 2D WAXS diffraction patterns. Scale bar: log intensity from 0 to 105. 

 

 A WAXS pattern video (data not shown) for the spontaneous 

nucleation and growth of Form I in water showed a shift of the position of Spot 1, the 

earliest peak to appear in about 3 seconds. By looking at the representative individual 

frames of the in situ WAXS patterns, for the earliest occurring peak we found the shift 

was toward larger q between three distinct peak positions (Fig. 2.16a-f). Signal started 

at an original position (marked with a white circle) in (a), jumped first to a second 

position (marked with a white triangle) in (b), extended to a third position (marked 

with white square) in (c), stabilized for about 0.5s as shown in (d), and then entirely 

shifted to this third position as shown in (e), where it remained for the remainder of 

the recording period of around 50 seconds as shown in (f). 

We identified the q value of the first occurring peak in Spot 1 frame by frame 

based on peak position of 1-D integration of the 2D pattern, as shown in Table 2.3. 
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Thus, three distinct positions were identified as q = 2.07, 2.09 to 2.12 Å -1 (Figure 

2.16a-f). 

Table 2. 3 Experimental q range for Spot 1 

Sequence number of fames q (Å-1) d (Å) 

695 2.0712 3.033 

697 2.0874 3.010 

700-1 2.0982 2.995 

700-2 2.0874 3.010 

700-3 2.0766 3.026 

709 2.0928 3.002 

720 2.1198 2.964 

1199 2.1198 2.964 

 

  

 There were two possible explanations for these shifts: (1) the nucleating crystal 

rotated in the first few seconds after it formed; (2) the d spacing changed during the 

first three seconds resulting from an early structural transformation. The time 

evolution of other peaks (Spots 2-4) occurring at these early stages are compared with 

the original peak (Spot 1) in Figure 2.16. These additional peaks showed behaviors 

such as intensity changes along q direction (Fig. 2.16g-l), intensity changes in 

azimuthal direction (Fig. 2.16m-r), and intensity changes with shifts in azimuthal 

direction (Fig. 2.16s-x), i.e., very different behaviors from Spot 1. If a simple rotation 

would be responsible for this behavior, we would expect other early occurring peaks 

to show similar behavior, which was not the case. We therefore preliminarily 

concluded that these results point to structural transformations that happen during the 
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earliest formation stages of the ACM Form I crystal, rather than a simple rotation of 

the crystallite. 

 

Figure 2. 16 2D diffraction patterns that indicate time evolution of the four early 

occurring Form I peaks: the behavior of shifting in q direction for Spot 1 (a-f), an 

intensity change along q direction for Spot 2 (g-l), an intensity change in azimuthal 

direction for Spot 3 (m-r), and an intensity change while shifting in azimuthal 

direction for Spot 4 (s-x). Color intensity scale bar is the same as in Figure 2.15. 

 

To verify the unique q-shifting observation, an independent data set was 

collected using the same experimental setup (Fig. 2.14a). By looking at individual 

WAXS pattern frames of the second data set in the area of the first occurring peak 
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(Fig. 2.17a-f), we also found a shift in q direction, however, this time towards a 

smaller q direction and the reflex completely disappeared after 1.3 s. Nonetheless, the 

first occurring peak of the second data set had a similar q range and time scale for 

shifting of the peak position, as compared to that of the first data set, shown again in 

Figure 2.17g-l for convenience of comparison, where the two data sets shared the 

same q range and white square shape position in the diffraction patterns. These 

similarities in q range and time scale with first occurring peak suggested a common 

origin hinting at a structural transformation at the earliest times of crystal formation. 
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Figure 2.17 2D diffraction patterns that indicate time evolution of the earliest 

occurring Form I peaks of two data sets: the behavior of shifting towards smaller q 

direction (a-f) of the second data set, compared to towards larger q direction (g-l) of 

the first data set. Color intensity scale bar is the same as in Figure 2.15. 

