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ABSTRACT 

Crystal engineering, as a rapidly growing and developing research field, aims at 

design and synthesis of new solids with desired physical and chemical properties via 

reliable intermolecular interactions such as hydrogen bonds, halogen bonds, π‧‧‧π 

staking, and coordination bonds.  

We have applied crystal engineering strategies to the design and synthesis of 

bipyridine based pharmaceutical co-crystals where we confirm that the supramolecular 

hydrogen-bond synthon behaviour of the selected NSAIDs is reliable, regardless of 

minor changes to bipyridine co-formers. A rarity of motif in acid-bipyridine co-crystals 

was reported, where we observed the expected COOH···N synthon breakdown and 

formation of a pyridyl dimer. Also, a unique robust supramolecular complex of 

diclofenac was synthesized and can be used for crystal-to-crystal solvent exchange 

while maintaining crystallinity. We have also applied principles of crystal engineering 

to the predictions in co-crystals of acetazolamide (ACZ) and co-crystal formers (CCFs) 

containing either only aromatic nitrogen acceptor sites or both acceptor and donor 

moieties. The pKa values, basicity of CCFs, and geometric complementarity all play a 

crucial role in predicting synthon formation in ACZ co-crystals. We demonstrate a 

behavior rarely observed in co-crystal ACZ‧BPP, where 1,3-di(4-pyridyl)propane (BPP) 

as a CCF engages with ACZ at both the sulfonamide and amide donor sites. 

We utilize co-crystallization strategies to synthesize salts of trimethoprim 

(TMP) and monopyridines. All salts exhibit higher aqueous solubility than TMP. 

Specifically, two salts are ten times more soluble than TMP. One salt-hydrate is 

promising as CCF nicotinic acid (NA) is on the GRAS list and the solid exhibits high 

aqueous solubility, good thermal stability, and good stability under ambient conditions. 

This dissertation will also focus on the design and synthesis of polymer materials that 

can bind and remove micropollutants from water. We synthesized both linear and cross-

linked polymers including both hydrophobic and hydrophilic polymers. Concentration 

of micropollutants such as propranolol-HCl (PPL-HCl) and 2-naphthol (2NO) 
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successfully decrease by varying degrees from water after binding over a time frame of 

1-4 h.  
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CHAPTER I 

INTRODUCTION  

1.1 Supramolecular chemistry 

Supramolecular chemistry, defined as “chemistry beyond the molecule”, was 

initialized by three Nobel Prize winners Jean-Marie Lehn,1 Donald James Cram,2 and 

Charles John Pedersen3 in the 1960s. Supramolecular chemistry relies on various non-

covalent interactions such as hydrogen bonding,4-6 halogen bonding,7-9 π‧‧‧π staking,10, 

11 coordination bonds,6, 12 host-guest interactions,13-15 and van der Waals interactions16, 

17 of different strengths among at least two small molecules to design and create self-

assembled structures (Scheme 1.1). The most striking examples of supramolecular 

chemistry are provided by nature: DNA structure, enzyme–substrate complex, and 

protein–protein interactions. 

 

Scheme 1.1 Synthetic approach of molecular and supramolecular chemistry. 

A hydrogen bond is an electrostatic interaction between a hydrogen (H) atom 

that is covalently bound to an electronegative atom (hydrogen bond donor) and a second 
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highly electronegative atom (hydrogen bond acceptor).18 Hydrogen bonds are 

represented as X-H···Y-Z system, where X-H represents hydrogen bond donor, Y-Z 

represents hydrogen bond acceptor, and the dots represent the hydrogen bond.19 

Hydrogen bonds can be intramolecular or intermolecular depending on if they are within 

one molecule or between two molecules. Typically, the length of hydrogen bonds is 

from 1.60 Å to 4.00 Å with the strengths range from 5 kJ/mol to 30 kJ/mol.19 Dimer 

formation between carboxylic acids or amides is two of the most common hydrogen 

bond motifs (Figure 1.1 a). 

 

Figure 1.1 Types of non-covalent interactions: (a) hydrogen bonding, (b) halogen 

bonding, and (c) π-π stacking. 

Akin to hydrogen bonds, halogen bonds also play an important role in non-

covalent interactions. Halogen bonds are attractive interactions occurring when an 

electrophilic halogen (i.e. I, Br, Cl) and an atom possessing a lone pair of electrons (i.e. 

N, O, S) form complexes20 (Figure 1.1 b). In compounds containing C-X(halogen) bond, 

the positive potential region with lower electron density (the so-called σ-hole) attracts a 

region of higher electron density, which generates halogen bonding ability.21 Halogen 

bonds exhibit strengths on the order of 10 kJ/mol22 to 150 kJ/mol23 depending on the 
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interacting partners. Because the positive character of σ-holes increases with the 

polarizability and decreases with the electronegativity of the halogen atom, iodine (I) 

atom has the highest donor ability while fluorine (F) atom has the poorest donor ability 

(I > Br > Cl > F).24, 25 

Intermolecular π-π stacking forces or π-π interactions describe the attractive 

interactions between neighboring aromatic rings.26 The aromatic rings can exist either a 

face-to-face or edge-to-face geometry.26 In detail, five possible aromatic stacking 

arrangements can be exhibited between the rings: parallel face centered, parallel offset, 

perpendicular t-shaped, perpendicular y-shaped, and parallel offset for toluene (Figure 

1.1 c).26 However, not all stacking arrangements are favorable. In fact, for aromatics 

exhibiting same electronics (i.e. both are electron poor or both electron rich), offset π-π 

stacking or edge-to-face stacking is favored due to the overlap between the positive σ-

framework and negative π-electron cloud.16 On the contrary, because of repulsion forces 

between negatively charged π-electron clouds, face-to-face π-π stacking is disfavored.16 

For aromatics exhibiting different electronics (i.e. one is electron poor, the other is 

electron rich), face-to-face π-π stacking is more favored than offset π-π stacking or edge-

to-face stacking.26 

Host-guest interactions involve two molecules or materials that can form 

complexes (i.e. host–guest complexes) via unique structural relationships and non-

covalent interactions. 27, 28 Generally, a host–guest interaction is weak.27 Macrocycles 

such as cyclodextrins,29-31 crown ethers,32-34 porphyrins,35-37 pillararenes,38-40 

cucurbiturils,41-43 and calixarenes44, 45 are  well-studied hosts that act as receptors for 

appropriately selected guests in supramolecular chemistry.27 Properties of hosts 

including binding affinity or selectivity for a given guest can be be modified with the 

addition of functional groups.27 Properties of guests (especially, drugs) including 

solubility and stability can be enhanced via encapsulation into a suitable host cavity.46  

The term “synthon” was introduced by Corey in 1967 with the definition 

“structural units within molecules which can be formed and/or assembled by known or 

conceivable synthetic operations”.47 Supramolecular synthon is, proposed by Gautam 
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R. Desiraju, a building block (i.e. repeating structural pattern) that incorporates both 

chemical and geometrical recognition features of molecular fragments, namely, both 

explicit and implicit involvement of intermolecular interactions.19 Supramolecular 

synthons exist in two types: supramolecular homosynthons and supramolecular 

heterosynthons (Scheme 1.2).48 Supramolecular homosynthons comprise identical 

complementary functional groups, also referred to as self-association motifs. 

Representatives are carboxylic acid dimers49 and amide dimers50 (Scheme 1.2a,b).  

Supramolecular heterosynthons, on the other hand, comprise different but 

complementary functional groups such as acid-amide,51 acid-aromatic nitrogen,52 and 

hydroxyl aromatic nitrogen53 (Scheme 1.2c-e). 

 

Scheme 1.2 (a, b) Supramolecular homosynthons and (c, d, and e) supramolecular 

heterosynthons. 

1.2 Crystal engineering 

Crystal engineering, traditionally attributed to R. Pepinsky in 1955,54 but more 

generally associated with G. M. J. Schmidt,55 is the design and synthesis of functional 

molecular solids with specific physical and chemical properties based on the 

understanding intermolecular interactions.56 On the basis of the topochemical principle, 

G. M. J. Schmidt correlated the solid-state reactivity of a large number of 

photodimerizable compounds with their crystal structures.55 

Over the following years after Schmidt’s discovery, crystal engineering 

strategies were developed by G. Wegner57 and V. Enkelmann58 who investigated 

diacetylene polymerization in 1969 and 1977. Iain C. Paul studied thermally induced 

organic reactions in the solid state in 1972,59 and David Y. Curtin studied chemical 
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consequences of the polar axis in organic solid-state chemistry in 1981.60 Further studies 

in crystal engineering involved halogen bond by Jagarlapudi A. R. P. Sarma and Gautam 

R. Desiraju in 1986,61 hydrogen bond by M. C. Etter in 1987 and 1990,62, 63 aromatic 

stacking by Gautam R. Desiraju and A. Gavezzotti  in 1989,10 and molecular crystals, 

metal−organic coordination compounds by Richard Robson in 1990.64 Gautam R. 

Desiraju 1989 book entitled “Crystal engineering: The design of organic solids” 

described organic crystal structures are the most significant due to their abilities to form 

crystal structures that can be engineered in a systematic manner.65 In his book, the 

definition of crystal engineering given by Gautam R. Desiraju “crystal engineering is 

the understanding of intermolecular interactions in the context of crystal packing and in 

the utilization of such understanding in the design of new solids with desired physical 

and chemical properties” is still accurate today.65  

Akin to its classical organic chemistry, crystal engineering consists of two main 

components, analysis and synthesis.66  Analysis describes intermolecular interactions 

and methodology.66 As discussed in 1.1 supramolecular chemistry, intermolecular 

interactions include hydrogen bonding,4-6 halogen bonding,7-9 π‧‧‧π staking,10, 11 

coordination bonds,6, 12 host-guest interactions,13-15 van der Waals interactions16, 17, etc. 

Methodology comprises the exhaustive analysis of a group of related crystal 

structures.66 The goal of methodology is to identify desired robust substructural units 

for future design.66 Synthesis, on the other hand, means synthetic strategies using 

supramolecular synthons as a primary tool to design and synthesize desired target crystal 

molecules.66 Due to the resemblance to classical organic synthesis, synthesis of crystal 

engineering can also be accomplished by retrosynthesis (Figure 1.2). The retrosynthetic 

analysis may yield a lattice comprising one, two, or three or more distinct molecules. 
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Figure 1.2 Straightforward retrosynthesis for a crystal lattice constructed of: (a) one 

molecule, (b) two molecules, and (c) three molecules. 

Co-crystallization, the process of combining at least two molecular and/or ionic 

compounds in a definite stoichiometric ratio67, 68 to generate a unique multi-component 

solid, has recently emerged as a powerful crystal engineering approach to alter solid-

state packing69, 70 and bulk properties71, 72 of the individual compounds that make up the 

co-crystal.67, 68, 73 For example, thermal expansion, the response of a material to changes 

in temperature, can be affected by co-crystallization,74, 75 and molecular motion 

capability plays a significant role in controlling thermal expansion within mixed co-

crystals.76 

1.3 Applications of crystal engineering 

1.3.1 Pharmaceutical co-crystals 

Pharmaceutical co-crystallization has been attempted to enhance pharmaceutical 

stability,77-80 solubility/bioavailability,81-86 and mechanical properties70, 87, 88 given the 

high intrinsic value of active pharmaceutical ingredients (APIs). Specifically, Jia-Mei 

Chen reported the improved stability, dissolution, and tabletability in a drug−drug co-
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crystal involving temozolomide and hesperetin in 2021.89 Temozolomide is used in the 

treatment of malignant gliomas90, 91 and hesperetin which is used as antioxidant, 

anticarcinogenic, anti-inflammatory, antibacterial, antiallergic, and antitumor 

activities92-94. In 2022, Chenxin Duan et al. reported two novel co-crystals involving 

Palbociclib and resorcinol or orcinol with enhanced solubility and dissolution rate by 

evaporation co-crystallization (Figure 1.3).95 Palbociclib is an antitumor drug for the 

treatment of hormone receptor positive and human epidermal growth factor receptor 2 

negative breast cancer.96  

 

Figure 1.3 Enhanced solubility and dissolution rate for Palbociclib-resorcinol and 

Palbociclib-orcinol co-crystals. (Adapted from 96, © Pharmaceutics, 2022) 
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1.3.2 Porous framework materials 

Porous framework materials including metal-organic frameworks (MOFs), 

zeolitic-imidazolate frameworks (ZIFs), covalent-organic frameworks (COFs), and 

hydrogen-bonded frameworks (HOFs) are highly used for gas storage and separation,97, 

98 sensing,97, 99 drug delivery,100-102 solvent uptake,103-106 and catalysis.106, 107 Especially, 

MOFs have become one of the most studied areas of chemistry and materials science in 

last few decades. For example, a series of MOFs were designed and synthesized using 

open metal sites, Lewis basic sites, or polar functionalities.108 The MOFs were found to 

exhibit ultrahigh surface area and can regulate CO2 capture performance while 

maintaining their crystallinity, stability, and porosity (Figure 1.4).108 In 2013, Ronald R. 

Chance et al. reported ZIF-8, ZIF-71 and ZIF-90 that can be used for alcohol (methanol, 

ethanol, 1-propanol, 2-propanol and 1-butanol) and water adsorption.109  

 
Figure 1.4 Ideal alcohol/water sorption selectivity in ZIF-90 at 308K. (Adapted from 

109, © Royal Society of Chemistry, 2013) 

1.3.3 Chiral resolution 

Since great quantities of active pharmaceutical ingredients (API) are chiral and 

only one enantiomer exhibits biological activity in many situations,110 chiral resolution 

has become a vital step in the biomedical and pharmaceutical production for separation 

of chiral drug candidates from racemic mixtures.111, 112 The technique for the separation 

of two enantiomers via diastereomeric salt formation has been used in industry.113 This 
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technique is more economical but only applicable to such compounds that are easily 

transformed into salts. As another commonly utilized technique in industry, chiral 

chromatography includes capillary electrophoresis (CE), high-performance liquid 

chromatography (HPLC), gas chromatography (GC), thin-layer chromatography (TLC), 

capillary electrochromatography (CEC), etc.114, 115 Chiral chromatography can apply to 

those compounds that do not easily to form salts but is expensive and not environmental 

friendly. 

In this context, a novel technique of chiral resolution via enantiospecific co-

crystallization in solution was described by Géraldine Springuel and Tom Leyssens in 

2012.116 Specifically, the added chiral resolving agent, S-mandelic acid, co-crystallizes 

with only S-2-(2-oxopyrrolidin-1-yl)butanamide and does not form a co-crystal with R-

2-(2-oxopyrrolidin-1-yl)butanamide.116 This technique is both economical and 

environmental and can be applied to compounds that do not readily form salts.116 

Enlightened by them, in our group, co-crystallization of two racemic mixtures and ten 

chiral resolving agents via both slow evaporation and mechanochemistry methods were 

studied.  

1.4 Dissertation overview 

This dissertation will focus on design and synthesis of functional materials 

including both crystal materials and polymer materials through principles of crystal 

engineering. Meanwhile, this dissertation will also focus on pharmaceuticals physical 

property enhancement by incorporating a second or third component into the 

pharmaceuticals crystal lattice to help with physical property enhancement (i.e. 

solubility, dissolution rate, and stability). In addition, hydrogen-bond synthon 

preferences in co-crystals of acetazolamide based on pKa values, basicity, and geometric 

complementarity will be discussed in this dissertation. 

Chapter II will focus on co-crystallization of three nonsteroidal anti-

inflammatory drugs (NSAIDs) - S-naproxen (NPX), mefenamic acid (MA), and 

diclofenac (DFC), two other drugs - gemfibrozil (GEM) and aceclofenac (AFC), and 

one non-drug bisphenol A (BPA). These NSAIDs along with GEM and BPA are 
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utilized daily worldwide and found in wastewater at concentrations that are higher than 

the predicted no-effect concentration.117, 118 AFC has potential to be present because of 

its similar structure to diclofenac, which is quite persistent in the environment.117, 119-121 

We characterized the hydrogen-bond synthon behaviour of the above pharmaceutical 

contaminants in co-crystals with a series of bipyridine molecules as co-formers. We 

concluded, based on the co-crystal structures, that the supramolecular synthon 

behaviour of these six molecules is reliable, regardless of minor changes to bipyridine 

co-formers. A rare case of COO-H···N(pyridine) synthon breakdown in a co-crystal 

with MA was reported. Also, a unique supramolecular complex of diclofenac, 

DFC‧4,4'-AP, that has robust structure and can be used for crystal-to-crystal solvent 

exchange will be introduced in this chapter. Furthermore, we applied a “green” method 

to the synthesis of DFC‧4,4'-AP by using ball milling in the presence of minimal solvent. 

Chapter III involves hydrogen-bond synthon predictions in co-crystals of 

acetazolamide (ACZ). Here, we describe a series of co-crystals incorporating ACZ and 

co-crystal formers (CCFs) containing only aromatic nitrogen acceptor sites as well as 

two additional CCFs containing both acceptor and donor moieties. More basic CCFs 

tend to bond with ACZ at its amide site, while less basic CCFs bond at the sulfonamide 

site of ACZ. Interestingly and surprisingly, we demonstrate a behavior rarely observed 

in ACZ co-crystals, 1,3-di(4-pyridyl)propane (BPP) as a CCF in co-crystal ACZ‧BPP 

engages with ACZ at both the sulfonamide and amide donor sites. In addition, 

geometric complementarity is another method for predicting hydrogen-bond synthon 

formation in ACZ co-crystals. 

Chapter IV will encompass co-crystallization of trimethoprim (TMP) and 

solubility enhancement via salt formation. Three salts of TMP and two monopyridines 

along with water or solvent molecules were yielded via hydrogen bonds. Moreover, the 

three synthesized salts exhibit considerably higher aqueous solubility than TMP. Two 

salts TMP·NA·H2O and TMP·NA·EtOH include nicotinic acid (NA) which is a drug 

on the Generally Recognized as Safe (GRAS) list, making both promising as ionic 

pharmaceutical co-crystals. The salt-hydrate TMP·NA·H2O is most promising as it also 
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exhibits good thermal stability and good stability under ambient conditions besides high 

aqueous solubility. Finally, the salt-solvate TMP·NA·EtOH was successfully 

synthesized using mechanochemistry methods. 

Chapter V will concentrate on the design and synthesis of polymers that can bind 

and remove micropollutants (i.e. disinfectants, pharmaceuticals, detergents, personal 

care products, pesticides, and biocides)122 from water. Here, we report both linear and 

cross-linked polymers that are hydrophobic or hydrophilic. The hydrophilic polymers 

are capable of binding propranolol-HCl (PPL-HCl) and 2-naphthol (2NO) from water 

solutions. The amount of pyridine functional groups in the polymer plays a vital role in 

binding abilities. Overall, higher synthetic feeds of 4-vinyl pyridine (4-VP) yield 

improved binding abilities for the polymers. The concentrations of PPL-HCl and 2NO 

water solution decreased by approximately 20-40% and 60-88% over a time frame of 

1-4 h, respectively. In general, these polymer adsorbents exhibit the promise of the 

removal of micropollutants from aquatic environment. 