 

2.5 Discussion  

2.5.1 Growth of ACM crystals on SAMs from various solvents: A model system 

for polymorph selection and controlled crystallographic orientation  

We identified a mixed solvent of DI water and anhydrous 1,4-dioxane with a 

20 to 80 volume ratio that lead to an exclusive yield of the metastable ACM Form II, 
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independent of surface chemistry. Moreover, a study of the effects of surface 

chemistry using SAMs could be carried using the water/dioxane solution as a reliable 

source for ACM Form II crystals.  In fact, one of many benefits from using SAMs was 

that by varying the end groups of the monolayers, the surface energy changes, thus 

potentially providing particular polymorphs and/or orientations that were not 

accessible by solely changing the solvents, assuming the crystallization takes place on 

the substrate. In our work, for pure organic solvents (ethanol or dioxane), the 

polymorph switched from Form I to Form II when the surface chemistry was changed 

from hydrophobic to hydrophilic (MUOH). In water-containing systems, polymorph 

selection was independent of substrate chemistry.   

This part of work might help the community to identify rational design criteria 

for the choice of SAMs and associated solvents to study polymorph selection and 

crystal orientation for small organic molecule crystallization.  

 

2.5.2 Growth of Form II from water/dioxane solution by seeded nucleation: Role 

of PTS surface chemistry in early crystal formation stages 

 Time-resolved information regarding the early stages of crystal growth of 

ACM was desired to fully understand the pathway of crystal formation. To get the first 

insights, we carried out in situ characterization of a seeded nucleation of ACM Form II 

at CHESS. The water/dioxane solution provided access to the metastable Form II, 

while the PTS substrate provided orientationally control over the crystallization. We 

observed the evaporating process of water/dioxane solution often went through a long-

lasting highly viscous state, which showed amorphous features, i.e., a wide 
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distribution of intensity in the 2D diffraction pattern or a broad peak in 1D integration. 

In future work, it would be interesting to find out if there is any short-range order 

within the amorphous state. The amorphous state prior to the crystallization of ACM 

Form II often existed for a very long time, sometimes longer than 24 hours at room 

temperature, which made in situ study of the spontaneous nucleation impossible but 

provided a time window to trigger the crystallization using a seed crystal. 

 Heterogeneous nucleation was triggered by adding a polycrystalline Form II 

seed to one end of an elongated thin film of “amorphous” ACM. As the crystallization 

front moved through the beam, only the (002) arc appeared in the diffraction pattern 

during the initial 8 seconds in both vertical positions, without any other observed 

reflexes. The first single (002) reflex occurred in a perfect in-plane orientation for the 

‘bottom’, and even seconds later, the (002) reflexes was still almost in-plane with only 

a small amount of azimuthal spread. Interestingly, the (002) was the strongest peak 

according to the reference21 based on calculations of a Form II single crystal. These 

first to appear reflections suggest that the crystals grew by propagating (002) planes 

with slight various in-plane orientation at early time points.  The dominant role of 

(002) is consistent with computational predictions of crystal morphology of Form II 

ACM based on attachment energy calculations41,42.  

The orientation of the (002) reflection in the diffraction pattern acquired in situ 

(Fig. 2.8) was consistent with the results from ex situ characterization (Fig. 2.9) of the 

same sample and the previous droplet experiments (Fig. 2.4a). This orientation could 

be interpreted as (002) planes normal to the substrates, i.e., molecules aligning their 

phenyl rings approximately perpendicular to the substrates (Fig. 2.4c).  This result 
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could be further corroborated by comparison with the strong (002) intensity observed 

by GADDS on bare silicon wafers or MUOH-functionalized surfaces. All the evidence 

points to the unique role of PTS surface chemistry: dictating the orientation of (002) to 

be specifically perpendicular to the surface. A possible explanation is that the ACM 

molecules are aligned favorably with their phenyl rings approximately parallel to the 

phenyl ring planes of PTS, when reaching a stable state of propagation or 

crystallization. This hypothesis is further supported by the GADDS results from ex 

situ characterization of seven positions of the seeded sample. We demonstrated that as 

the crystals grow away from the seeded end, the PTS surface orients the (002) planes 

of ACM Form II from slightly out-of-plane at the seeding end to a totally 

perpendicular orientation (Figure 2.18). If we consider two competing factors for 

controlling the crystallographic orientation, specifically the seeding event, and the 

other the PTS surface chemistry, our results suggest that the former factor initially 

dominates and, then PTS-surface takes over during the propagation of the crystals. 