Chapter VI will be focused on the conclusions and future work. As the 

supramolecular synthons between the micropollutant molecules and pyridine-based 

molecules are reliable, polymers in my research can be used for micropollutant 

remediation since they can bind and remove micropollutants from water solutions via 

the reliable supramolecular hydrogen bond synthons. Also, co-crystallization has been 

used as a method to alter the bulk properties of the individual components that make up 

a co-crystal. Based on the reliability of supramolecular synthon study, new types of 

polymers with more hydrophilicity and binding ability are being synthesized. Another 

study aiming to enhance aqueous solubility of biopharmaceutics classification system 

(BCS) II and IV drugs is also ongoing. 
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CHAPTER II 

CO-CRYSTALLIZATION OF MICROPOLLUTANTS IN 

WASTEWATER  

Chapter II will encompass the co-crystallization of micropollutants in 

wastewater including five non-steroidal anti-inflammatory drugs (NSAIDS) and one 

plastic additive with different bipyridine co-crystal formers (CCFs) and will include 

work from three publications. The first is adapted with permission from Crystal 

Engineering Communications [Qixuan Zheng, Samantha L. Rood, Daniel K. Unruh, 

and Kristin M. Hutchins, Co-crystallization of anti-inflammatory pharmaceutical 

contaminants and rare carboxylic acid-pyridine supramolecular synthon breakdown. 

CrystEngComm, 2018, 20, 6377-6381]. Copyright 2018, Royal Society of Chemistry. 

The second from Chemical Communications [Qixuan Zheng, Samantha L. Rood, Daniel 

K. Unruh, and Kristin M. Hutchins, Unique supramolecular complex of diclofenac: 

structural robustness, crystal-to-crystal solvent exchange, and mechanochemical 

synthesis. ChemComm. 2019, 55, 7639-7642] is reproduced by permission of Royal 

Society of Chemistry. Copyright 2019, Royal Society of Chemistry. The third is adapted 

with permission from Crystal Growth & Design [Qixuan Zheng, Daniel K. Unruh, and 

Kristin M. Hutchins, Co-crystallization of micropollutants: gemfibrozil, aceclofenac, 

and bisphenol A. Cryst. Growth Des., 2022, doi: 10.1021/acs.cgd.1c01291]. Copyright 

2022, American Chemical Society. 

2.1 Introduction  

Crystal engineering is an emerging area of research aiming at designing and 

synthesizing solid-state structures with desirable physical and chemical properties using 

reliable intermolecular interactions.56 Applications in the fields include but not limited 

to pharmaceutics,123, 124 gas storage,125-127 semiconductors,128-130 and porous 

materials.131-133 Specifically, co-crystallization is the process of combining at least two 

compounds in a definite stoichiometric ratio to yield a unique multi-component solid.68 

The frequent consumption of pharmaceuticals such as S-naproxen (NPX), mefenamic 

acid (MA), diclofenac (DFC), gemfibrozil (GEM), and aceclofenac (AFC) as well as 

https://doi.org/10.1021/acs.cgd.1c01291
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a well-known an intermediate in the production of polycarbonates and epoxy resins 

bisphenol A (BPA) has caused higher concentration of drugs found in wastewater than 

the predicted no effect concentration.117, 118 Removal of these micropollutants from 

wastewater can be challenging.120 In this context, we were interested in investigating 

the reliability of the synthon behaviour of such drugs in the presence of a second 

molecule (i.e. co-crystal). Once the synthon behaviour is reliable, in theory, a robust 

material134-136 such as a polymer could be synthesized by incorporating functional 

groups that form reliable and predictable bonds with the drugs to remove contaminants 

from wastewater. 

Therefore, we desired to characterize the behaviour of NPX, MA, DFC, GEM, 

AFC, and BPA in the presence of a series of hydrogen-bond-acceptor bipyridine 

molecules to determine if the supramolecular hydrogen-bond synthon behaviour of 

these NSAIDs is reliable, disregarding minor changes to the second component.  

2.2 Co-crystallization of anti-inflammatory pharmaceutical contaminants 
and rare carboxylic acid-pyridine supramolecular synthon breakdown 

2.2.1 Introduction 

Co-crystallization,73, 137 the process of combining at least two compounds to 

generate a unique multi-component solid, has been used to alter solid state packing69 

and bulk properties71, 72 of the individual compounds that make up the co-crystal. The 

components of the co-crystal are designed to associate with each other through reliable 

supramolecular synthons,19 which are structural units that can be assembled using 

known operations.47 In crystal engineering, these synthons are typically based on 

noncovalent interactions such as hydrogen or halogen bonds, π-interactions, or van der 

Waals forces. Reliability of these synthons138, 139 is imperative for designing and 

constructing crystalline materials with desired properties. 

The pharmaceuticals (S)-(+)-2-(6-methoxy-2-naphthyl)propionic acid 

(naproxen, NPX) and 2-(2,3-dimethylphenyl)aminobenzoic acid (mefenamic acid, MA) 

(Scheme 2.1a) are nonsteroidal anti-inflammatory drugs (NSAIDs) used to treat mild to 

moderate pain. NPX is marketed under the trade name Aleve, and mefenamic acid is 
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sold under several trade names. Both pharmaceuticals are utilized daily worldwide. The 

frequent usage of these pharmaceuticals has led to both drugs being found in wastewater 

at concentrations higher than the predicted no effect concentration,117, 118 and their 

removal can be challenging.120 NSAIDs NPX and MA both contain a carboxylic acid 

functional group, and although the drugs have been well-studied,140, 141 investigations 

into the synthon behaviour of these drugs in the presence of a second molecule (i.e. co-

crystal) is less studied.142-144 We, thus, sought to characterize the behaviour of NPX and 

MA in the presence of a series of hydrogen-bond-acceptor molecules to determine if the 

supramolecular synthon behaviour of these NSAIDs is reliable, regardless of minor 

changes to the second component. Functional groups that form reliable and predictable 

bonds with the drugs could be incorporated into a robust material134 (e.g. membranes, 

polymers) for removal of contaminants from wastewater. 
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Scheme 2.1 (a) Expected hydrogen-bond synthon formation in co-crystals of NPX or 

MA with bipyridine-based acceptor molecules (4,4'-BPE, 4,4'-AP, 4,4'-BPEth, 4,4'-

BPP), and (b) supramolecular synthon breakdown in co-crystal MA‧4,4'-BPP. 

We chose to study bipyridines as the acceptor motif because the carboxylic 

acid···pyridine hydrogen-bond synthon is typically reliable,145, 146 and incorporation of 

pyridines into materials is often straightforward. Here, we report the co-crystallizations 

of NPX and MA with four bipyridine hydrogen-bond acceptor molecules (Scheme 

2.1a). While all co-crystals exhibit at least one expected COOH···N hydrogen-bond 

synthon between the drug and bipyridine, we demonstrate a rare case of synthon 

breakdown in a co-crystal involving MA. In the co-crystal, one pyridyl nitrogen of the 

bipyridine does not engage in a hydrogen bond with the acid but forms an unexpected 

pyridine ‘dimer’ motif (Scheme 2.1b). A Cambridge Structural Database (CSD) search 

demonstrates the rarity of this synthon breakdown in bipyridine-carboxylic acid co-
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crystals. To our knowledge, this is the first co-crystal that exhibits the 

COOH···N(pyridine) synthon and a pyridine dimer, which, in combination, support 

formation of a discrete four-component supramolecular assembly. 

2.2.2 Materials and methods 

2.2.2.1 Materials 

Mefenamic acid (MA) and naproxen (NPX) were purchased from Alfa Aesar 

(Ward Hill, MA, USA). 1,2-Bis(4-pyridyl)ethylene (4,4'-BPE) and 4,4'-azopyridine 

(4,4'-AP) were purchased from Sigma-Aldrich Chemical (St. Louis, MO, USA).  1,2-

Bis(4-pyridyl)ethane (4,4'-BPEth) was purchased from Acros Organics (New Jersey, 

USA). 1,3-Bis(4-pyridyl)propane (4,4'-BPP) was purchased from Tokyo Chemical 

Industry (Kita-ku, Tokyo, Japan). Lastly, toluene and acetone were purchased from 

Fisher Scientific (Lenexa, KS, USA). All chemicals and solvents were used as received. 

2.2.2.2 Co-crystallizations 

Co-crystals of NPX‧4,4'-AP were synthesized by dissolving NPX (30 mg, 

0.1303 mmol) and 4,4'-AP (23.99 mg, 0.1302 mmol) in toluene. The solution was 

allowed to evaporate slowly over a period of two days until single crystals were formed 

that were suitable for X-ray diffraction. 

Co-crystals of NPX‧4,4'-BPEth synthesized by dissolving NPX (30 mg, 0.1303 

mmol) and 4,4'-BPEth (23.99 mg, 0.1302 mmol) in toluene. The solution was allowed 

to evaporate slowly over a period of two days until single crystals were formed that 

were suitable for X-ray diffraction. 

Co-crystals of NPX‧4,4'-BPP were synthesized by dissolving NPX (30 mg, 

0.1303 mmol) and 4,4'-BPP (25.83 mg, 0.1303 mmol) in toluene. The solution was 

allowed to evaporate slowly over a period of two days until single crystals were formed 

that were suitable for X-ray diffraction. 

Co-crystals of MA‧4,4'-BPE were synthesized by dissolving MA (40 mg, 0.164 

mmol) and 4,4'-BPE (15 mg, 0.081mmol) in toluene. Slow evaporation of the solution 
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was allowed for a period of 2-3 days until single crystals were formed that were suitable 

for X-ray diffraction. 

Co-crystals of MA‧4,4'-AP were synthesized by dissolving MA (40 mg, 0.164 

mmol) and 4,4'-AP (15.1 mg, 0.082 mmol) in toluene. Slow evaporation of the solution 

was allowed for a period of 2-3 days until single crystals were formed that were suitable 

for X-ray diffraction. 

Co-crystals of MA‧4,4'-BPEth were synthesized by dissolving MA (20 mg, 

0.083 mmol) and 4,4'-BPEth (7.6 mg, 0.041 mmol) in toluene. Slow evaporation of the 

solution was allowed for a period of 2-3 days until single crystals were formed that were 

suitable for X-ray diffraction. 

Co-crystals of MA‧4,4'-BPP were synthesized by dissolving MA (20 mg, 0.082 

mmol) and 4,4'-BPP (8.2 mg, 0.041 mmol) in acetone. Slow evaporation of the solution 

was allowed for a period of 2-3 days until single crystals were formed that were suitable 

for X-ray diffraction. 

2.2.2.3 Single-crystal X-ray diffraction 

X-ray data were collected on a Bruker PLATFORM three circle diffractometer 

equipped with an APEX II CCD detector and operated at 1350 W (45kV, 30 mA) to 

generate (graphite monochromated) Mo Kα radiation (λ = 0.71073 Å). Crystal sample 

and oil were mounted on a MiTiGen cryoloop and kept under a cold nitrogen stream at 

100k for throughout the experiment. Intensity data were corrected for Lorentz, 

polarization, and background effects using the Bruker program APEX 3. A semi-

empirical correction for adsorption was applied using the program SADABS.147 The 

SHELXL-2014,148 series of programs was used for the solution and refinement of the 

crystal structure. Hydrogen atoms bound to carbon, nitrogen, and oxygen atoms were 

located in the difference Fourier map and were geometrically constrained using the 

appropriate AFIX commands. 

2.2.2.4 NMR spectroscopy 

Single crystals from the co-crystallization experiments were removed from the 

vial and dissolved in CDCl3 for NMR experiments. NMR data was collected using a 
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JOEL ECS 400 MHZ Spectrometer with multinuclear, direct and inverse detection 

probes, automatic sample changer, variable temperature, and Z-gradient capabilities. 

The instrument was purchased with funds granted from National Science Foundation 

grant number CHE-1048553 (Figure C1-C7). 

2.2.3 Results and discussion 

The pure S enantiomer of NPX (active form) was used for co-crystallizations, 

and single-crystal X-ray diffraction studies revealed the three co-crystals involving 

pharmaceutical NPX to crystallize in monoclinic, chiral space groups. Co-crystal 

NPX‧4,4'-AP crystallizes in the space group P21, and co-crystals NPX‧4,4'-BPEth and 

NPX‧4,4'-BPP crystallize in the space group C2. We note that co-crystal NPX‧4,4'-

BPE has been previously published by Zaworotko and coworkers,149 and the two 

molecules assemble into three-component hydrogen-bonded assemblies via the 

expected COOH···N hydrogen bond synthons. Zaworotko used an ethanol/methanol 

mixture for the co-crystallization, and we obtained identical co-crystals of NPX‧4,4'-

BPE from toluene. In co-crystals NPX‧4,4'-AP and NPX‧4,4'-BPEth, the components 

crystallize in a 2:1 ratio with two crystallographically unique molecules of NPX and 

one bipyridine in the asymmetric unit. In co-crystal NPX‧4,4'-BPEth, however, the 

crystallographically unique bipyridine corresponds to two different bipyridines (one 

half of each), one that is fully occupied and one that is disordered over two sites (site 

occupancies: 0.72 and 0.28) (Figure 2.1b). 

Co-crystals NPX‧4,4'-AP and NPX‧4,4'-BPEth are sustained by the expected 

COOH ···N hydrogen bonds between the carboxylic acid of NPX and the pyridyl 

nitrogen atoms of the bipyridines [O···N separations (Å) NPX‧4,4'-AP: 2.682(3), 

2.741(3); NPX‧4,4'-BPEth: 2.659(3), 2.680(3)] to generate three-component hydrogen-

bonded assemblies (Figure 2.1a, b). The three-component assemblies further self-

assemble into layered structures that extend in the ac-plane (Figure 2.1c, d). The layers 

in NPX‧4,4'-BPEth are staircase-shaped due to the non-planar nature of 4,4'-BPEth, 

and form by alternating ordered-disordered assemblies. 
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Figure 2.1 X-ray crystal structures highlighting three-component hydrogen-bonded 

assemblies in: (a) NPX‧4,4'-AP, (b) NPX‧4,4'-BPEth, (c) layers in NPX‧4,4'-AP, and 

(d) alternating ordered/disordered layers in NPX‧4,4'-BPEth. Hydrogen bonds shown 

with green dashed lines. 

Bipyridine acceptor 4,4'-BPP comprises three carbon atoms that connect the two 

pyridine rings, unlike acceptors 4,4'-BPE, 4,4'-AP, and 4,4'-BPEth which only contain 

two atoms (either C or N). In co-crystal NPX‧4,4'-BPP, the components crystallize in a 

1:1 ratio with four crystallographically unique molecules of NPX and two unique 

molecules of 4,4'-BPP in the asymmetric unit. The two unique d molecules include one 

full molecule of d (Figure 2.2a, N1 and N2) and two half molecules of 4,4'-BPP (Figure 

2.2a, N3 and N4). The asymmetry in the N1-N2 molecule of 4,4'-BPP arises from the 

conformationally flexible nature of 4,4'-BPP. The bond angle between the propane 

chain and N1 is slightly larger (117.1°) than the angle between the chain and N2 (115.8°) 

(Figure B4). For the N3 and N4 molecules, the analogous angles are identical. 
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The components of NPX‧4,4'-BPP also assemble into three-component 

hydrogen-bonded assemblies via COO-H···N bonds [O···N separations (Å): 2.687(3), 

2.590(3), 2.608(3), 2.623(3)]. Akin to co-crystals NPX‧4,4'-AP and NPX‧4,4'-BPEth, 

the three-component assemblies of NPX‧4,4'-BPP self-assemble into layered structures. 

However, due to the number of crystallographically unique atoms in NPX‧4,4'-BPP, 

the layered structure is somewhat complex. The layers alternate in and ABA’C fashion, 

propagating along the c-axis (Figure 2.2b). Layer A includes bipyridine N1/N2, layer B 

contains bipyridine N3, and layer C includes bipyridine N4. Layer A’ also includes 

bipyridine N1/N2, but it is rotated by 180° compared to layer A. Each layer of 

crystallographically identical three-component assemblies extends along the b-axis. 

 

Figure 2.2 X-ray crystal structures of NPX‧4,4'-BPP: (a) π-stacking of neighbouring 

molecules of NPX highlighting crystallographically unique molecules of NPX and 4,4'-

BPP (blue labels), and (b) alternating layers of three-component assemblies.  

We next turned to study the synthon behaviour and supramolecular structures of 

pharmaceutical MA. Single-crystal X-ray diffraction studies revealed that all four co-

crystals involving MA crystallized in the triclinic, centrosymmetric space group P1̅, 

with two of the four co-crystals being isostructural. The isostructural co-crystals involve 

the bipyridines with unsaturated groups (C=C, N=N) linking the pyridine rings, namely, 

MA‧4,4'-BPE and MA‧4,4'-AP. Co-crystal MA‧4,4'-BPEth is similar to MA‧4,4'-BPE 
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and MA‧4,4'-AP, but the saturated linker (CH2-CH2) results in non-planar packing. The 

components of these three co-crystals crystallize in a 2:1 ratio with one 

crystallographically unique molecule of MA and one half of a bipyridine molecule in 

the asymmetric unit. 

Co-crystals MA‧4,4'-BPE, MA‧4,4'-AP, and MA‧4,4'-BPEth are sustained by 

COO-H···N hydrogen bonds between the carboxylic acid of MA and the pyridyl 

nitrogen atoms of the bipyridines [O···N separations (Å): MA‧4,4'-BPE: 2.643(1); 

MA‧4,4'-AP: 2.684(2); MA‧4,4'-BPEth: 2.612(3)], generating discrete three-

component hydrogen-bonded assemblies (Figure 2.3). An intramolecular hydrogen 

bond between the amine NH and carbonyl oxygen of MA is present in each co-crystal. 

The assemblies in co-crystals MA‧4,4'-BPE, MA‧4,4'-AP, and MA‧4,4'-BPEth self-

assemble into layered structures. In co-crystals MA‧4,4'-BPE and MA‧4,4'-AP, the 

benzoic acid portions of MA lie parallel with the pyridine rings, which interact with 

each other through π-π interactions to support the layered packing [π···π separations 

(Å): MA‧4,4'-BPE: 3.755, MA‧4,4'-AP: 3.808] (Figure 2.3a, b). The non-planar nature 

of bipyridine c, however, gives rise to staircase-shaped assemblies. In MA‧4,4'-BPEth, 

the benzoic acid portion of MA is significantly twisted from planarity with the pyridine 

ring by 44°, thus, the layers interact only through long edge-to-face C-H···π interactions 

(3.950 Å) (Figure 2.3c). 
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Figure 2.3 X-ray crystal structures showing layered three-component hydrogen-bonded 

assemblies in: (a) MA‧4,4'-BPE, (b) MA‧4,4'-AP, and (c) MA‧4,4'-BPEth. Hydrogen 

bonds shown with green dashed lines. 

Akin to bipyridine 4,4'-BPEth, the chain between the pyridines in acceptor 4,4'-

BPP is also saturated and flexible. The components of co-crystal MA‧4,4'-BPP 

crystallize in a 1:1 ratio with one crystallographically unique molecule of each type in 

the asymmetric unit. One pyridyl nitrogen of 4,4'-BPP (N2) engages in a hydrogen bond 

with the carboxylic acid of MA [O···N separation: 2.648(3) Å]. Unexpectedly, the 

COO-H···N hydrogen-bond synthon breaks down for the second pyridyl nitrogen of 

3.755 Å
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4,4'-BPP (N3). Instead of the expected, reliable synthon, a pyridyl ‘dimer’ between 

crystallographically identical pyridine rings forms (Figure 2.4). This motif is 

exceptionally rare. The pyridyl dimer is held together by two C-H···N interactions (3.54 

Å) between N3 and the α-position C-Hs, and the interaction is relatively weak. Together, 

the acid-pyridine synthon and pyridyl dimer assemble MA and d into a discrete four-

component hydrogen-bonded assembly. The assembly is wave shaped due to the non-

planar nature of 4,4'-BPP. These assemblies pack into offset layers that extend along 

the a-axis, propagating in an ABAB fashion (Figure 2.5a). Every other layer is aligned 

and separated by 6.923 Å (Figure 2.5b). 

 

Figure 2.4 X-ray crystal structure of MA‧4,4'-BPP showing four-component hydrogen-

bonded assembly. Hydrogen bonds shown with green dashed lines. 

 

Figure 2.5 X-ray crystal structures showing packing of MA‧4,4'-BPP: (a) layered 

packing and (b) aligned layers with offset layers omitted. Hydrogen atoms in part (a) 

omitted for clarity. 
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To gain insight into the nature of the synthon breakdown, we conducted three 

searches of the CSD.150 The first search included multi-component solids composed of 

bipyridine 4,4'-BPP and yielded 65 published structures. None of the reported structures 

with molecule d exhibited a COOH···N synthon and a pyridyl dimer. The second search 

was broader and included co-crystals composed of bipyridines and mono carboxylic 

acids. The search yielded 358 published structures, and only one co-crystal (of the 358) 

exhibited a COOH···N synthon and a synthon breakdown with close pyridine-pyridine 

contacts at the other pyridyl nitrogen position (Figure B9).151 The pyridine-pyridine 

contacts in the previously reported structure, however, are based on one C-H···N 

interaction between nearby pyridines, whereas co-crystal MA‧4,4'-BPP exhibits two 

aligned C-H···N interactions. Lastly, we used the Crystal Packing Feature tool in 

Mercury to search for cases of unused hydrogen bonding capacity.150 Indeed, there have 

been a few such cases reported for co-crystals of mono carboxylic acids and 

bipyridines.149, 152-157 

The flexibility of bipyridine 4,4'-BPP and crystal packing effects may contribute 

to the observation of this rare motif in co-crystal MA‧4,4'-BPP. To the best of our 

knowledge, MA‧4,4'-BPP was the first example of a co-crystal that exhibits the COO-

H···N(pyridine) synthon and a pyridine dimer, with the two interactions supporting 

formation of a discrete four-component supramolecular assembly. 

2.2.4 Conclusions 

Here, we reported co-crystals and synthon behaviour of the anti-inflammatory 

pharmaceutical contaminants naproxen and mefenamic acid with a series of bipyridines. 

Bipyridine molecules with saturated chains connecting the two rings produced more 

unique layered packing in co-crystals than bipyridines with unsaturated linkers. 

Moreover, while the carboxylic acid-pyridine synthon is typically quite reliable, we 

observed a rare instance of COO-H···N(pyridine) synthon breakdown in a co-crystal 

with mefenamic acid. We are currently exploring alternative ways to synthesize novel 

supramolecular assemblies and architectures, which could give rise to unique properties. 
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2.3 Unique supramolecular complex of diclofenac: structural robustness, 
crystal-to-crystal solvent exchange, and mechanochemical synthesis 

2.3.1 Introduction 

Self-assembly is a powerful tool used for bringing component molecules 

together to construct unique architectures and materials.158 The assembly of such 

molecules into larger structures is often facilitated by supramolecular synthons; 

intermolecular forces known to assemble structural components in a pre-designed 

manner.47 Synthons are frequently used to design and construct multi-component solids 

(e.g., salts, co-crystals), coordination compounds, and polymer–small molecule 

complexes. These materials often exhibit unique properties including recognition, 

sensing, and catalysis,159, 160 especially if there are accessible cavities in the structure. 

Toward the design of materials for recognition and sensing of pharmaceutical 

contaminants, we begun investigating small molecules that form intermolecular, 

noncovalent bonds with such drugs. The pharmaceutical diclofenac (DFC) is a 

nonsteroidal anti-inflammatory drug use to treat pain and inflammatory diseases. DFC 

is sold under numerous trade names and has been found in aquatic environments in 50 

countries worldwide.117, 118, 120, 121 DFC contains a carboxylic acid group, and hydrogen 

bonding is one of the most widely studied and reliable supramolecular synthons.19, 161 

Based on our observed rare instance of carboxylic acid–pyridine (COOH···N) synthon 

breakdown in a co-crystal containing the pharmaceutical contaminant mefenamic 

acid,162 we sought to determine the robustness of similar synthons in co-crystals of 

DFC. 

While three co-crystals of DFC with bipyridine molecules exhibited the 

expected COOH···N hydrogen bond synthons (Scheme 2.2a), we discovered a unique 

co-crystal with DFC and 4,4'-AP wherein the two components unexpectedly assemble 

into a cyclic structure via a combination of strong and weak hydrogen bonds (Scheme 

2.2b). Neighbouring cycles self-assemble into one-dimensional (1D) columns, which 

are occupied by toluene and acetone. The solvent can be removed via heating (> 100 

℃), and, although the bonds are relatively weak, crystallinity is retained. The toluene–

acetone mixture can be exchanged for other solvents in crystal-to-crystal 
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transformations. Finally, we demonstrate the application of mechanochemistry to 

synthesize the complex using only a few drops of solvent. 

 

Scheme 2.2 (a) Expected supramolecular assembly of DFC with bipyridines and (b) 

cyclic supramolecular complex attained in co-crystal of DFC and 4,4'-AP. 

2.3.2 Materials and methods 

2.3.2.1 Materials 

Diclofenac (DFC) and 4,4-dipyridyl (4,4'-BIPY) were purchased from 

Oakwood Chemical (Columbia Hwy N. Estill, SC, USA). 1,2-Bis(4-pyridyl)ethylene 

(4,4'-BPE) and 4,4'-azopyridine (4,4'-AP) were purchased from Sigma-Aldrich 

Chemical (St. Louis, MO, USA). 1,2-Bis(4-pyridyl)ethane (4,4'-BPEth) was purchased 

from Acros Organics (New Jersey, USA). Lastly, toluene and acetone were purchased 

from Fisher Scientific (Lenexa, KS, USA). All chemicals and solvents were used as 

received. 
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2.3.2.2 Synthesis of 3,3'-azopyridine (3,3'-AP) 

50 mL of 3% sodium hypochlorite solution in water was prepared using Clorox 

bleach with 8.25 % of sodium hypochlorite (NaOCl). The solution above was added 

dropwise to an ice cooled solution of 3-aminopyridine dissolved in 55 mL of water. The 

solution was stirred for 45 min in ice bath. The resulting solution was extracted using 

ethyl acetate. The organic layer was firstly dried using MgSO4 and then was filtered and 

concentrated to obtain the crude product. Column chromatography was done to purify 

the compound using ethyl acetate. Crystallization was done using ethyl acetate as a 

solvent. The crystallized product has orange needle shape (223.3 mg, 7.4% yield). 

3.3.2.3 Synthesis of 4,4'-pyridineimine (4,4'-PI) 

4-Aminopyridine (4-AP, 8.4703 g) and 4-pyridinecarboxaldehyde (4-PCA, 

9.9614 g) were added a round bottom flask containing 100 mL xylene. The solution was 

heated at 200 ℃ for 16 hours in a Dean-Stark apparatus. The solvent was boiled off and 

the residue was distilled under reduced pressure. The final product was crystallized from 

light petroleum as white-needle solids (2.56 g, 15.4% yield). 

2.3.2.4 Co-crystallizations 

Co-crystals of DFC·4,4'-BIPY were synthesized by dissolving DFC (20 mg, 

0.068 mmol) and 4,4’-BIPY (5.3 mg, 0.034 mmol) in toluene. Slow evaporation of the 

solution was allowed for a period of 2-3 days until single crystals were formed that were 

suitable for X-ray diffraction. 

Co-crystals of DFC·4,4'-BPE synthesized by dissolving DFC (20 mg, 0.068 

mmol) and 4,4'-BPE (6.2 mg, 0.034 mmol) in toluene. The solution was allowed to 

evaporate slowly over a period of 2-3 days until single crystals were formed that were 

suitable for X-ray diffraction. 

Co-crystals of DFC·4,4'-BPEth synthesized by dissolving DFC (20 mg, 0.068 

mmol) and 4,4'-BPEth (6.2 mg, 0.034 mmol) in toluene. The solution was allowed to 

evaporate slowly over a period of 2-3 days until single crystals were formed that were 

suitable for X-ray diffraction. 
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Co-crystals of DFC·4,4'-AP synthesized by dissolving DFC (40 mg, 0.135 

mmol) and 4,4'-AP (99.5 mg, 0.540 mmol) in acetone and toluene (5 mL toluene and a 

few drops of acetone) or a mixture of xylenes (ca. 5 mL). The solution was allowed to 

evaporate slowly over a period of 2-3 days until single crystals were formed that were 

suitable for X-ray diffraction. 

Co-crystals of DFC·3,3'-AP synthesized by dissolving DFC (20 mg, 0.068 

mmol) and 3,3'-AP (49.8 mg, 0.270 mmol) in acetone and toluene (5 mL toluene and a 

few drops of acetone) or a mixture of xylenes (ca. 5 mL). The solution was allowed to 

evaporate slowly over a period of 2-3 days until single crystals were formed that were 

suitable for X-ray diffraction. 

Co-crystals of DFC·4-AP·H2O synthesized by dissolving DFC (20 mg, 0.068 

mmol) and 4,4'-PI (13.4 mg, 0.270 mmol) in acetone and toluene (2 mL toluene and 2 

mL acetone). The solution was allowed to evaporate slowly over a period of 2-3 days 

until single crystals were formed that were suitable for X-ray diffraction. 

2.3.2.5 Solvent removal experiment 

Co-crystals of DFC·4,4'-AP were placed in an oven at a variety of temperatures 

and heating times. A temperature of 111 °C for a period of 4 hours resulted in nearly all 

the solvent being removed as evidenced by 1H NMR spectroscopy (Figure C12). 

2.3.2.6 Solvent exchange experiment 

Co-crystals of DFC·4,4'-AP were placed in solutions containing water or 

hexanes (ca. 4 mL) that contained a second solvent for exchange with the 

toluene/acetone (e.g. xylenes, chloroform, dichloromethane, ca. 1 mL). The crystals 

were left undisturbed for one week. The crystals were removed from solution, allowed 

to air dry, and placed in the oven at 35 °C for 1 hour to remove solvent on the surface 

of the crystals. Then, 1H NMR spectra and PXRD data were collected (Figure C13-C18). 

2.3.2.7 Mechanochemistry experiment 

Co-crystals of DFC·4,4'-AP were synthesized by conducting 

mechanochemistry experiments using a FTS1000 Ball Mill purchased from Form-Tech 
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Scientific. Experiments were conducted in 15 mL stainless steel jars with 10 mm 

stainless steel grinding balls. DFC (145 mg, 0.489 mmol), 4,4'-AP (90 mg, 0.489 

mmol), 2 drops of acetone, and 6 drops of toluene were placed in a stainless steel 

SmartSnap jar. The mixture was milled at 900 rpm for a period of 1 hr. The resulting 

solid was characterized by PXRD. 

2.3.2.8 Single-crystal X-ray diffraction 

X-ray data for DFC·4,4'-BIPY, DFC·4,4'-BPEth, DFC·4,4'-BPE, and 

DFC·4,4'-AP (100 K toluene/acetone) were collected on a Bruker PLATFORM three 

circle diffractometer equipped with an APEX II CCD detector and operated at 1350 W 

(45kV, 30 mA) to generate (graphite monochromated) Mo Kα radiation (λ = 0.71073 

Å). The crystal sample in oil was mounted on a MiTiGen cryoloop and kept under a 

cold nitrogen stream at 100 K or 200 K throughout the experiment. Intensity data were 

corrected for Lorentz, polarization, and background effects using the Bruker program 

APEX 3. A semi-empirical correction for adsorption was applied using the program 

SADABS.147 The SHELXL-2014,148 series of programs was used for the solution and 

refinement of the crystal structure. Hydrogen atoms bound to carbon, nitrogen, and 

oxygen atoms were located in the difference Fourier map and were geometrically 

constrained using the appropriate AFIX commands. 

X-ray data for DFC·4,4'-AP (297 K and 100 K xylenes), DFC·3,3'-AP, and 

DFC·4-AP·H2O were collected on a Rigaku XtaLAB Synergy-i Kappa diffractometer 

equipped with a HyPix-6000HE HPC detector and a PhotonJet-i X-ray source operated 

at 50 W (50kV, 1 mA) to generate Cu Kα radiation (λ = 1.54178 Å). Crystals were 

transferred from the vial and placed on a glass slide in polyisobutylene. The crystal was 

glued to a MῑTiGen cryoloop and transferred to the instrument where it was analyzed. 

The sample was optically centered with the aid of a video camera to insure that no 

translations were observed as the crystal was rotated through all positions. Intensity data 

were corrected for Lorentz, polarization, and background effects using CrysAlisPro.163 A 

numerical absorption correction was applied based on a Gaussian integration over a 

multifaceted crystal and followed by a semi-empirical correction for adsorption applied 
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using the program SCALE3 ABSPACK.164 The SHELXL-2014148 series of programs was 

used for the solution and refinement of the crystal structure. Hydrogen atoms bound to 

carbon atoms were located in the difference Fourier map and were geometrically 

constrained using the appropriate AFIX commands. The highly disordered 

toluene/acetone or xylenes molecules within all structures in CrysAlisPro (2018) Oxford 

Diffraction Ltd. were then treated as diffuse scattering using the SQUEEZE165 routine 

within PLATON.166 

2.3.2.9 NMR spectroscopy 

Single crystals from the co-crystallization experiments were removed from the 

vial and dissolved in CDCl3 or DMSO-d6 for NMR experiments. NMR data was 

collected using a JOEL ECS 400 MHZ Spectrometer with multinuclear, direct and 

inverse detection probes, automatic sample changer, variable temperature, and Z-

gradient capabilities. The instrument was purchased with funds granted from National 

Science Foundation grant number CHE-1048553 (Figure C8-C19). 

2.3.2.10 Powder X-ray diffraction measurements (PXRD) 

The powder X-ray diffraction patterns were collected on a Rigaku Ultima III 

powder diffractometer. The X-ray diffraction pattern was obtained by scanning a 2θ 

range of 3-60°, step size = 0.02°, and scan time of 1.6 min/degree. The X-ray source 

was Cu Kα radiation (λ =1.5418 Å) with an anode voltage of 40 kV and a current of 44 

mA. The beam was then discriminated by Rigaku's Cross Beam parallel beam optics to 

create a monochromatic parallel beam. Diffraction intensities were recorded on a 

scintillation detector after being filtered through a Ge monochromator. The sample was 

prepared as a standard powder mount and the diffractogram was processed through the 

software JADE v9.1 (Figure E1-E7). 

2.3.2.11 Thermogravimetric analysis (TGA) 

TGA data was collected on a Mettler Toledo TGA2. A platinum cell and a 

nitrogen atmosphere were used. The flow rate was 25 mL/min, and the heating rate was 

5 K/min (Figure D1-D2). 
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2.3. Results and discussion 

Single-crystal X-ray diffraction studies revealed the three co-crystals of DFC 

with bipyridines 4,4'-BIPY, 4,4'-BPEth, and 4,4'-BPE to crystallize in a 2:1 ratio. In 

all three co-crystals, recognition between DFC and the bipyridine occurs through 

expected COOH···N hydrogen bond synthons between the carboxylic acid of DFC and 

the pyridyl nitrogens of the bipyridine to generate three-component hydrogen-bonded 

assemblies [O···N separations (Å): DFC·4,4'-BIPY: 2.591(2), 2.612(2); DFC·4,4'-

BPE: 2.590(2); DFC·4,4'-BPEth: 2.611(2)]. Each DFC molecule also exhibits an 

intramolecular hydrogen bond between the amino NH and hydroxyl oxygen. Although, 

the dominant supramolecular synthons are identical in each case, the extended packing 

of each co-crystal is unique.  

The components of DFC·4,4'-BIPY crystallized in the triclinic, 

centrosymmetric space group P 1̅ . The asymmetric unit comprises two 

crystallographically unique molecules of DFC (DFC1 and DFC2) and one half of two 

unique 4,4'-BIPY molecules. The halogenated ring of each DFC is positionally 

disordered over two sites (A and B, site occupancies of 0.52 and 0.48, respectively). 

Each hydrogen-bonded assembly contains two crystallographically identical DFC 

molecules, DFC1 or DFC2 (Figure 2.6a). The H-shaped assemblies pack into 

alternating layers. 

The components of DFC·4,4'-BPEth crystallized in the orthorhombic, 

centrosymmetric space group Pbcn, and the asymmetric unit contains one molecule of 

DFC and one half of a 4,4'-BPEth molecule. The 4,4'-BPEth molecule lies in a bent 

geometry with a torsional angle of 55.91, yielding v-shaped hydrogen-bonded 

assemblies (Figure 2.6b). Typically, 4,4'-BPEth lies in a ‘staircase’ geometry due to 

the saturated bridge. The uniqueness of this geometry was verified by a search of the 

Cambridge Structural Database (CSD).167 The CSD search yielded 202 co-crystal 

structures containing 4,4'-BPEth, and only 14 co-crystals (of 202, 6.9%) exhibited the 

v-shaped geometry of the bipyridine. The v-shaped assemblies also self-assemble into 
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layers and interact through π–π interactions involving the phenyl portion of DFC and 

the pyridine ring [π···π separations (Å): 3.639 Å]. 

 

Figure 2.6 X-ray crystal structures of: (a) DFC·4,4'-BIPY and (b) DFC·4,4'-BPEth. 

Hydrogen bonds shown with green dashed lines. 

The components of DFC·4,4'-BPE crystallized in the monoclinic, 

centrosymmetric space group C2/c. The asymmetric unit contains one molecule of 

DFC, one half of a 4,4'-BPE molecule, and one half of a toluene molecule. The three-

component assemblies further self-assemble into layers and interact through π–π 

interactions involving the pyridine rings [π···π separations (Å): 3.555 Å] (Figure 2.7a). 

The toluene molecule is positionally disordered and centered about an inversion. 

Toluene molecules lie on the periphery of the layered structure (Figure 2.7b) and interact 
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with DFC through C–H···Cl and C–H···O forces and 4,4'-BPE via C–H···π 

interactions. 

 

Figure 2.7 X-ray crystal structures of DFC·4,4'-BPE: (a) layered assemblies and (b) 

layers showing neighbouring toluene molecules. Hydrogen bonds shown with green 

dashed lines. 