 

Figure 2.18 Proposed (002) plane orientation at different positions of the fully-grown 

crystal (based on data from Fig. 2.11), showing that the PTS surface redirects the first 

occurring planes from slightly tilted (with major component parallel to the substrate) 

to a perpendicular orientation relative to the substrate.  
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2.5.3 Growth of Form I from water solution by spontaneous nucleation: Possible 

structural transformation in early stages 

 ACM Form I crystallized on PTS spontaneously using water as the solvent. 

Although the droplet did not crystallize by intentionally introducing foreign matter, we 

are cautious to use the word ‘homogeneous’ nucleation since we are unable to tell if 

the crystal nucleated in the bulk of the droplet or at the interface with the air or with 

the substrate. 

In contrast to ACM Form II from water/dioxane solution by seeded nucleation, 

the early stages recorded for the crystallization of Form I might include the nucleation 

stages. Two data sets acquired under the exact same conditions showed similar q-

shifting range and time scale of the earliest occurring peak (Figs. 2.15-2.17). While the 

direction in which q shifted is different between the two experiment, the similar 

behavior between the two independent data sets suggests the unusual shifting in q 

direction was related to the nucleation stages of Form I under the specific condition. 

The unique q-shifting behavior, compared to other early occurring peaks in the first 

data set (Fig. 2.16), supports a structural transformation over simple rotation of 

nucleus in early time points. To further test this hypothesis, we checked the q value of 

the first occurring peak frame by frame. Within this q range (from q = 2.07, 2.09 to 

2.12 Å -1), we identified four planes with high index numbers according to the 

Cambridge Crystallographic Data Centre (CCDC) reference20 for ACM Form I, as 

shown in Table 2.4. From the same source, we knew the parameters of ACM Form I 

crystals (a = 12.934 Å, b = 9.401 Å, c = 7.102 Å, α = 90°, β = 115.92°, γ = 90°).  The 

smallest intersection angle between any two planes derived from the Equation. 2.1 was 
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35.4° between (130) & (320). If a simple rotation would be responsible for q-shifting 

of the first occurring peak, it would be very unlikely to rotate such a relatively large 

angle within three seconds. The analysis therefore further supports a structural 

transformation, for example, that Form I begins as a loose nucleus, i.e., relatively large 

distances between two planes, then the nucleus becomes more compact as it grows, 

thus the d-spacing becomes smaller, i.e., larger q. 
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Table 2.4 Planes in the experimental q range from ref. 20 

h k l q (Å-1) d (Å) Intensity 

4 1 -1 2.0558 3.056 7.421 

1 3 0 2.0768 3.025 0.565 

0 1 2 2.0780 3.023 1.081 

3 2 0 2.1008 2.991 1.360 

 

cos𝛷 =
𝑑1𝑑2

sin2𝛽
[
ℎ1ℎ2

𝑎2
+

𝑘1𝑘2 sin
2𝛽

𝑏2
+

𝑙1𝑙2

𝑐2
−

(𝑙1ℎ2+𝑙2ℎ1) cos𝛽

𝑎𝑐
]           Eq. 2.1 

 

In addition to the similarities between the two data sets, the differences are also 

noteworthy. In contrast to the first data set, where the q shifts to larger values, in the 

second data set, the initial peak shifts towards smaller q and then disappears. Another 

difference between the two data sets was that in the second data set, the out-of-plane 

(110) appeared as a strong reflex at around 1s and became the dominant peak at 2s. 