Unlike the previous three co-crystals, the components DFC and 4,4'-AP self-

assembled in a 1:1 ratio with one crystallographically unique molecule of each type in 

the asymmetric unit. As expected, the nitrogen atom of one pyridine ring of 4,4'-AP 

engages in a hydrogen bond with the carboxylic acid of DFC [O···N separation: 

2.622(3) Å]. Unexpectedly, the second pyridyl nitrogen of 4,4'-AP does not engage in 

the anticipated COOH···N hydrogen bond synthon. Instead, a weak two-point 

interaction forms. The interaction involves a C–H···N hydrogen bond between the 

halogenated ring of DFC and pyridyl nitrogen [C···N separation: 3.687(4) Å] and a C–
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H···Cl interaction between the pyridine C–H(α) and Cl atom of DFC [C···Cl separation: 

3.857(4) Å]. An intramolecular hydrogen bond between the amino NH and carbonyl of 

DFC also supports the assembly. Together, these interactions assemble the molecules 

into a four-component cyclic complex (Figure 2.8a). The cycles further self-assemble 

into 1D columns through long π–π interactions [π···π separations: 4.662 Å] (Figure 

2.8b). The columns are occupied by highly disordered and partially occupied toluene 

and acetone solvent molecules. The electron density was treated using the programs 

PLATON165/SQUEEZE166 (147 electrons in volume space of 369 Å3). The void space 

based on SQUEEZE is 369 Å3, and it accounts for 7.8% of the total volume of the unit 

cell. The long diameter of the cycle (distance between Cl atoms) is 12.55 Å, and the 

short diameter (distance between β carbons of pyridine) is 7.13 Å. 
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Figure 2.8 X-ray crystal structure of DFC·4,4'-AP: (a) four-component cyclic complex 

and (b) 1D columnar structure. Intermolecular forces shown with green dashed lines. 

Disorder of azo molecule omitted for clarity. 

The 4,4'-AP molecule is disordered over two positions (site occupancies: 0.88 

and 0.12) at 100 K (Figure B13). A room temperature X-ray experiment demonstrated 

that the azo groups do undergo molecular pedal motion168 upon cooling as the site 

occupancies at room temperature (0.80 and 0.20) differ. 

After obtaining this interesting and unexpected supramolecular complex of 

DFC·4,4'-AP (Figure 2.9a), we were interested in determining if the solvent molecules 

could be removed from the columns, while maintaining crystallinity. This behaviour has 
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been demonstrated in metal–organic framework materials169-171 and covalent organic 

frameworks;172-174 however, the DFC·4,4'-AP complex is held together by significantly 

weaker intermolecular interactions. We first performed thermogravimetric analysis 

(TGA) to determine the temperature at which the solvent molecules are liberated. A 

mass loss of 2.50% was observed at 102 ℃, and crystal decomposition began at ca. 248 

℃ (Figure D1). 

To determine if the solvent could be removed while retaining crystallinity, 

DFC·4,4'-AP containing solvent was placed in an oven and heated to a temperature of 

111 ℃ for a period of 4 hours. The 1H NMR spectrum demonstrated that nearly all 

solvent molecules were removed (Figure C12), and the PXRD pattern confirmed that 

the material remained crystalline and isostructural (Figure 2.9b). A TGA performed on 

the sample following solvent removal demonstrated no additional loss of solvent from 

the solid (Figure D2). The aforementioned conditions proved to be the best for removing 

nearly all solvent molecules while keeping the structure intact. 
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Figure 2.9 DFC·4,4'-AP: (a) image of single crystals and (b) PXRD patterns before and 

after heating crystals in an oven at 111 ℃ for 4 hours. 

We also sought to determine if the toluene–acetone mixture could be exchanged 

for other solvents in a crystal-to-crystal transformation. Thus, we conducted solvent 

exchange experiments using a variety of solvents. Co-crystals of DFC·4,4'-AP were 

placed in solutions of 4 mL water or hexanes that contained 1 mL of xylenes, 

chloroform, dichloromethane, or diethyl ether (Table F1). The morphology and colour 

of the crystals remained constant throughout the exchange process. The crystals were 

left undisturbed for one week, after which time 1H NMR spectra and PXRD data were 

collected. Xylenes (in water or hexanes) and dichloromethane (in water) was 
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successfully exchanged for the toluene–acetone mixture (Figure C13, C16 and C18). 

Single-crystals grown from xylenes were isostructural to the crystals grown from 

toluene–acetone (Table A4), and the xylenes solvent was also highly disordered. The 

ability to exchange the solvent while retaining crystallinity is indicative of structural 

robustness and could be applied to removal of hazardous or undesirable solvents. 

In addition to slow evaporation, mechanochemistry methods have emerged as a 

green and efficient method for synthesizing co-crystals,175 metal–organic 

frameworks,176 and conducting organic transformations.177, 178 Mechanochemistry 

experiments were conducted by combining the solids DFC and 4,4'-AP in a 1:1 molar 

ratio in a stainless steel jar equipped with stainless steel milling balls. Two drops of 

acetone and six drops of toluene were added, and the samples were milled for 1 h at 900 

rpm using a shaker mill. After milling, PXRD data confirmed crystallinity of the 

product, and the PXRD pattern matched data obtained for single crystals grown from 

solution (Figure E6). Moreover, 1H NMR data following milling confirmed the presence 

of solvent (Figure C19), and the solvent could be removed from the complex while 

retaining crystallinity (Figure E6) using the same oven heating method used for crystals 

grown from solution. Lastly, a mechanochemistry experiment was performed without 

the addition of solvent, and PXRD demonstrated that the resulting solid also showed 

good correlation to co-crystals grown from solution (Figure E7). 

After obtaining this interesting ring structure of DFC·4,4'-AP, we were also 

curious about if co-crystallization of DFC and co-crystal formers which have similar 

chemical structures to 4,4'-AP could yield similar ring structures. In this context, we 

synthesized 3,3'-azopyridine (3,3'-AP) and 4,4'-pyridineimine (4,4'-PI). Unfortunately, 

a co-crystal of DFC·4,4'-PI was not obtained. Instead, the co-crystal DFC·4-AP·H2O 

formed, likely because 4,4'-PI decomposed in the process of co-crystallization (Figure 

B16). Co-crystals of DFC·3,3'-AP were obtained. However, the co-crystal exhibits the 

expected structure instead of a ring structure (Figure B17). Thus, both pyridyl nitrogens 

of 3,3'-AP form hydrogen bonds with a molecule of DFC. 
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2.3.4 Conclusions 

We have described a series of co-crystals involving the anti-inflammatory drug 

and wastewater contaminant DFC with five bipyridine acceptors. While four of the co-

crystals are sustained by expected hydrogen bonds, the co-crystal with 4,4'-AP 

unexpectedly assembles into a cyclic complex through strong, expected COOH···N 

synthons and weaker hydrogen bond forces. The cycles self-assemble into 1D columns, 

which hold solvent molecules. Although the complex is held together by weak 

interactions, the solvent can be removed or exchanged from the columns while retaining 

crystallinity, and the complex can be synthesized using green methods. We are currently 

investigating alternative acceptor molecules that could afford similar architectures with 

robust properties. 

2.4 Co-crystallization and thermal behaviors of the micropollutants 
gemfibrozil, aceclofenac, and bisphenol A 

2.4.1 Introduction 

Micropollutants, which are manmade or natural substances discharged from 

point and nonpoint resources, end up in low concentrations in aquatic environments.179 

The predicted no-effect concentration of a substance in aquatic ecosystems is the 

concentration below which adverse effects are unlikely to occur after exposure.180 

Predicted no-effect concentrations are compared to expected environmental 

concentrations in risk assessments to evaluate if a substance's risk is acceptable or not.180 

Previously, we investigated co-crystals containing the non-steroidal anti-inflammatory 

drugs and micropollutants S-naproxen, mefenamic acid, and diclofenac, which all 

contain carboxylic acid functional groups. We used pyridine compounds as the second 

component in the co-crystals and determined that carboxylic acid–pyridine (COOH‧‧‧N) 

hydrogen-bond synthons were quite reliable, even when the pyridine component was 

structurally altered.162, 181 We were, thus, interested in investigating other 

micropollutants and studying synthon robustness in co-crystals.  

Gemfibrozil (GEM) is a drug commonly used to treat abnormal blood lipid 

levels.182 Aceclofenac (AFC) is a non-steroidal anti-inflammatory drug used to treat 
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painful inflammatory diseases and is similar in structure to diclofenac.183 Bisphenol A 

(BPA), an intermediate in the production of polycarbonates and epoxy resins, is an 

extremely high-volume chemical with annual production exceeding 6 billion pounds 

worldwide.184 185 Due to widespread consumption, GEM and BPA are known to be very 

common in surface water or wastewater at concentrations higher than the predicted no 

effect concentrations.117, 118 Despite not being detected in surface water or 

wastewater,119, 186 AFC has potential to be present because of its similar structure to 

diclofenac, which is quite persistent in the environment.117, 119-121 Polymers and 

frameworks containing functional groups that form noncovalent interactions with 

micropollutants have shown promise as contaminant-removal materials.134, 187-190 In this 

study, we aimed to investigate the reliability of intermolecular hydrogen-bonding 

interactions for GEM, AFC, and BPA in the presence of hydrogen-bond-acceptor 

molecules, which could be used as a strategy for designing materials that capture 

contaminants. 

Both GEM and AFC contain a carboxylic acid functional group while BPA 

contains two phenol groups (Scheme 2.3). Here, we report a series of co-crystals 

containing GEM, AFC, and BPA. The second component in the co-crystals is a 

bipyridine, which is not a micropollutant,191 and acts as the hydrogen-bond acceptor 

molecule (Scheme 2.3). Despite containing classic hydrogen-bond-donor groups, only 

a few organic multicomponent crystal structures containing these three micropollutants 

have been previously reported (12 with GEM, four with AFC, and 14 with BPA).192 

Here, co-crystals containing AFC or GEM exhibit the expected COOH···N hydrogen-

bond synthons between the drug molecule and bipyridine, and all co-crystals of BPA 

exhibit the expected OH···N hydrogen-bond synthons. We also demonstrate a unique 

occurrence in one co-crystal of AFC, wherein AFC does not engage in an 

intramolecular hydrogen bond as has been observed in all previously reported structures 

of AFC. This is due to a combination of deprotonation at the acid site of AFC and 

molecular flexibility of the bipyridine component. Thermal analysis was also conducted 

for each co-crystal, and the decomposition onset temperatures and melting points of co-
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crystals containing GEM are similar to that of GEM as a single-component solid. On 

the other hand, the thermal behaviors of AFC and BPA are significantly impacted by 

co-crystallization. Finally, we show that liquid-assisted mechanochemical milling can 

also be used to synthesize most of the co-crystals reported here.  

Scheme 2.3 Chemical structures of GEM, AFC, BPA, and bipyridines showing 

expected intermolecular hydrogen-bond synthon formation in co-crystals. 

 

2.4.2 Experimental section 

2.4.2.1 Materials 

Gemfibrozil (GEM) and 1,2-di-(4-pyridyl)-ethane (4,4'-BPEth) were 

purchased from Acros Organics (New Jersey, USA). Bisphenol A (BPA), aceclofenac 

(AFC), and 1,3-di(4-pyridyl)propane (4,4'-BPP) were purchased from Tokyo Chemical 

Industry (Tokyo, Japan). 1,2-Di(4-pyridyl)ethylene (4,4'-BPE) and 4,4'-azopyridine 

(4,4'-AP) were purchased from Sigma-Aldrich Chemical (St. Louis, MO, USA). Lastly, 

methanol, ethanol, toluene (tol), and acetone were purchased from Fisher Scientific 
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(Lenexa, KS, USA). All chemicals and solvents were used as received with the 

exception of 4,4'-AP.  

The 4,4'-AP obtained from the supplier contained impurities (see Figure C30). 

Commercial 4,4'-AP was purified by column chromatography using silica gel and ethyl 

acetate as the eluent (Figure C31). 

2.3.2.2 Co-crystallizations 

Cocrystals of 2GEM·4,4'-BPE were synthesized by dissolving GEM (20 mg, 

0.08 mmol) and 4,4'-BPE (7.3 mg, 0.04 mmol) in acetone. Slow evaporation of the 

solution was allowed for a period of 10 days until single crystals were formed that were 

suitable for X-ray diffraction. 

Cocrystals of 2GEM·4,4'-BPEth were synthesized by dissolving GEM (20 mg, 

0.08 mmol) and 4,4'-BPEth (7.4 mg, 0.04 mmol) in methanol. Slow evaporation of the 

solution was allowed for a period of 10 days until single crystals were formed that were 

suitable for X-ray diffraction. 

Cocrystals of 2GEM·4,4'-AP were synthesized by dissolving GEM (20 mg, 

0.08 mmol) and purified 4,4'-AP (7.4 mg, 0.04 mmol) in methanol or acetone. Slow 

evaporation of the solution was allowed for a period of 10 days until single crystals were 

formed that were suitable for X-ray diffraction. 

Cocrystals of 2AFC·4,4'-BPE were synthesized by dissolving AFC (30 mg, 

0.085 mmol) and 4,4'-BPE (7.8 mg, 0.043 mmol) in acetone. Slow evaporation of the 

solution was allowed for a period of 2-3 days until single crystals were formed that were 

suitable for X-ray diffraction. 

Cocrystals of 2AFC·4,4'-BPEth were synthesized by dissolving AFC (30 mg, 

0.085 mmol) and 4,4'-BPEth (7.9 mg, 0.043 mmol) in toluene. Slow evaporation of the 

solution was allowed for a period of 2-3 days until single crystals were formed that were 

suitable for X-ray diffraction. 

Cocrystals of 2AFC·4,4'-BPP were synthesized by dissolving AFC (30 mg, 

0.085 mmol) and 4,4'-BPP (8.5 mg, 0.043 mmol) in acetone. Slow evaporation of the 
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solution was allowed for a period of 2-3 days until single crystals were formed that were 

suitable for X-ray diffraction. 

Cocrystals of 2AFC·4,4'-AP‧tol were synthesized by dissolving AFC (30 mg, 

0.085 mmol) and 4,4'-AP (7.9 mg, 0.043 mmol) in toluene. Slow evaporation of the 

solution was allowed for a period of 2-3 days until single crystals were formed that were 

suitable for X-ray diffraction. 

Cocrystals of BPA·4,4'-BPE were synthesized by dissolving BPA (30 mg, 

0.131 mmol) and 4,4'-BPE (23.9 mg, 0.131 mmol) in ethanol. Slow evaporation of the 

solution was allowed for a period of 2-3 days until single crystals were formed that were 

suitable for X-ray diffraction. 

Cocrystals of BPA·4,4'-BPEth were synthesized by dissolving BPA (30 mg, 

0.131 mmol) and 4,4'-BPEth (24.1 mg, 0.131 mmol) in ethanol. Slow evaporation of 

the solution was allowed for a period of 2-3 days until single crystals were formed that 

were suitable for X-ray diffraction. 

Cocrystals of BPA·4,4'-AP were synthesized by dissolving BPA (30 mg, 0.131 

mmol) and 4,4'-AP (24.1 mg, 0.131 mmol) in ethanol. Slow evaporation of the solution 

was allowed for a period of 2-3 days until single crystals were formed that were suitable 

for X-ray diffraction. 

Slow solvent evaporation experiments for 4,4'-BPP with GEM and BPA were 

unsuccessful (Table Q1). 

2.3.2.3 Mechanochemistry experiments 

Mechanochemical synthesis experiments were conducted for all the cocrystals 

to determine if they could be synthesized by milling. In addition, mechanochemical 

synthesis experiments were also conducted for 4,4'-BPP with GEM and BPA because 

slow solvent evaporation experiments were unsuccessful. A FlackTek SpeedMixer 

DAC 330-100 SE purchased from FlackTek Manufacturing was used. Experiments 

were conducted in 15 mL stainless steel jars with 10 mm stainless steel grinding balls 

using a custom holder. 
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GEM (80 mg, 0.32 mmol), 4,4'-BPE (29.2 mg, 0.16 mmol), and 2 drops of 

acetone; GEM (80 mg, 0.32 mmol), 4,4'-BPEth (29.6 mg, 0.16 mmol), and 2 drops of 

methanol; or GEM (80 mg, 0.32 mmol), 4,4'-AP (29.6 mg, 0.16 mmol), and 2 drops of 

methanol were placed in a stainless steel SmartSnap jar. The solvent used for milling is 

identical to the one used in slow evaporation cocrystallization. GEM (80 mg, 0.32 

mmol), 4,4'-BPP (31.6 mg, 0.16 mmol), and 2 drops of ethanol, hexanes, or toluene 

were placed in a stainless steel SmartSnap jar. Each mixture was milled at 1500 rpm for 

a period of 10 minutes. The resulting solids were characterized by PXRD. 

AFC (90 mg, 0.255 mmol), 4,4'-BPE (23.4 mg, 0.128 mmol), and 2 drops of 

acetone; AFC (90 mg, 0.255 mmol), 4,4'-BPEth (23.7 mg, 0.128 mmol), and 2 drops 

of toluene; AFC (80 mg, 0.128 mmol), 4,4'-BPP (25.5 mg, 0.128 mmol), and 2 drops 

of acetone; or AFC (80 mg, 0.32 mmol), 4,4'-AP (23.7 mg, 0.16 mmol), and 2 drops of 

toluene were placed in a stainless steel SmartSnap jar. The solvent used for milling is 

identical to the one used in slow evaporation cocrystallization. Each mixture was milled 

at 1500 rpm for a period of 10 minutes. The resulting products were characterized by 

PXRD. 

BPA (60 mg, 0.262 mmol), 4,4'-BPE (47.8 mg, 0.262 mmol), and 2 drops of 

ethanol; BPA (60 mg, 0.262 mmol), 4,4'-BPEth (48.2 mg, 0.262 mmol), and 2 drops 

of ethanol; or BPA (80 mg, 0.262 mmol), 4,4'-AP (48.2 mg, 0.262 mmol), and 2 drops 

of ethanol were placed in a stainless steel SmartSnap jar. The solvent used for milling 

is identical to the one used in slow evaporation cocrystallization. BPA (60 mg, 0.262 

mmol), 4,4'-BPP (52.0 mg, 0.262 mmol), and 2 drops of ethanol, hexanes, or toluene 

were placed in a stainless steel SmartSnap jar. Each mixture was milled at 1500 rpm for 

a period of 10 minutes. The resulting products were characterized by PXRD. 

2.3.2.4 Single-crystal X-ray diffraction 

X-ray data were collected on a Rigaku XtaLAB Synergy-i Kappa diffractometer 

equipped with a PhotonJet-i X-ray source operated at 50 W (50kV, 1 mA) to generate 

Cu Kα radiation (λ = 1.54178 Å) and a HyPix-6000HE HPC detector. Crystals were 

transferred from the vial and placed on a glass slide in polyisobutylene. A Zeiss Stemi 



Texas Tech University, Qixuan Zheng, May 2022 

45 

 

305 microscope was used to identify a suitable specimen for X-ray diffraction from a 

representative sample of the material. The crystal and a small amount of the oil were 

collected on a MῑTiGen cryoloop and transferred to the instrument where it was placed 

under a cold nitrogen stream (Oxford 700 series) maintained at a given temperature (see 

tables below) throughout the duration of the experiment. The sample was optically 

centered with the aid of a video camera to ensure that no translations were observed as 

the crystal was rotated through all positions. After data collection, the unit cell was re-

determined using a subset of the full data collection. Intensity data were corrected for 

Lorentz, polarization, and background effects using the CrysAlisPro.163 A numerical 

absorption correction was applied based on a Gaussian integration over a multifaceted 

crystal and followed by a semi-empirical correction for adsorption applied using the 

program SCALE3 ABSPACK.164 The SHELX-2014,148 series of programs was used for 

the solution and refinement of the crystal structure. Hydrogen atoms bound to carbon, 

nitrogen, and oxygen atoms were located in the difference Fourier map and were 

geometrically constrained using the appropriate AFIX commands. 

2.3.2.5 NMR spectroscopy 

Single crystals from the co-crystallization experiments were removed from the 

vial and dissolved in DMSO-d6 for NMR experiments. NMR data was collected using 

a JOEL ECS 400 MHZ Spectrometer with multinuclear, direct and inverse detection 

probes, automatic sample changer, variable temperature, and Z-gradient capabilities. 

The instrument was purchased with funds granted from National Science Foundation 

grant number CHE-1048553 (Figure C20-C31). 

2.3.2.6 Powder X-ray diffraction measurements (PXRD) 

The PXRD patterns for cocrystals were collected on a Rigaku MiniFlex II 

powder diffractometer. The diffraction pattern was obtained by scanning a 2θ range of 

3-60°, step size = 0.02°, and scan time of 2 degrees/minute. The X-ray source was Cu 

Kα radiation (λ =1.54059Å) with an anode voltage of 30 kV and a current of 15 mA. 

Diffraction intensities were recorded on a position sensitive detector (D/teX Ultra). The 
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sample was prepared as a standard powder mount, and the diffractogram was processed 

through the software MDI JADE 2020 (Figure E8-E19). 

2.3.2.7 Thermogravimetric analysis (TGA) 

TGA data was collected on a SHIMADZU DTG-60H instrument. An alumina 

cell and a nitrogen atmosphere were used. The flow rate was 100 mL/min, and the 

heating rate was 10 °C/min. The onset temperature is listed for each sample under the 

thermogram (Figure D3-D15). 

2.3.2.7 Differential thermal analysis (DTA) 

DTA data was collected simultaneously with the TGA data by using a 

SHIMADZU DTG-60H instrument. An alumina cell and a nitrogen atmosphere were 

used. The flow rate was 100 mL/min, and the heating rate was 10 °C/min (I1-I13). 

2.3.2.8 FTIR spectroscopy 

FTIR spectra were recorded on a Nicolet iS10 infrared spectrometer using an 

ATR attachment equipped with a diamond crystal (Figure G1-G10). 

2.4.3 Results and discussion 

2.4.3.1 GEM Co-crystals with Bipyridines  

Single-crystal X-ray diffraction studies revealed the three co-crystals of GEM 

with bipyridines 4,4'-BPE, 4,4'-BPEth, and 4,4'-AP to crystallize in the triclinic space 

group P 1̅ . The asymmetric units of all three GEM co-crystals comprise one full 

molecule of GEM and one-half molecule of the bipyridine. In all three GEM co-

crystals, the expected COOH‧‧‧N hydrogen-bond synthons form between the carboxylic 

acid of GEM and the pyridyl nitrogens of the bipyridine, generating three-component, 

hydrogen-bonded assemblies (Figure 2.10) [O‧‧‧N separations (Å): 2‧GEM‧4,4'-BPE: 

2.674(3); 2‧GEM‧4,4'-BPEth: 2.653(1); 2‧GEM‧4,4'-AP: 2.688(3)]. The assemblies in 

all three co-crystals self-assemble into layered structures through offset π···π 

interactions [π···π separations (Å): 2‧GEM‧4,4'-BPE: 3.576, 2‧GEM‧4,4'-BPEth: 

3.645, 2‧GEM‧4,4'-AP: 3.751]. The 4,4'-BPE molecule in 2‧GEM‧4,4'-BPE is 
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positionally disordered over two sites at 100 K (site occupancies: 0.82 and 0.18, Figure 

S1). The PXRD patterns of the solution grown GEM co-crystals match well with the 

simulated PXRD patterns based on SCXRD data (Figures E7, E8, E10). 

 

Figure 2.10 X-ray crystal structures showing layered three-component hydrogen-

bonded assemblies in: (a) 2‧GEM‧4,4'-BPE (disorder omitted for clarity), (b) 

2‧GEM‧4,4'-BPEth, and (c) 2‧GEM‧4,4'-AP. The hydrogen bonds are shown with 

green dashed lines and π-stacking distances are noted. 
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2.4.3.2 AFC Co-crystals with Bipyridines  

Single-crystal X-ray diffraction studies demonstrated the two co-crystals of 

AFC with bipyridines 4,4'-BPE and 4,4'-BPEth crystallized in a 2:1 ratio in the 

monoclinic space group P21/c. The other two co-crystals of AFC with bipyridines 4,4'-

BPP and 4,4'-AP crystallized in a 2:1 ratio in the triclinic space group P1̅. The co-

crystal of AFC and 4,4'-AP crystallized as a solvate with toluene (tol). Each AFC 

molecule within 2‧AFC‧4,4'-BPE, 2‧AFC‧4,4'-BPEth, and 2‧AFC‧4,4'-AP‧tol also 

exhibits an intramolecular N-H‧‧‧O hydrogen bond between the amine NH and alkoxy 

oxygen of the ester group [N‧‧‧O separations (Å): 2‧AFC‧4,4'-BPE: 2.916(2), 

2‧AFC‧4,4'-BPEth: 2.911(2), 2‧AFC‧4,4'-AP‧tol: 3.002(2)] (Figure 2.11). The PXRD 

patterns of the four solution-grown co-crystals with AFC match well with the simulated 

PXRD patterns from SCXRD data (Figures E11-E14).  

2‧AFC‧4,4'-BPE, 2‧AFC‧4,4'-BPEth, and 2‧AFC‧4,4'-AP‧tol. The two co-crystals 

of AFC with 4,4'-BPE and 4,4'-BPEth are isostructural. The co-crystal 2‧AFC‧4,4'-

AP‧tol is different than the previous two because the presence of toluene alters the 

extended structure. The asymmetric unit includes one full molecule of AFC and one-

half of a 4,4'-BPE, 4,4'-BPEth, or 4,4'-AP molecule. For co-crystal 2‧AFC‧4,4'-AP‧tol, 

the asymmetric unit also includes one quarter of a toluene molecule. In all co-crystals, 

recognition between AFC and 4,4'-BPE, 4,4'-BPEth, or 4,4'-AP occurs through the 

expected COOH···N hydrogen bond synthons between the carboxylic acid of AFC and 

the pyridyl nitrogens of the bipyridine to yield three-component, hydrogen-bonded 

assemblies (Figure 2.11a-c) [O···N separations (Å): 2‧AFC‧4,4'-BPE: 2.568(2); 

2‧AFC‧4,4'-BPEth: 2.565(2); 2‧AFC‧4,4'-AP‧tol: 2.633(2)]. The assemblies further 

pack into layers that extend in the ac plane via intermolecular C=O‧‧‧Cl halogen bonds 

between the carbonyl of the carboxylic acid group in one AFC molecule and chlorine 

atom of another AFC [O‧‧‧Cl separations (Å): 2‧AFC‧4,4'-BPE: 3.035(1); 2‧AFC‧4,4'-

BPEth: 3.014(2); 2‧AFC‧4,4'-AP‧tol: 3.056(1)] (Figure 2.11). The toluene molecule in 

2‧AFC‧4,4'-AP‧tol is positionally disordered and centered about an inversion. The 

toluene molecules lie on the periphery of the layered structure (Figure 2.11d) and 

interact with AFC through C–H‧‧‧Cl hydrogen bonds [C‧‧‧Cl separation (Å): 3.109(3)].  
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Figure 2.11 X-ray crystal structures showing layered three-component hydrogen-

bonded assemblies in: (a) 2‧AFC‧4,4'-BPE, (b) 2‧AFC‧4,4'-BPEth, and (c) 

2‧AFC‧4,4'-AP‧tol. (d) X-ray crystal structure of 2‧AFC‧4,4'-AP‧tol layers showing 

neighboring toluene molecules. The hydrogen bonds are shown with green dashed lines 

and halogen bonds are shown with red dashed lines. 
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2‧AFC‧4,4'-BPP. Unlike the previous three co-crystals involving AFC, the 

asymmetric unit of 2AFC‧4,4'-BPP consists of one neutral molecule of AFC, one 

deprotonated molecule of AFC, and one molecule of 4,4'-BPP, wherein one pyridyl 

nitrogen is neutral and the other is protonated. Proton transfer occurs from the 

carboxylic acid of AFC to one pyridine ring of 4,4'-BPP. The expected COOH···N 

hydrogen bond synthons form between the carboxylic acid of AFC and the pyridyl 

nitrogen of 4,4'-BPP. One hydrogen bond is neutral [O···N separation (Å): 2.567(2)], 

and the second hydrogen bond is ionic, COO-···+HN, [O···N separation (Å): 2.559(1)] 

(Figure 2.12). The neutral AFC molecules participate in an intramolecular N-H‧‧‧O 

hydrogen bond between the amine NH and alkoxy oxygen of the ester group, akin to 

the previous three AFC co-crystals [N‧‧‧O separation (Å): 2.946(1)]. However, the 

neutral AFC molecules interact with each other through intermolecular C-O···Cl 

halogen bonds between the hydroxyl portion of carboxylic acid group of one AFC and 

the chlorine atom of another AFC (Figure 2.12, green box on right side) [O‧‧‧Cl 

separation (Å): 3.143(1)]. This differs from the three co-crystals of AFC above, wherein 

intermolecular halogen bonds form between the chlorine and the carbonyl of the 

carboxylic acid group. The deprotonated AFC molecules exhibit significantly different 

intermolecular interactions in the solid state. First, deprotonated AFC molecules exhibit 

no intramolecular hydrogen bond, because the chain containing the alkoxy oxygen of 

the ester group is oriented away from the amine NH, whereas it is oriented toward the 

amine NH in the neutral AFC molecules (Figure 2.12, blue boxes). Second, the 

deprotonated AFC molecules interact with each other through C=O···Cl intermolecular 

halogen bonds between carbonyl oxygen of the ester group of one AFC and chlorine 

atom of another AFC [O‧‧‧Cl separation (Å): 3.222(1)], which is also different from the 

three co-crystals of AFC above (Figure 2.12, green box on left side). Together, these 

interactions still facilitate formation of a three-component hydrogen-bonded assembly, 

and the assemblies pack into layers that extend in the ab plane.  
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Figure 2.12 X-ray crystal structure showing layered three-component hydrogen-bonded 

assemblies in 2‧AFC‧4,4'-BPP. The hydrogen bonds are shown with green dashed lines 

and halogen bonds are shown with red dashed lines. The green boxes highlight halogen 

bonding differences for the two unique AFC molecules. The blue boxes highlight the 

intramolecular hydrogen bond or lack thereof in AFC molecules. 

To investigate the structural uniqueness of the 2‧AFC‧4,4'-BPP co-crystal, we 

conducted two searches of the Cambridge Structural Database (CSD).192 One search 

included co-crystals containing 4,4'-BPP to determine how frequently single 

protonation occurs. The CSD search yielded 92 co-crystal structures containing 4,4'-

BPP, and only 13 co-crystals (of 92, 14%) exhibited protonation of one pyridyl nitrogen 

atom of 4,4'-BPP. Nine of these 13 co-crystals contained a molecule with a carboxylic 

acid functional group as the second component. 4,4'-BPP contains a saturated, three-

carbon bridge between the two pyridine rings and the molecule is conformationally 

flexible. This flexibility has been shown to lead to unique or unexpected supramolecular 

solid-state assemblies.162, 193, 194 The second CSD search was for single or multi-

component solids containing AFC to determine how rare the absence of the 

intramolecular hydrogen bond is. The search resulted in seven hits and includes the 

single-crystal structures of AFC, neutral co-crystals, and salts. In all cases AFC forms 

an intramolecular hydrogen bond. Thus, our result with 4,4'-BPP is the first observation 
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of AFC wherein the intramolecular bond does not form in the solid state. Although the 

AFC molecule exhibits a unique conformation and engages in different intermolecular 

interactions, it is interesting that the primary supramolecular assembly still persists in 

the co-crystal. 

2.4.3.3 BPA Co-crystals with Bipyridines 

BPA‧4,4'-BPE. The components of BPA‧4,4'-BPE crystallized in a 1:1 ratio in 

the monoclinic space group P21/c, and the asymmetric unit contains one full molecule 

of BPA and two half crystallographically unique molecules of 4,4'-BPE. The two half 

crystallographically unique molecules of 4,4'-BPE include one that is fully occupied 

and one that is disordered over two sites at 100 K (site occupancies: 0.55 and 0.45). The 

components of BPA‧4,4'-BPE assemble into a zigzag-shaped hydrogen-bonded chain 

via the expected O-H···N bonds (Figure 4) [O···N separations (Å): 2.712(1) and 

2.791(1)]. Each chain includes both crystallographically unique 4,4'-BPE molecules. 

These chains further self-assemble into layered structures through C-H···π interactions 

between the pyridyl C-H of one 4,4'-BPE and the pyridine ring in another 4,4'-BPE 

(4.299 Å). The layers alternate in an ABAB fashion, propagating along the b-axis 

(Figure 2.13). Along the layers, the pyridines stack in an alternating disordered-ordered 

pattern, which gives rise to the ABAB arrangement. The dihedral angle between the 

planes of the two phenol rings in BPA‧4,4'-BPE is 86°. The PXRD pattern of solution 

grown BPA‧4,4'-BPE shows good correlation with the simulated PXRD pattern based 

on SCXRD (Figure E16). 
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Figure 2.13 X-ray crystal structure showing layers of hydrogen-bonded chains in 

BPA‧4,4'-BPE. The hydrogen bonds are shown with green dashed lines. The bipyridine 

disorder is omitted for clarity, but the boxes highlight the alternating arrangement in the 

structure. 

BPA‧4,4'-BPEth. The components of BPA‧4,4'-BPEth crystallized in a 1:1 ratio 

in the triclinic space group P1̅, and the asymmetric unit is composed of one molecule 

each of BPA and 4,4'-BPEth. The two components within BPA‧4,4'-BPEth assemble 

into a wave-shaped hydrogen-bonded chain via the expected O-H···N bonds (Figure 

2.14) [O···N separations (Å): 2.734(1) and 2.774(1)]. The chains further pack into 

layered structures and interact through C-H···π interactions between the phenol C-H of 

one BPA and the phenol ring in another BPA (3.872 Å and 3.883 Å). Akin to BPA‧4,4'-

BPE, the layers also alternate in an ABAB fashion, propagating along the b-axis (Figure 

2.14). The dihedral angle between the planes of the two phenol rings in BPA‧4,4'-

BPEth is 78°. The PXRD pattern of solution grown BPA‧4,4'-BPEth correlates 

moderately well with the simulated PXRD pattern based on SCXRD data. In the 

experimental PXRD, a couple extra peaks are present and some peaks are shifted when 

compared to the simulated pattern. Multiple batches of the cocrystals were synthesized 
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and prior to crushing the crystals for PXRD, unit cell analysis demonstrated that each 

sample matched the initially synthesized cocrystal (Figure E17). 

 

Figure 2.14 X-ray crystal structure showing layers of hydrogen-bonded chains in 

BPA‧4,4'-BPEth. The hydrogen bonds are shown with green dashed lines. 

BPA‧4,4'-AP. The components of BPA‧4,4'-AP crystallized in a 1:1 ratio in the 

monoclinic space group C2/c, with one-half of a molecule each of BPA and 4,4'-AP in 

the asymmetric unit. The components of BPA‧4,4'-AP assemble into a zigzag-shaped 

hydrogen-bonded chain via the expected O-H···N bonds (Figure 2.15) [O···N 

separation (Å): 2.721(1)]. These chains further self-assemble into layered structures that 

extend in the bc plane through C-H···π interactions between the pyridyl C-H of 4,4'-AP 

and one phenol ring in BPA (3.416 Å). Unlike the previous two co-crystals with BPA, 

every layer in BPA‧4,4'-AP is identical, rather than exhibiting an alternating pattern. 

The dihedral angle between the planes of the two phenol rings in BPA‧4,4'-AP is 83°. 

The PXRD pattern of solution grown BPA‧4,4'-AP matches well with the simulated 

PXRD pattern based on SCXRD (Figure E18). 
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Figure 2.15 X-ray crystal structure showing layers of hydrogen-bonded chains in 

BPA‧4,4'-AP. The hydrogen bonds are shown with green dashed lines. 

2.4.3.4 Structural characteristics  

As outlined above, all the co-crystals of GEM, AFC, and BPA with bipyridines 

are sustained by intermolecular hydrogen bonds. The hydrogen bonds between 

bipyridines and GEM or AFC are expected to be stronger than hydrogen bonds between 

bipyridines and BPA because the phenol groups in BPA are less acidic than the acid 

groups in GEM and AFC. The co-crystals obtained in this study exhibit average O···N 

separations of 2.67 Å, 2.58 Å and 2.75 Å for GEM, AFC, and BPA co-crystals, 

respectively. All three distances are less than the sum of the van der Waals radii for 

oxygen and nitrogen (3.07 Å); however, the hydrogen bonds in BPA co-crystals are 

longer and weaker than those in the GEM or AFC co-crystals. In all the co-crystals we 

obtained, only the GEM co-crystals exhibit π···π interactions between the pyridine 

molecules. The analogous π···π distances in the AFC co-crystals are over 4.75 Å. The 

BPA co-crystals exhibit C-H···π interactions, likely due to the twisting of BPA. When 

4,4'-AP is used in the co-crystallizations, the diazo nitrogen atoms in the bridge contain 
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lone pairs, unlike the other three bipyridines used here. In the BPA‧4,4'-AP co-crystal, 

the azo group in 4,4'-AP participates in long C-H···N contacts with α-position C-Hs in 

one phenol ring of BPA [C···N separation (Å): 4.216(2)]. There are no significant 

interactions involving the azo groups in the co-crystal with GEM or AFC.  

2.4.3.5 1H NMR and FTIR spectroscopy  

Intermolecular interactions between the components in co-crystals and success 

of co-crystallization experiments can be investigated using NMR and FTIR 

spectroscopy.195 1H NMR spectra were collected for each co-crystal (Figures C20-C29) 

and FTIR spectra were collected for GEM, AFC, BPA, each bipyridine, and each co-

crystal (Figures G1−G10). The 1H NMR spectra for all the co-crystals confirmed that 

both components were present in each solid. The molar ratios of the two components 

determined by 1H NMR spectroscopy correlated with the ratios observed by SCXRD. 