This observation is consistent with the crystals were growing along the (110) axis, i.e. 

the (110) crystal planes were aligned parallel to the substrate while growing. Such 

preferential out-of-plane growth at early stages is common in small organic molecule 

crystals43. Since the microbeam used in this work was 500 µm in width and only 100 

μm in height, one possible explanation for this observation is that the crystal nucleated 

outside of the beam volume before coming into the beam path and landing on 

substrate, at which point the out-of-plane (110) direction starting to grow rapidly. This 

scenario, however, does not explain why the first occurring peak was shifting towards 

smaller q direction.  Further experiments are required to gather additional repetitions 

to support these proposed mechanisms. For the first data set, however, the 

preferentially early out-of-plane peak was instead (001), and it occurred later than 2s. 
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The supersaturation was not strictly controlled in our experiments, which may lead to 

the variation in the early out-of-plane peak between two data sets.  

 

2.6 Conclusion 

Previous work with the model compound acetaminophen (ACM) has 

established that both self-assembled monolayer (SAM) surface chemistry and solvent 

conditions work together to control crystal polymorph, and that for a given solvent, 

surface chemistry dictates crystal orientation.  

Building on previous work and introducing in situ wide-angle X-ray scattering 

(WAXS) capabilities at Cornell’s High Energy Synchrotron Source (CHESS), we have 

gained first insights into the early stages of crystallization.  

Through experiments of seeded nucleation of ACM Form II in water/dioxane 

on PTS, and subsequent recording of in situ diffraction patterns at different vertical 

beam positions along the film normal, i.e. ‘bottom’ versus ‘middle’, we demonstrated 

that crystals were more susceptible to the substrate at the substrate-solution interface 

than in the bulk. The observed crystallographic orientation, (002) perpendicular to the 

substrate, matched the results of droplet experiments on PTS, whose role in directing a 

preferred orientation was strengthened by the result of single droplet crystallization on 

bare wafer. Furthermore, from ex situ characterization of the seeded sample studied in 

situ at CHESS and using the general area detector diffraction system (GADDS), we 

determined that as the crystals grow away from the seeded end, the PTS surface 

redirects (002) planes of ACM Form II first oriented slightly out-of-plane of the film 

at the seeded crystal end to a totally in-plane direction. Compared with results of (002) 
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orientation of Form II crystals on other substrates (i.e. MUOH, bare silicon wafer), the 

evolution of (002) suggests that as the crystals grow away from the original seed, the 

PTS surface chemistry is taking over in controlling crystal growth along the long-axis 

of the elongated ACM dioxane/water film by redirecting (002) orientations at the 

substrate-solution interface at the earliest stages of crystal formation. 

At the earliest time points of spontaneous nucleation of ACM Form I in water, 

we identified the first peak occurring in the in situ diffraction patterns. The earliest-

occurring peak shifts through three reflexes towards larger scattering vector, q. Other 

peaks do not show shifts in q during the same time period. This observation suggests 

possible reorganization/restructuring of the crystals at the earliest detectable moments 

of formation. Crystallographic analysis of the earliest time points of crystal formation 

indicated for planes in a range of q values similar to experimental results, the angle of 

any two of them was very unlikely for a nucleus to rotate in 2.7s. Taken together, our 

results are consistent with structural transformations (versus simple rotations) 

occurring during the earliest crystal formation stages. We have acquired a second data 

set on a different sample under the same conditions as of the first one. The details (i.e., 

shifting time, disappearance of the peak) vary in terms of the direction of the shifts of 

the first occurring diffraction signals observed in two data sets. Regardless of the 

differences, the similarities in shifting q range and time scale in both data sets 

corroborate the hypothesis of structural transformations in the early formation stages 

of ACM Form I crystals. These results remain to be quantitatively understood, for 

probable early formation pathways of Form I crystals. 
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The data we collected was significant because it allows us to fundamentally 

understand the pathways in crystal formation of ACM, and thus may ultimately help 

provide guidelines for better control of polymorphs, by adding to our understanding of 

substrate-solvent-crystal interactions. 
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Chapter 3. Conclusion and future work 