The FTIR spectra for all the co-crystals demonstrate that the key signals such as the O-

H stretch of the phenol (BPA), carbonyl group in carboxylic acid or ester (GEM/AFC), 

amino N-H group (AFC), and pyridine are all shifted in the FTIR spectra of the co-

crystals when compared to the single-component solids, which is indicative of the 

formation of novel solids195 (Table 2.1, Table G1). The FTIR spectra for all co-crystals 

demonstrate broad bands in the region of 2200–3200 cm-1 indicating intermolecular 

hydrogen bonds in the solid.196 For GEM and AFC, the C=O stretch for the carboxylic 

acid is shifted from ~1700 cm-1 to a lower wavenumber in the hydrogen-bonded co-

crystals. In the case of 2AFC‧4,4'-BPP wherein one AFC is deprotonated, and the other 

is neutral, the carbonyl signal is significantly shifted to a lower wavenumber, which is 

indicative of proton transfer. In the FTIR spectrum of AFC as a single-component solid, 

the amino N-H stretch lies at 3317 cm-1, and the signal is shifted to ~3365 cm-1 in the 

co-crystals. For BPA, the O-H stretch is shifted from 3327 cm-1 to ~3400 cm-1 in the 

co-crystals. 
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Table 2.1 Distinctive Bands in the FTIR Spectra of the Co-crystals 

Banda 
ν C=O  

(cm-1) 

ν (ph)-OH  

(cm-1) 

ν N-H  

(cm-1) 

ν pyr (C=N)  

(cm-1) 

2GEM‧4,4'-BPE 1698 - - 1603 

2GEM‧4,4'-BPEth 1685 - - 1605 

2GEM‧4,4'-AP 1685 - - 1594 

2AFC‧4,4'-BPE 
1607b 

1727c 
- 3365 1578 

2AFC‧4,4'-BPEth 
1611b 

1732c 
- 3364 1578 

2AFC‧4,4'-BPP 
1616b 

1722c 
- 3365 1577 

2AFC‧4,4'-AP‧tol 
1597b 

1738c 
- 3364 1579 

BPA‧4,4'-BPE - 3392 - 1599 

BPA‧4,4'-BPEth - 3436 - 1603 

BPA‧4,4'-AP - 3421 - 1592 

aThe C=O, O−H, and N−H bands are due to GEM, AFC, or BPA in the co-crystals. 

The pyr (C=N) band is due to the bipyridine in the co-crystals.  
bThis C=O signal is due to ester group in AFC.  
cThis C=O signal is due to carboxylic acid group in AFC. 

2.4.3.6 Thermal properties of co-crystals 

Melting point plays an important role in determining the purity and stability of 

synthetic products and materials.197, 198 Factors including crystal density,199 crystal 

packing,200 or included components201 can influence the melting point of a co-crystal. 

Thermogravimetric analysis (TGA) analysis was performed for GEM, AFC, BPA, and 

all the co-crystals to determine the decomposition temperature, as well as the 

temperature at which solvent molecules are liberated for the toluene solvate of 

2‧AFC‧4,4'-AP‧tol (Table 2.2, Figure D3-D15). Differential thermal analysis (DTA) 

was also performed to determine the melting points (Table 2.2, Figure I1-I13). DTA 

was performed simultaneously with TGA by using a DTG instrument.  
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For the GEM co-crystals, the decomposition onset temperatures are very similar 

to that of GEM (Figure 2.16a). The melting points of the GEM co-crystals also fall 

within 5 °C of GEM as a single-component solid (Figure 2.17a). Thus, the thermal 

behavior of GEM is not significantly impacted by co-crystallization.  

For the AFC co-crystals, the decomposition onset temperatures are similar to 

that of AFC (Figure 2.17b); however, the melting points of the AFC co-crystals are 

quite different than that of AFC alone (Figure 2.17b). The co-crystal of AFC with 4,4'-

BPE exhibits a higher melting point than AFC, while the co-crystals with 4,4'-BPEth, 

4,4'-BPP, and 4,4'-AP melt at a lower temperature than AFC. For 2AFC·4,4'-AP, TGA 

showed a mass loss of 4.90% at 84 °C (Figure D9), and DTA also showed loss of toluene 

at 84 °C (Figure I17).  

For the BPA co-crystals, BPA·4,4'-BPEth and BPA·4,4'-AP exhibit 

significantly lower decomposition onset temperatures than BPA as a single-component 

solid (Figure 2.17c). The melting points of BPA co-crystals are also quite different than 

that of BPA (Figure 2.17c). The co-crystals of BPA with 4,4'-BPE and 4,4'-AP exhibit 

higher melting points than BPA, while the co-crystal with 4,4'-BPEth is lower than 

BPA. Thus, the thermal behavior of BPA is significantly impacted by co-crystallization.  

An in-depth study analyzing the melting points of two-component 

pharmaceutical co-crystals showed that most co-crystals (~55%) exhibited melting 

points lying in between the melting points of the two components.202 Fewer co-crystals 

exhibited melting points lower than the two components (~29%) and very few co-

crystals exhibited melting points higher than the two components (~16%). In the case 

of AFC, three of the four co-crystals exhibit melting points in between AFC and the 

bipyridine. Only the co-crystal 2AFC·4,4'-BPE exhibits a higher melting point than the 

two components. In the case of BPA, the co-crystal BPA·4,4'-BPEth exhibits a melting 

point between the two components. Interestingly, the co-crystals BPA·4,4'-BPE and 

BPA·4,4'-AP exhibit melting points higher than the two components. The melting point 

analysis study also showed that if the melting point of the pharmaceutical is low (i.e. 

below 330 K/57 ℃), few co-crystal formers are able to reduce the melting temperature 
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of the co-crystal.202 The melting point of GEM lies very close to this cutoff (59-62 ℃) 

and is quite lower than the other two micropollutants investigated in this study. One co-

crystal 2GEM·4,4'-BPEth exhibits a melting point in between the two components, 

which is most common. The melting points of 2GEM·4,4'-BPE and 2GEM·4,4'-AP 

are slightly less than GEM as a single-component solid. Likely due to the low melting 

point of GEM, the bipyridines are unable to modify the thermal properties significantly. 

From a structural perspective, there are key components within the single-crystal 

structures of the micropollutants and the cocrystals described here that also support the 

observed thermal properties. The single-crystal structure of GEM is dominated by 

discrete hydrogen-bonded dimers involving carboxylic acid groups.203 The cocrystals 

of GEM described here are also discrete and based on hydrogen bonds, which supports 

the similarity in thermal properties. Conversely, the single-crystal structure of AFC is 

based on catemeric O-H···O hydrogen bonds.204-206 This differs significantly from the 

AFC cocrystals, which are based on discrete hydrogen-bonded assemblies. This 

structural difference supports the significant difference in thermal properties that is 

observed in the cocrystals. The single-crystal structure of BPA is a two-dimensional 

hydrogen-bonded sheet based on O-H···O hydrogen bonds.207-211 The cocrystals 

involving BPA are one-dimensional hydrogen-bonded chains; thus, the structural 

difference also supports the difference in thermal properties. 
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Figure 2.16 TGA thermograms of: (a) GEM and GEM co-crystals, (b) AFC and AFC 

co-crystals, and (c) BPA and BPA co-crystals. In each case, the blue trace shows the 

single component. 
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Figure 2.17 DTA thermograms of: (a) GEM and GEM co-crystals, (b) AFC and AFC 

co-crystals, and (c) BPA and BPA co-crystals. In each case, the blue trace shows the 

single component. 

  



Texas Tech University, Qixuan Zheng, May 2022 

62 

 

Table 2.2 Melting points (from DTA) and decomposition onset temperatures (from 

TGA) for GEM, AFC, BPA, and the co-crystals. 

Samplea Melting point (℃) Decomposition onset temperature (℃) 

GEM 59-62 206 

2GEM·4,4'-BPE 57-61 201 

2GEM·4,4'-BPEth 64-68 203 

2GEM·4,4'-AP 57-60 199 

AFC 151-154 218 

2AFC·4,4'-BPE 166-168 224 

2AFC·4,4'-BPEth 112-118 222 

2AFC·4,4'-BPP 116-119 226 

2AFC·4,4'-AP·tol 140-143 204 

BPA 156-159 237 

BPA·4,4'-BPE 172-175 240 

BPA·4,4'-BPEth 120-122 226 

BPA·4,4'-AP 161-164 192 

aThe melting points for the bipyridines are: 4,4'-BPE (148-152 ℃), 4,4'-BPEth (107-

110 ℃), 4,4'-BPP (57-60 ℃), and 4,4'-AP (96-101 ℃).212 

2.4.3.7 Mechanochemistry 

Mechanochemistry is a green method for synthesizing co-crystals213 and metal–

organic frameworks.214 Mechanochemistry can often afford solids isostructural to those 

obtained by slow solvent evaporation methods. Liquid-assisted mechanochemistry 

experiments were conducted by combining GEM or AFC and each bipyridine in a 2:1 

molar ratio or BPA and each bipyridine in a 1:1 molar ratio in a stainless steel jar 

equipped with stainless steel milling balls. Two drops of the solvent used for the slow 

evaporation co-crystallization were added and the samples were milled for 10 minutes 

at 1500 rpm using a speed mixer. After milling, PXRD data for each product was 

collected and confirmed crystallinity (Figures E7-E8, E10-E16, and E18). Eight of the 

ten co-crystals were successfully synthesized by milling as the PXRD patterns showed 

good correlation to the patterns simulated from SCXRD and the solution-grown solids. 

Specifically, two GEM co-crystals (2GEM·4,4'-BPEth and 2GEM·4,4'-AP) three 

AFC co-crystals (2AFC·4,4'-BPE, 2AFC·4,4'-BPP, 2AFC·4,4'-AP‧tol), and two BPA 
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co-crystals (BPA·4,4'-BPE and BPA·4,4'-AP) were successfully synthesized by liquid-

assisted milling. Two of the solids synthesized by liquid-assisted milling did not show 

good correlation to the patterns simulated from SCXRD. The solids that did not show 

good correlation under the conditions used were 2GEM·4,4'-BPE, and 2AFC·4,4'-

BPEth (Figures E7 and E12).  

Mechanochemistry experiments were also used to try and synthesize co-crystals 

of 4,4'-BPP with GEM and BPA because solvent evaporation methods were not 

successful. Liquid-assisted milling of GEM and 4,4'-BPP with ethanol or hexanes 

afforded solids, and PXRD data showed evidence of a new phase (Figure E10). 

However, we were unable to obtain single co-crystals from this solid using a variety of 

solvents (Table Q1). Liquid-assisted milling of GEM and 4,4'-BPP with toluene 

yielded an oil, and the PXRD pattern confirmed the product was amorphous (Figure 

E10). Liquid-assisted milling of BPA and 4,4'-BPP with ethanol, hexanes, or toluene 

afforded oils, and the PXRD data confirmed the products were amorphous (Figure E18).  

2.4.4 Conclusions  

In conclusion, we have described a series of co-crystals incorporating GEM, 

AFC, and BPA with bipyridines, and the two components in each co-crystal engage in 

intermolecular COOH···N or OH···N hydrogen-bond synthons. The synthons are 

shown to be reliable, regardless of the bipyridine used, and could be used as a platform 

for designing contaminant-removing materials. The hydrogen bonds between 

bipyridines and GEM or AFC are stronger than those between bipyridines and BPA 

because the phenol groups of BPA are less acidic than the carboxylic acid groups of 

GEM and AFC. FTIR data confirmed the formation of novel solids as well as proton 

transfer in the case of 2AFC·4,4'-BPP. Thermal analysis demonstrates that the thermal 

behavior of GEM is not significantly altered through co-crystallization, likely due to 

low melting point of GEM as a single-component solid. On the other hand, the thermal 

behaviors of AFC and BPA are significantly affected by co-crystallization. We also 

demonstrate a unique solid-state observation with AFC, wherein the molecule does not 

form the typically observed intramolecular hydrogen bond in the solid state due to a 
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combination of deprotonation and molecular flexibility of the bipyridine component. In 

addition, most co-crystals were successfully synthesized by liquid-assisted 

mechanochemical milling. We are currently investigating alternative approaches for 

synthesis of novel supramolecular assemblies and architectures, which could lead to 

unique properties.  

2.5 Conclusions 

In conclusion, we have described a series of co-crystals incorporating MA, 

NPX, DFC, GEM, AFC, and BPA with bipyridines, and the two components in each 

co-crystal engage in the expected intermolecular COOH···N or OH···N hydrogen-bond 

synthons. The synthons are shown to be reliable, regardless of the bipyridine used, and 

could be used as a platform for designing contaminant-removing materials. We observe 

synthon breakdown and a rare pyridyl dimer in co-crystal MA·4,4'-BPP. We also 

describe an unexpected, cyclic supramolecular complex DFC·4,4'-AP. The cycles self-

assemble into 1D columns occupied by solvent, which can be removed while retaining 

crystallinity. The complex exhibits solvent exchange ability that occurs through crystal-

to-crystal transformations. 
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CHAPTER III 

HYDROGEN-BOND SYNTHON PREFERENCES IN CO-

CRYSTALS OF ACETAZOLAMIDE 

 

Chapter III will include the co-crystallization of acetazolamide with different 

bipyridine co-crystal formers (CCFs) and will include work from one publication. The 

article is adapted with permission from Crystal Growth & Design [Kaylen J. Meers,‡ 

Thien Nhan Tran, ‡ Qixuan Zheng, ‡ Daniel K. Unruh, and Kristin M. Hutchins, 

Hydrogen-Bond Synthon Preferences in Co-crystals of Acetazolamide. Cryst. Growth 

Des., 2020, 20, 5048-5060]. Copyright 2020, American Chemical Society. 

3.1 Introduction 

Acetazolamide (ACZ) is a versatile drug used to treat glaucoma, epilepsy, 

altitude sickness, and heart failure.215-218 ACZ is listed on the World Health 

Organization’s list of essential medicines,219 and the drug has also been found as a 

wastewater contaminant.220 ACZ comprises three key functional groups: a sulfonamide, 

an amide, and a thiadiazole (Scheme 3.1a). All three of these groups can participate in 

a variety of supramolecular synthons, structural units assembled using known 

intermolecular forces.19, 221 For example, all three groups of ACZ can engage in 

hydrogen bonds as donor and/or acceptor sites, which creates challenges in predicting 

supramolecular synthon behavior a priori. There are two known polymorphs of ACZ, 

Form I and II.222, 223 Both solid-state structures involve ACZ molecules interacting 

through homosynthons, self-association interactions between identical functional 

groups (Scheme 3.1b), and heterosynthons, which involve nonidentical functional 

groups interacting via molecular complementarity224 (Scheme 3.1c). Co-crystallization, 

the combination of two or more compounds to generate a unique solid phase,48, 63 has 

been conducted with ACZ to tune physical properties (e.g., solubility) and understand 

its complex synthon behavior. The second molecules used in co-crystallizations (i.e., 

co-crystal formers, (CCFs)) with ACZ have previously included functional groups such 

as lactams, amides, phenols, and acids.218, 225-228 All three key sites of ACZ have been 
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shown to engage in hydrogen bonds with CCFs. However, predicting the sites wherein 

ACZ will preferentially interact with a chosen CCF remains challenging. For example, 

the thiadiazole and amide N−H of ACZ frequently interact through self-complementary 

homosynthons (Scheme 3.1b), even in the presence of CCFs. 

 

Scheme 3.1 Structures of ACZ highlighting: (a) key functional groups, (b) persistent 

homosynthon, and (c) heterosynthons 

Two of the three key bonding sites within ACZ include hydrogen-bond donors: 

the amide and sulfonamide. Surprisingly, CCFs containing only hydrogen-bond 

acceptor sites have not been well explored for co-crystal formation or understanding the 

synthon behavior of ACZ. In all but one of the published co-crystals of ACZ, the CCFs 

include either hydrogen-bond donor moieties or hydrogen-bond donor and acceptor 

groups. The one multicomponent solid with only acceptor groups is a host−guest 

complex of ACZ and 18-crown-6 ether.229 We, thus, sought to determine the synthon 

behavior of ACZ in the presence of CCFs containing only acceptor sites (Scheme 3.2). 
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Scheme 3.2 (a) Sites within ACZ for hydrogen bonding and (b) CCFs used for co-

crystallizations in this work. 

Understanding the propensity of ACZ to form hydrogen bonds at specific sites 

will not only enhance the capability of synthesizing pharmaceutical co-crystals but will 

also aid in designing materials that could remove the drug from wastewater. In the 

context of pharmaceutical co-crystals and drug discovery, there is a need to investigate 

the types of synthons that can be utilized or are persistent in single- and multicomponent 

solids. Moreover, understanding CCFs and synthons that can compete with and/or 

disrupt persistent synthons in solids of a given drug molecule will offer insight into 

choosing correct CCFs for pharmaceutical co-crystals. The influence of intermolecular 

interactions between a drug and CCF on solid-state properties and drug efficacy is also 

an important consideration. Investigations of new solid forms and synthon behavior will 

ultimately aid in the drug-development process. Moreover, many pharmaceuticals such 

as ACZ contain a mixture of donor and acceptor sites. Developing an understanding of 

persistent supramolecular synthons in complex systems will offer strategies for 

synthesizing new crystal forms and insight into structure-property relationships.  
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Here, we describe the first co-crystals of ACZ with CCFs containing only 

aromatic nitrogen acceptor sites. We expand to include two CCFs that contain both 

donor and acceptor sites and discuss pKa values as a method for predicting synthon 

formation in ACZ co-crystals. Finally, we demonstrate a unique co-crystal wherein the 

CCF engages in hydrogen bonds at both the amide and sulfonamide sites of ACZ, which 

is not commonly observed in ACZ co-crystals. 

3.2 Materials and methods 

3.2.1 Materials 

Acetazolamide (ACZ) was purchased from Alfa Aesar (Ward Hill, MA, USA). 

4,4'-Dipyridyl (4,4'-BIPY), N-Methylpyridin-4-amine (MP4A), and pyrazine (PYZ) 

were purchased from Oakwood Chemical (Estill, SC, USA). 1,2-Di-(4-pyridyl)-ethane 

(BPEth) and nicotinamide (NAM) were purchased from Acros Organics (New Jersey, 

USA). 1,2-Di(4-pyridyl)ethylene (4,4'-BPE) and 4,4’-Azopyridine (4,4'-AP) were 

purchased from Sigma-Aldrich Chemical (St. Louis, MO, USA). 2-Aminopyridine 

(2AP) and 1,3-di(4-pyridyl)propane (4,4'-BPP) were purchased from Tokyo Chemical 

Industry (Tokyo, Japan). Acetone and ethanol were purchased from Fisher Scientific 

(Lenexa, KS, USA). 

The 4,4'-AP obtained from the supplier contained impurities (Figure C40). 

Commercial 4,4'-AP was purified by silica gel chromatography with ethyl acetate as 

the eluant (Figure C41). 

3.2.2 Co-crystallization 

Co-crystals of ACZ·4,4'-BPEth were synthesized by dissolving ACZ (40 mg, 

0.18 mmol) and 4,4'-BPEth (33 mg, 0.18 mmol) in acetone. Slow evaporation of the 

solution was allowed for a period of 2-3 days until single crystals formed that were 

appropriate for X-ray diffraction. Co-crystals grown from a 2:3 ratio of ACZ (40 mg, 

0.18 mmol) and 4,4'-BPEth (49.5 mg, 0.27 mmol) in acetone were identical to those 

grown from a 1:1 ratio. 



Texas Tech University, Qixuan Zheng, May 2022 

69 

 

Co-crystals of ACZ·4,4'-BPE were synthesized by dissolving ACZ (40 mg, 

0.18 mmol) and 4,4'-BPE (33 mg, 0.18 mmol) in acetone. Slow evaporation of the 

solution was allowed for a period of 2-3 days until single crystals formed that were 

appropriate for X-ray diffraction. Co-crystals grown from a 2:3 ratio of ACZ (40 mg, 

0.18 mmol) and 4,4'-BPE (49.5 mg, 0.27 mmol) in acetone were identical to those 

grown from a 1:1 ratio. 

Co-crystals of ACZ·4,4'-BIPY were synthesized by dissolving ACZ (40 mg, 

0.18 mmol) and 4,4'-BIPY (28 mg, 0.18 mmol) in acetone. Slow evaporation of the 

solution was allowed for a period of 2-3 days until single crystals formed that were 

appropriate for X-ray diffraction. Co-crystals grown from a 2:3 ratio of ACZ (40 mg, 

0.18 mmol) and 4,4'-BIPY (42 mg, 0.27 mmol) in acetone were identical to those grown 

from a 1:1 ratio. 

Co-crystals of ACZ·4,4'-AP were synthesized by dissolving ACZ (40 mg, 0.18 

mmol) and purified 4,4'-AP (33 mg, 0.18 mmol) in acetone. Slow evaporation of the 

solution was allowed for a period of 2-3 days until single crystals formed that were 

appropriate for X-ray diffraction. Co-crystals grown from a 2:3 ratio of ACZ (40 mg, 

0.18 mmol) and purified 4,4'-AP (49.5 mg, 0.27 mmol) in acetone were identical to 

those grown from a 1:1 ratio. When the non-purified 4,4'-AP (49.5 mg, 0.27 mmol) was 

used for co-crystallization with ACZ (40 mg, 0.18 mmol) in acetone, a polymorph was 

obtained (Table A9 and Figure E23, B15). 

Co-crystals of ACZ·4,4'-BPP were synthesized by dissolving ACZ (40 mg, 

0.18 mmol) and 4,4'-BPP (36 mg, 0.18 mmol) in ethanol. Slow evaporation of the 

solution was allowed for a period of 2-3 days until single crystals formed that were 

appropriate for X-ray diffraction. Co-crystals grown from a 2:3 ratio of ACZ (40 mg, 

0.18 mmol) and 4,4'-BPP (54 mg, 0.27 mmol) in ethanol were identical to those grown 

from a 1:1 ratio. With the formation of co-crystals of ACZ·4,4'-BPP, ACZ also 

crystallized out at the same time. 

Co-crystals of ACZ·PYZ were synthesized by dissolving ACZ (40 mg, 0.18 

mmol) and PYZ (14.6 mg, 0.18 mmol) in acetone. Slow evaporation of the solution was 
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allowed for a period of 2-3 days until single crystals formed that were appropriate for 

X-ray diffraction. Co-crystals grown from a 2:3 ratio of ACZ (40 mg, 0.18 mmol) and 

PYZ (25.5 mg, 0.27 mmol) in acetone were identical to those grown from a 1:1 ratio. 

Co-crystals of ACZ·2AP were synthesized by dissolving ACZ (40 mg, 0.18 

mmol) and 2AP (17 mg, 0.18 mmol) in acetone. Slow evaporation of the solution was 

allowed for a period of 2-3 days until single crystals formed that were appropriate for 

X-ray diffraction. Co-crystallization experiments using a 1:3 ratio of ACZ (40 mg, 0.18 

mmol) and 2AP (51 mg, 0.54 mmol) in acetone yielded solids with single phases. 

Co-crystals of ACZ·MP4A were synthesized by dissolving ACZ (40 mg, 0.18 

mmol) and MP4A (19 mg, 0.18 mmol) in ethanol. Slow evaporation of the solution was 

allowed for a period of 2-3 days until single crystals formed that were appropriate for 

X-ray diffraction. Co-crystals grown from a 1:3 ratio of ACZ (40 mg, 0.18 mmol) and 

MP4A (66 mg, 0.54 mmol) in ethanol were identical to those grown from a 1:1 ratio. 

Co-crystals of ACZ·NAM were synthesized by dissolving ACZ (40 mg, 0.18 

mmol) and NAM (22 mg, 0.18 mmol) in acetone. Slow evaporation of the solution was 

allowed for a period of 2-3 days until single crystals formed that were appropriate for 

X-ray diffraction. The co-crystal was isostructural to a published co-crystal, but we 

deposited the structure at 100 K in the CSD. 

3.2.3 Single-crystal X-ray diffraction 

X-ray data for ACZ·4,4'-BPEth, ACZ·4,4'-BPE, ACZ·4,4'-BIPY, ACZ·4,4'-

AP (alpha polymorph), ACZ·4,4'-BPP, ACZ·NAM, ACZ·2AP, and ACZ·MP4A 

were collected using a Bruker PLATFORM three circle diffractometer equipped with 

an APEX II CCD detector and operated at 1350 W (45kV, 30 mA) to generate (graphite 

monochromated) MoKα radiation (λ = 0.71073 Å). The crystal sample in oil was 

mounted on a MiTiGen cryoloop and kept under a cold nitrogen stream throughout the 

experiment (see tables below for temperatures). Intensity data were corrected for 

Lorentz, polarization, and background effects using the Bruker program APEX 3.  A 

semi-empirical correction for adsorption was applied using the program SADABS.147 

The SHELXL-2014148 series of programs was used for the solution and refinement of 
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the crystal structure. Hydrogen atoms bound to carbon, nitrogen, and oxygen atoms 

were located in the difference Fourier map and were geometrically constrained using 

the appropriate AFIX commands (Tables A8-A11). 

3.2.4 NMR spectroscopy 

Single crystals from the co-crystallization experiments were removed from the 

vial and dissolved in DMSO-d6 for NMR experiments. NMR data was collected using 

a JOEL ECS 400 MHZ Spectrometer with multinuclear, direct and inverse detection 

probes, automatic sample changer, variable temperature, and Z-gradient capabilities. 

The instrument was purchased with funds granted from National Science Foundation 

grant number CHE-1048553 (Figures C32-C41). 

3.2.5 FTIR spectroscopy 

FTIR spectra were recorded on a Nicolet iS10 infrared spectrometer using an 

ATR attachment equipped with a diamond crystal (Figures G11-G18). 

3.2.6 Powder X-ray diffraction measurements (PXRD) 

The powder X-ray diffraction patterns were collected on a Rigaku Ultima III 

powder diffractometer. The X-ray diffraction pattern was obtained by scanning a 2θ 

range of 3-60°, step size = 0.02°, and scan time of 1.6 min/degree. The X-ray source 

was Cu Kα radiation (λ =1.5418 Å) with an anode voltage of 40 kV and a current of 44 

mA. The beam was then discriminated by Rigaku's Cross Beam parallel beam optics to 

create a monochromatic parallel beam. Diffraction intensities were recorded on a 

scintillation detector after being filtered through a Ge monochromator. The sample was 

prepared as a standard powder mount and the diffractogram was processed through the 

software JADE v9.1 (Figures E19-E26). 

3.2.7 Hirshfeld surface analysis 

Hirshfeld surface analysis were conducted using the program 

CrystalExplorer17.230 The surfaces were mapped using the dnorm function. The surface 

was calculated for each crystallographically unique ACZ molecule in each crystal. The 

colors on the surface correspond to long interatomic contacts (blue), contacts at van der 
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Waals distance (white), and short interatomic contacts (red). A two-dimensional 

fingerprint plot was also generated for each co-crystal, and the plot was delineated into 

fingerprint plots based on individual types of contacts (Figures H1-H8) 

3.2.8 Torsion Angle Calculations  

Torsion angles for each crystallographically unique ACZ molecule in each co-

crystal were calculated using Mercury (version 4.3.0).231 Figure 3.7a outlines the atoms 

that were used for the calculations. 

3.2.9 pKa Calculations 

The pKa values for ACZ and the acceptor molecules were calculated using 

MarvinSketch.232 The ΔpKa values were calculated using the equation ΔpKa = pKa 

(protonated base) − pKa (acid).233, 234 

3.3 Results and discussion 

3.3.1 CCFs that Engage at the Amide Site of ACZ 

Two of the six CCFs containing only acceptor moieties engage in hydrogen 

bonds with ACZ at its amide site. The supramolecular synthon responsible for the 

assembly of the two components in these cases is the N(pyridine)···H−N(amide) 

heterosynthon. By bonding at the amide site of ACZ, both CCFs disrupt the persistent 

thiadiazole-amide homosynthon often formed in solids involving ACZ.  

ACZ·4,4'-BPEth. Single-crystal X-ray diffraction revealed the components ACZ 

and 4,4'-BPEth crystallize in a 2:1 ratio in the space group P1̅. The asymmetric unit 

includes one-half of a 4,4'-BPEth molecule and one ACZ molecule. The pyridyl rings 

of 4,4'-BPEth lie coplanar to each other, and the nitrogen acceptor atoms of 4,4'-BPEth 

engage in N···H−N hydrogen bonds with the amide NH of ACZ on both sides (N···N 

separation: 2.795(2) Å) (Figure 3.1a). One of the sulfonamide NH groups of ACZ 

engages in a hydrogen bond with the thiadiazole nitrogen to generate hydrogen-bonded 

rings with graph-set notation63, 235 𝑅2
2(10) (N···N separation: 3.047(3) Å, Figure 3.1b). 

The second sulfonamide NH group of ACZ forms a hydrogen bond with the carbonyl 

of the amide, generating large rings with notation 𝑅2
2 (18) (N···O separation: 2.954(3) 
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Å, Figure 3.1b). The three donor atoms of ACZ all engage in hydrogen bonds with a 

unique acceptor and overall results in the self-assembly of the components into a two-

dimensional (2D) hydrogen-bonded sheet. 

ACZ·BPE. Single-crystal X-ray diffraction revealed the components ACZ and 

4,4'-BPE to crystallize in a 2:1 ratio in the space group P1.̅ The pyridyl rings of BPE 

lie coplanar to each other, and the co-crystals ACZ·4,4'-BPEth and ACZ·4,4'-BPE are 

isostructural. Thus, pyridine-amide (N···N separation: 2.805(3) Å), sulfonamide-

thiadiazole (N···N separation: 3.033(4) Å), and sulfonamide-amide (N···O separation: 

2.931(3) Å) hydrogen bonds assemble the components of ACZ·4,4'-BPE into a 2D 

hydrogen-bonded sheet (Figure 3.1c,d). 

 

Figure 3.1 Single-crystal X-ray structures highlighting hydrogen bonds and extended 

packing in: (a,b) ACZ·4,4'-BPEth and (c,d) ACZ·4,4'-BPE. Hydrogen bonds shown 

with green dashed lines. 

3.3.2 CCFs that engage at the sulfonamide site of ACZ 

Three of the six CCFs containing only acceptor groups engage in hydrogen 

bonds with ACZ at its sulfonamide site. The supramolecular synthon responsible for 

the assembly of the two components in these cases is the 
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N(pyridine)···H−N(sulfonamide) heterosynthon. In all three co-crystals, the ACZ 

thiadiazole-amide homosynthon is present (Scheme 3.1b) and responsible for self-

assembly of neighboring ACZ molecules. 

ACZ·4,4'-BIPY. Single-crystal X-ray diffraction revealed the components ACZ 

and 4,4'-BIPY to crystallize in a 2:1 ratio in the space group P1̅. The asymmetric unit 

includes one full molecule of ACZ and one-half of a 4,4'-BIPY molecule. Because of 

the slight rotation of the ACZ molecule, the amide oxygen (O3) site was split over two 

positions (A and B), and the site occupancies were allowed to refine to a total value of 

1. The occupancies of the A and B sites refined to a ratio of 0.50:0.50. The pyridyl rings 

of 4,4'-BIPY lie coplanar to each other, and the nitrogen acceptor atoms of 4,4'-BIPY 

engage in hydrogen bonds with the sulfonamide NH of ACZ on both sides of the 

molecule. These hydrogen bonds involve crystallographically identical hydrogen atoms 

on the sulfonamide (N···N separation: 2.893(3) Å, Figure 3.2a). The second NH of the 

sulfonamide of ACZ engages in a hydrogen bond with an oxygen of a neighboring 

sulfonamide to generate an infinite hydrogen-bonded chain with graph set C(4) (N···O 

separation: 2.937(3) Å, Figure 3.2b). Together, the hydrogen bonds involving the 

sulfonamide portion of ACZ assemble the 4,4'-BIPY molecules into offset π-stacks that 

extend along the crystallographic a-axis. The amide NH and thiadiazole of ACZ engage 

in a two-point hydrogen-bonded homodimer to generate rings with graph set 𝑅2
2(8) 

(N···N separation: 2.882(3) Å, Figure 3.2c). The sulfur side of the thiadiazole ring 

interacts with the carbonyl of the amide, assembling the ACZ molecules into an 

alternating head−tail−head−tail arrangement that extends along the crystallographic b-

axis (Figure 3.2c). 

ACZ·4,4'-AP. Single-crystal X-ray diffraction demonstrated that the components 

ACZ and 4,4'-AP crystallized in a 2:1 ratio in the space group P21/c. The asymmetric 

unit includes one molecule of ACZ and one-half of a 4,4'-AP molecule. The pyridyl 

rings of 4,4'-AP lie coplanar to each other, and the hydrogen bonding patterns in 

ACZ·4,4'-AP exhibit some commonalities with ACZ·4,4'-BIPY, but there are 

significant differences in the extended packing. The sulfonamide NH2 group engages in 
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two types of hydrogen bonds that assemble 4,4'-AP molecules into offset π-stacks that 

extend along the crystallographic a-axis, akin to the co-crystal with 4,4'-BIPY. The first 

type of bond involves the pyridyl nitrogen atoms and sulfonamide NH (N···N 

separation: 2.908(4) Å, Figure 3.2d). The second hydrogen bond involves the 

sulfonamide NH and carbonyl oxygen, which form infinite chains with graph set C(4) 

(N···O separation: 3.041(4) Å, Figure 3.2e). The amide NH and thiadiazole of ACZ 

also engage in a two-point hydrogen-bonded homodimer to generate rings with graph 

set 𝑅2
2(8) (N···N separation: 2.897(3) Å, Figure 3.2f) in ACZ·4,4'-AP. However, the 

sulfur side of the thiadiazole and amide carbonyl engage in weak C-H(π) interactions 

with a 4,4'-AP molecule.  

It is important to note that when impure 4,4'-AP (obtained from the supplier, 

Figure C28) was used directly in co-crystallization experiments with ACZ, we obtained 

a polymorph of ACZ·4,4'-AP (beta polymorph, Table A11, Figures E22, B15). The 

beta polymorph engages in hydrogen bonds with ACZ at its amide site, which differs 

from the structure described above. This polymorph could only be obtained when 

impurities were present in 4,4'-AP. Investigations of polymorph formation with small 

amounts of impurities present in co-crystallizations are ongoing.   
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Figure 3.2 Single-crystal X-ray structures highlighting: (a,d) self-assembly between 

ACZ and acceptor, (b,e) infinite hydrogen-bonded chains, and (c,f) ACZ homodimers. 

Parts a-c correspond to ACZ·4,4'-BIPY, and parts d-f correspond to ACZ·4,4'-AP. 

Hydrogen bonds shown with green dashed lines. 

ACZ·PYZ. PYZ was included as a CCF in this study because it has two acceptor 

sites and could behave similarly to bipyridine molecules. Single-crystal X-ray 

diffraction demonstrated that the components ACZ and PYZ crystallized in a 2:1 ratio 

in the space group P1̅. The asymmetric unit includes one molecule of ACZ and one-

half of a PYZ molecule. One of the sulfonamide NH groups engages in a hydrogen bond 

with the nitrogen atoms of PYZ (N···N separation: 2.897(2) Å, Figure 3.3a). The second 

NH of the sulfonamide engages in a hydrogen-bonded homodimer with a neighboring 

sulfonamide group with graph set 𝑅2
2 (8) (N···O separation: 3.006(2) Å). The two 

interactions with the sulfonamide NH groups yield a one-dimensional chain that extends 

along the c-axis. The amide NH and thiadiazole of ACZ also engage in a two-point 

(a)

(c)

(b)

(d)

(f)

(e)
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hydrogen-bonded homodimer to generate rings with graph set 𝑅2
2(8) (N···N separation: 

2.854(2) Å, Figure 3.3b). The amide-thiadiazole dimers lie between layers of the one-

dimensional chains involving pyrazine. 

 

Figure 3.3 Single-crystal structures of ACZ·PYZ highlighting: (a) self-assembly 

between ACZ and PYZ and (b) hydrogen-bonded chains and ACZ homodimers. 

Hydrogen bonds shown with green dashed lines. 

3.3.3 CCF that engages at the amide and sulfonamide sites of ACZ 

ACZ·4,4'-BPP. Unlike the previous di-acceptor pyridine molecules, single-

crystal X-ray diffraction revealed the components ACZ and 4,4'-BPP to crystallize in 

a 1:1 ratio with one crystallographically unique molecule of ACZ and 4,4'-BPP in the 

asymmetric unit. The components crystallized in the space group P1̅, and the saturated 

propane bridge within 4,4'-BPP caused the pyridine rings to twist relative to each other. 

One pyridyl nitrogen of 4,4'-BPP engages in a hydrogen bond with the amide NH of 

ACZ (N···N separation: 2.826(2) Å, Figure 3.4a). The second pyridyl nitrogen of 4,4'-

BPP forms a hydrogen bond with the sulfonamide NH of ACZ (N···N separation: 

2.836(2) Å, Figure 3.4a). 4,4'-BPP is the only di-acceptor in this study that engages in 

hydrogen bonds with both donor sites of ACZ. In many of the published co-crystals 

involving ACZ, a single molecule of the second component often bonds with the amide 

or sulfonamide, rather than both.236 Bonding at the amide site results in the disruption 

of the persistent thiadiazole-amide homosynthon of ACZ. The second sulfonamide NH 

of ACZ forms a hydrogen bond with the amide carbonyl (N···O separation: 2.866(2) 

Å). The two components self-assemble into a 2D hydrogen-bonded sheet with 

(a) (b)
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alternating stacks of ACZ-4,4'-BPP molecules along the b-axis (Figure 3.4b). These 

sheets interact through π-π interactions between the pyridine rings of 4,4'-BPP and 

thiadiazole ring of ACZ. 

 

Figure 3.4 Single-crystal X-ray structures of ACZ·4,4'-BPP demonstrating: (a) self-

assembly between ACZ and 4,4'-BPP wherein recognition occurs at both ACZ sites 

and (b) 2D hydrogen-bonded sheet. Hydrogen bonds shown with green dashed lines. 

3.3.4 CCFs that contain donor and acceptor groups 

We expanded our study to include two CCFs that contain pyridine acceptor sites 

and hydrogen-bond donor moieties. Both CCFs interact with ACZ at its amide site. 

Interestingly, both CCFs form a two-point, ring-based synthon at the amide that 

resembles the native ACZ thiadiazole-amide homosynthon (Scheme 3.1b). Moreover, 

both crystals exhibit ionic behavior, which differs from the previous six neutral co-

crystals featuring di-acceptor CCFs.  