 

3.1 Conclusion 

Understanding and control of crystallographic polymorphism and crystal habit 

of organic compounds is scientifically and technologically important to several 

industries. This thesis aimed to develop a fundamental understanding of early crystal 

formation pathways and mechanisms by applying in situ diffraction methods, adding 

to current knowledge of polymorph selection and crystallographic orientation 

determination. Such a scientific understanding will hopefully provide valuable insight 

for industries working to control and predict polymorphism. We have worked with a 

pharmaceutical compound, acetaminophen (ACM), as our model system. To introduce 

the variations of surface chemistry for crystallization, we have used the arrays of self-

assembled monolayers (SAMs) from alkanethiols on gold to silanes on silicon with 

different functional groups. First results show that the solvent for ACM solvent and 

substrate work in concert to control crystal polymorph, and that for a given solvent, 

surface chemistry determine orientations for Form II from same solution. From then, 

we have studied the early formation stages of Form I and II crystallization events by 

means of time-resolved, in situ wide-angle x-ray scattering (WAXS) at Cornell’s High 

Energy Synchrotron Source (CHESS). Using seeded crystallization events of Form II, 

we verified that crystallization was more controlled at the substrate-solution interface 

than in the bulk above by the PTS chemistry, and hypothesized that surface chemistry 

took control of the crystallization by directing the (002) planes from slightly out-of-

plane to totally perpendicular orientation while the crystals propagated. Studying 
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spontaneous crystallization events of Form I in a droplet, we identified unusual shifts 

along scattering vector, q, of isolated scattering peaks at the earliest time points of 

crystal nucleation and growth, the crystallographic analysis and other independent 

dataset suggested possible structural transformations at early stages. 

 

3.2 Future work 

This thesis opens the way to carry in situ studies of ACM crystallization on 

other SAMs-functionalized surfaces and with other solutions studied earlier, which 

may provide an even more enriched understanding of substrate roles and early stages 

in crystal formation. The detailed insights into the earliest stages of crystal formation 

and polymorph selection may subsequently enable utilization of computational 

materials science methods to fully understand these observations. 

Furthermore, since the methodologies worked out in our studies to date have 

been effective, we plan to extend our work to other model compounds. The candidates 

include ROY1-6, glycine7-9 and carbamazepine (CBZ)3, 10-13. While glycine is not 

exactly a pharmaceutical compound, it has been studied as model compound for 

relative straightforward polymorphism8. Among its three crystal polymorphs, γ-

glycine is the most stable form, while α-glycine can form spontaneously from solution, 

and β-glycine is least stable9. Carbamazepine is an anticonvulsant API, usually used 

for treatment of bipolar state. Three out of five CBZ polymorphic modifications 

(forms I, II, and III) are most studied, and form III is most stable at room 

temperature10.  
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For the future work of applying our methodology to other model compounds, it 

is important to take both the solvent effect and surface chemistry into consideration 

when designing the experiments. Since the substrate-solvent-crystal interactions may 

be case dependent. For example, the driving force for dimerization of CBZ molecules 

in solution varies between different solvent choices, leading to completely different 

dimer structures, on the pathway to crystal nucleation11. SAMs can interact strongly at 

the molecular level with pharmaceutical compounds. Two different polymorphs (form 

I and III) of CBZ can be obtained depending on the tail groups of SAMs12.  

Finally, in future work, supersaturation level needs to be better controlled since 

it has a large influence on polymorphism, e.g., in a narrow supersaturation window, 

different polymorphs may occur in the case of glycine14. In the droplet and seeded 

nucleation studies reported in this thesis, the supersaturation is continuously evolving 

over the course of the experiment due to evaporation. In future experiments, an 

experimental set-up should be designed that allows for crystallization to occur within a 

sealed environment to prevent large concentration changes during the course of the 

experiment. 
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