ACZ·2AP. Single-crystal X-ray diffraction revealed the components ACZ and 

2AP to crystallize in a 2:1 ratio in the space group P1̅, and the asymmetric unit includes 

(a)

(b)
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two crystallographically unique molecules of ACZ. One unique ACZ molecule (ACZ1) 

engages in hydrogen bonds with the 2AP acceptor, while the second ACZ molecule 

(ACZ2) only interacts with other ACZ molecules. The amide NH and thiadiazole 

nitrogen of ACZ1 engage in a two-point hydrogen-bonded heterodimer with the pyridyl 

nitrogen and amine NH of 2AP to yield a ring with graph set 𝑅2
2(8) (N···N separations: 

2.846(3) and 2.931(3) Å, Figure 3.5a). The interaction between the amide NH and 

pyridyl nitrogen exhibits partial ionic character, as there was residual electron density 

between the donor-acceptor pair after other hydrogen atoms were modeled. The site 

occupancies of the two hydrogens (H3 and H5) refined to a ratio of 0.50:0.50, thus the 

co-crystal is partially ionic. ACZ1 molecules form infinite hydrogen-bonded chains 

with each other via the sulfonamide NH groups. The NH groups form hydrogen bonds 

with the carbonyl of the amide (N···O separation: 3.062(3) Å) and second nitrogen of 

the thiadiazole ring (N···N separation: 3.362(3) Å). Every other ACZ1 molecule in the 

chain is rotated by 180°, and the chains extend along the c-axis with the pyridine rings 

lying on the periphery (Figure 3.5b,c). 

The ACZ2 molecules also form infinite hydrogen-bonded chains that extend 

approximately along the crystallographic a-axis. The chains are formed through two 

types of hydrogen bonds; sulfonamide NH with carbonyl oxygen (N···O separation: 

3.031(2) Å), and a two-point hydrogen-bonded homodimer between the amide NH and 

thiadiazole nitrogen (N···N separation: 2.872(3) Å, Figure 3.5d). The chains containing 

ACZ1 and ACZ2 molecules pack into layers along the b-axis and alternate in an ACZ2-

ACZ1-ACZ1-ACZ2 pattern. 
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Figure 3.5 Single-crystal structures of ACZ·2AP highlighting: (a) assembly between 

ACZ1 and 2AP, (b) sulfonamide chains of ACZ1, (c) abbreviated ACZ1-2AP unit, and 

(d) ACZ2 chains. The 50:50 occupancy (green ovals) highlights partial proton transfer 

between the amide NH and pyridine. Hydrogen bonds shown with green dashed lines. 

ACZ·MP4A. Single-crystal X-ray diffraction revealed the components ACZ and 

MP4A to crystallize in a 1:1 ratio in the space group P1̅. The asymmetric unit includes 

one full molecule of each type, and the components interact through ionic hydrogen 

bonds. The pyridyl nitrogen of MP4A is protonated, and the amide of ACZ is 

deprotonated; however, the pyridyl nitrogen of MP4A is pointed towards the thiadiazole 

nitrogen of ACZ (N···N separation: 2.829(2) Å, Figure 3.6a). Similar to the crystal with 

2AP, the ACZ molecules in ACZ·MP4A form an infinite hydrogen-bonded chain 

through the sulfonamide NH groups. The hydrogen bond acceptors in the chain also 

involve the carbonyl of the amide (N···O separation: 2.825(3) Å) and the second 

nitrogen of the thiadiazole ring (N···N separation: 2.991(3) Å), and the chains run along 

the b-axis (Figure 3.6b). The pyridine rings are localized on the periphery of the chain. 

The amines of MP4A engage in weak hydrogen bonds with the sulfonamide oxygen 

atoms of neighboring chains (N···O separation: 3.227(3) Å). 

50:50

occupancy

(a)

(c)

(b)

(d)
ACZ2ACZ2

ACZ1ACZ1
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Figure 3.6 Single-crystal structures of ACZ·MP4A highlighting: (a) recognition 

between the two components and (b) hydrogen-bonded chains. Hydrogen bonds shown 

with green dashed lines. 

3.3.5 FTIR spectroscopy 

FTIR spectroscopy can provide insight into the occurrence of intermolecular 

interactions (e.g., hydrogen bonds) between the components in co-crystals.195 PXRD 

data was collected for each co-crystal prior to collecting FTIR spectra. Crystals were 

removed from the vial and ground briefly to create a powder. The PXRD data for each 

co-crystal correlated well with the simulated PXRD patterns based on single-crystal data 

(Figures E19-E26). FTIR spectra were collected for ACZ, each CCF, and each co-

crystal (Figures G11-G18). The FTIR spectra for all co-crystals demonstrate broad 

bands in the region of 2500-3500 cm-1, which is indicative of hydrogen bonds in the 

solid. The signals corresponding to the sulfonamide, amide, and pyridine (or aromatic 

heterocycle) are all shifted in the FTIR spectra of the co-crystals when compared to the 

single-component solids (Table 3.1, Table G2), which is indicative of the formation of 

(a)

(b)
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novel solid forms. In the case of ACZ·MP4A wherein the amide of ACZ is fully 

deprotonated, the carbonyl signal is significantly shifted to a lower wavenumber, which 

is indicative of proton transfer. For ACZ·2AP that exhibits partial ionic character, the 

carbonyl signal is not shifted, but there is significant signal broadening in the N-H 

region. For both ACZ·MP4A and ACZ·2AP, there is a sharp signal near 3388 cm-1, 

corresponding to the protonated pyridine.237 In co-crystals where the CCF bonds at the 

amide of ACZ, the carbonyl stretch lies at approximately 1675 cm-1, whereas the signal 

is shifted to approximately 1700 cm-1 when the CCF does not bond with the amide. 

Table 3.1 Distinctive bands in the FTIR spectra of ACZ and the co-crystals. 

Banda ACZ 
ACZ· 
4,4'-

BPEth 

ACZ· 
4,4'-
BPE 

ACZ· 
4,4'-
BIPY 

ACZ· 
4,4'-
AP 

ACZ·
PYZ 

ACZ· 
4,4'-
BPP 

ACZ·2A
P 

ACZ·
MP4A 

ν N-H 
3289 
3175 
3090 

3302 
3151 
3068 

3222 
3178 
3073 

3320 
3146 
3059 

3346 
3145 
3091 

3339 
3175 
3089 

3212 
3077 
3062 

3442b 
3387b 
3329b 
3271 
3160 
3084 

3388b 
3137b 
3112 
3098 
 

ν C=O 1675 1678 1675 1703 1708 1696 1673 1679 1643 

ν N-HII  
(Amide II band) 

1541 1557 1556 1536 1541 1545 1579 1564 1527 

ν SO2NH2 
1361 
1172 

1357 
1173 

1359 
1174 

1350 
1168 

1348 
1168 

1359 
1170 

1307 
1163 

1380 
1171 

1397 
1160 

ν pyr (C=N)  1594 1584 1594 1591 1434c 1607 1639 1574 
a The N-H, C=O, N-HII, and SO2NH2 bands are due to ACZ in the co-crystals. Some 

CCFs also exhibit N-H signals (see footnote b). The pyr (C=N) band is due to the CCF 

in the co-crystals. 
b These additional signals in the N-H region are due to the CCF (amines and protonated 

pyridines). 
c Signal for aromatic heterocycle of PYZ. 

3.3.6 Torsion angles 

Portions of ACZ are conformationally flexible and can afford differences in 

bonding behavior. The torsion angle on the amide side of ACZ involving S1-C2-N4-

C3 (Figure 3.7a) has been demonstrated to be less flexible than the sulfonamide side, 

which includes N1-S2-C1-S1.218, 225 For the co-crystals described above, the torsion 

angles on the amide side range from -0.20 to -5.22 to and +0.20 to +5.22° (Table 3.2).238 
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On the other hand, the torsion angles on the sulfonamide side show significantly more 

variation and range from -62.20 to -119.89° and +62.20 to 119.89° 32 (Figure 3.7b-d). 

 

Figure 3.7 (a) Structure of ACZ highlighting atoms used in torsion angle calculations 

(atom S1 is used for both sides). Structures of ACZ molecules within (b) ACZ·4,4'-

BPEth, (c) ACZ·4,4'-AP, and (d) ACZ·4,4'-BPP with torsion angles indicated. 
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Table 3.2 Torsion angles for ACZ molecules in co-crystals. 

Co-crystal Torsion angle amide side Torsion angle sulfonamide side 

CCF bonds at amide (NH) of ACZ 

ACZ·4,4'-BPEth -2.67 -62.20 

ACZ·4,4'-BPE -1.83 -70.56 

ACZ·2APa 0.20; 1.25 -75.52; -87.65 

ACZ·MP4A 0.31 95.63 

CCF bonds at sulfonamide (NH2) of ACZ 

ACZ·4,4'-BIPY -1.46 100.38 

ACZ·4,4'-AP -5.22 106.04 

ACZ·PYZ -3.54 -86.06 

CCF bonds at amide (NH) and sulfonamide (NH2) of ACZ 

ACZ·4,4'-BPP 1.88 119.89 

aThe co-crystal contains two crystallographically unique ACZ molecules. The first 

number in each column is for ACZ1, and the second number is for ACZ2 (see Figure 

3.5). 

Some small differences are apparent for the sulfonamide side torsion angles, 

depending on which site of ACZ the CCF interacts with. The torsion angles for the 

sulfonamide of ACZ lie under ±96° when the CCF bonds at the amide site, and in the 

±100° range when the CCF bonds at the sulfonamide site. In the case where the CCF 

bonds at both sites of ACZ, the torsion angle is nearly ±120°. The co-crystal with PYZ 

does not follow the trend as the sulfonamide torsion angle is smaller; however, this may 

be due to the small size of the di-acceptor in comparison to the bipyridines. 

3.3.7 Hirshfeld analysis 

Hirshfeld analysis was performed to gain additional insight into the 

intermolecular interactions and crystal packing239 for the ACZ crystals. The full 

fingerprint plot was calculated for each crystal, which includes all intermolecular 

contacts. The division of contributions for the fingerprint plots was also decomposed 

into contact type. Interactions based on O···H/H···O, N···H/H···N, and H···H contacts 
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encompass the majority of the fingerprint plot for each crystal (Figures H1-H8). 

Contacts based on S···H/H···S are also provided for each crystal as a comparison. In 

the images of the surfaces, short interatomic contacts are denoted in red, long contacts 

are denoted in blue, and white denotes contacts at the sum of the van der Waals radii. 

For each ACZ surface, a red area is present at the sites where hydrogen bonds form with 

CCFs or other ACZ molecules.  

For co-crystals where the acceptor engages with ACZ at its amide site, a bright 

blue region is present directly above the sulfonamide NH2 group, and opposite to the 

thiadiazole sulfur (Figure 3.8a). Qualitatively, these surfaces generally include more 

white regions, indicating contacts at the van der Waals distance (Figures H1, H2, H6, 

H8). On the other hand, when the acceptor bonds at the sulfonamide site, the blue region 

lies on the amide side (Figure 3.8b). Qualitatively, these surfaces generally include more 

blue regions, indicating longer intermolecular contacts (Figures H3-H4). In the case of 

ACZ∙4,4'-BPP, when the acceptor bonds at both sides, the red regions are quite bright, 

and the rest of the surface is dominated by blue areas (Figure 3.8c). These Hirshfeld 

surfaces could indicate that when ACZ forms hydrogen bonds with a CCF at one donor 

site, formation of a second hydrogen bond with a CCF at the other donor site may be 

more difficult, i.e. negative cooperativity.240 
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Figure 3.8 Hirshfeld surface mapped over dnorm for: (a) ACZ·4,4'-BPEth (bonds at 

amide site), (b) ACZ·4,4'-BIPY (bonds at sulfonamide site), and (c) ACZ·4,4'-BPP 

(bonds at both sites). 

3.3.8 Differences in pKa values to predict synthon formation 

The existence of numerous hydrogen-bond donor and acceptor sites within ACZ 

makes the design and prediction of synthon formation challenging. We, thus, sought to 

investigate the possibility of using pKa values to predict synthon formation in the 

crystals described above. Indeed, Zhang and MacGillivray demonstrated that pyridines 

could be used to disrupt two-point hydrogen-bonded dimer synthons in co-crystals and 

salts involving the drug sulfadiazine.241 The acidity of the sulfadiazine and basicity of 

the pyridines were used to predict the synthon formation, and proton transfer occurred 

in some cases. We also investigated previously published co-crystals of ACZ and 

(a) (b)

(c)
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performed analysis for CCFs that were based on pyridines (CSD REFCODES: DATFIP, 

MADTAP, MADTET, RUYGUO).218, 225, 226 The pKa values for ACZ and CCFs were 

calculated (Figure 3.9, Table 3.3), and the differences in pKa values for the donor (acid) 

and acceptor (base) were calculated using the equation ΔpKa = pKa(protonated base) – 

pKa(acid).233, 234 Only hydrogen bonds occurring at the sulfonamide, amide, or 

thiadiazole sites of ACZ were investigated. 

The ΔpKa values can provide insight into the probability of forming a neutral co-

crystal or salt. When ΔpKa is below -1, a neutral co-crystal is favored; when ΔpKa falls 

above +4, a salt is favored.233 While there has been some debate on the exact numerical 

upper limit for a salt, a salt-co-crystal continuum exits between the two extremes.233, 234 

Generally when ΔpKa falls between -1 and +3 or 4, the probability of forming a neutral 

co-crystal or salt is more uncertain. 

  



Texas Tech University, Qixuan Zheng, May 2022 

88 

 

 

Figure 3.9  (a) Calculated pKa values for hydrogen-bonding sites of ACZ, (b) synthon 

modes showing bond formation at the sulfonamide, amide, or both sites of ACZ, (c) 

pKa values for site 1 of the acceptors, and (d) pKa values for site 2 of the di-acceptors. 

For parts c-d, the box colors and line type indicate the synthons formed in the co-crystals 

and correlate to the colors and lines in part b. See Table 3 for calculated pKa values. 

Table 3.3 Calculated pKa values for CCFs and ΔpKa values for CCF-ACZ pairs. Site 1 

and site 2 pairs indicate the groups that interact through hydrogen bonds in the crystal 

structure. 

Acceptor structure 
pKa of 

acceptor 
site 1 

pKa 
of 

ACZ 
site 
1 

ΔpKa

1 

pKa of 
acceptor 

site 2 

pKa 
of 

ACZ 
site 2 

ΔpKa

2 
Reference 

bonding at amide (NH) of ACZ 

 

5.98 6.55 -0.57 5.38 6.55 -1.17 this work 

 

5.59 6.55 -0.96 4.99 6.55 -1.56 this work 

 

6.84 6.55 0.29 -10.75 -3.32 7.43a this work 

 

bonds at sulfonamide 

of ACZ

bonds at amide and sulfonamide 

of ACZ

bonds at amide 

of ACZ

synthon modes:(a) (b)

ACZ

pKa of 

acceptor site 1

0 2 4 6 8 10-2-4 0 2 4 6 8 10-2-4 pKa of 

acceptor site 2

(d)(c)
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Table 3.3 continued 

 
8.86 6.55 2.31 - - - this work 

 

3.63 6.55 -2.92 - - - 218 

bonding at sulfonamide (NH2) of ACZ 

 
5.25 7.28 -2.03 4.44 7.28 -2.84 this work 

 

4.23 7.28 -3.05 3.62 7.28 -3.66 this work 

 
0.88 7.28 -6.40 -1.52 7.28 -8.80 this work 

 

3.63 7.28 -3.65 - - - 
226 and 

this workb 

bonding at amide (NH) and sulfonamide (NH2) of ACZ 

 

6.02 6.55 -0.53 5.42 7.28 -1.86 
this 
work 

 

3.63 6.55 -2.92 -1.95 7.28 -9.23 226c 

 

-5.09 
-5.09d 

6.55 
7.28 

-
11.64 

-
12.37 

14.12 -3.32 
-

17.44
a 

225d 

aFor these ΔpKa calculations, the thiadiazole N is the base and the other component is 

the acid. 
bWe collected the low temperature structure of ACZ-NAM (see Table A9).  
cOnly the NAM molecule engages in hydrogen bonds with ACZ. 
dThe crystal contains two crystallographically unique pyridine molecules. One molecule 

forms a dimer with ACZ, and the second molecule engages with the sulfonamide via 

the carbonyl oxygen. The pyridyl nitrogen does not engage with any of the three ACZ 

sites. 
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The acceptors that form hydrogen bonds with ACZ at its sulfonamide site 

(Figure 3.9b) are generally less basic (Figure 3.9c,d), and the ΔpKa values for the CCF-

ACZ pairs are all negative (Figure 3.10). On the other hand, acceptors that form 

hydrogen bonds with ACZ at its amide site (Figure 3.9b) are generally more basic, and 

the ΔpKa values for the CCF-ACZ pairs fall in the salt-co-crystal continuum.233, 234 

When ΔpKa falls between -1 and 4, the equation Pobs (A
-B+, %) = 17*ΔpKa + 28, can be 

used to calculate the probability of proton transfer for a given acid-base pair.233 

ACZ·2AP showed partial ionic character crystallographically, and the components 

have a calculated probability of proton transfer at 33%.242 ACZ·MP4A is fully ionic, 

and the components have a calculated probability of proton transfer equal to 67%.242 

Other types of sulfonamide drugs (sulfa drugs) have been co-crystallized, and 

the pKa values of the drug and second component were used to predict protonation 

states, i.e. formation of neutral co-crystals or salts. For example, in solids composed of 

sulfadiazine and pyridine-based co-formers, Zhang, MacGillivray, and co-workers 

showed that neutral co-crystals formed with ΔpKa values < 0 and salts formed with ΔpKa 

> 0.241 Similarly, Thaimattam, Ramanan, and co-workers studied solids of 

sulfamerazine, sulfamethazine, and sulfamethoxazole and observed formation of co-

crystals when ΔpKa < 0 and molecular salts when 0 < ΔpKa < 3.243 Englert and co-

workers investigated a complex involving a sulfapyridine derivative and acetic acid.244 

The ΔpKa value fell in the continuum, and a salt-co-crystal was obtained. Lastly, Nangia 

and co-workers studied solids composed of bumetanide and the calculated ΔpKa values 

all fell in the continuum (ΔpKa values ranged from 1.06 to 3.52).245 Interestingly, only 

one salt-co-crystal formed, which involved cytosine and the ΔpKa value equals 2.35. In 

the co-crystals of ACZ discussed here, neutral co-crystals formed when the ΔpKa value 

is < 0, and partially ionic/salts formed with ΔpKa values > 0. Thus, our results with ACZ 

show good correlation with studies of other sulfa drug co-crystals.     
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Figure 3.10 (a) ΔpKa1 values for the CCFs with ACZ and (b) ΔpKa2 values for the di-

acceptor CCFs with ACZ. Neutral co-crystal, continuum, and salt regions highlighted 

with different patterns. The green box outline type indicates the protonation state 

obtained in the crystals. See Table 3.3 for calculated ΔpKa values. 

As outlined in Table 3.3, three pyridyl acceptors form bonds with ACZ at both 

of its hydrogen-bond donor sites. One system includes a ternary co-crystal, and only the 

NAM molecule forms hydrogen bonds with ACZ.226 The amide of ACZ forms 

hydrogen bonds with the pyridine of NAM, and the sulfonamide bonds with the 

carbonyl of NAM. The second system includes 2-pyridinecarboxamide as the acceptor, 

but the pyridyl site does not engage in hydrogen bonds with ACZ.225 The carboxamide 

forms hydrogen bonds with the amide-thiadiazole site of ACZ, which is an excellent 

(a)

(b)

ΔpKa1

0 1 2 3 4 5-1-2-3-4-5 6-6-7

ΔpKa2

0 1 2 3 4 5-1-2-3-4-5 6-6-7-9 -8

co-crystal favored salt-co-crystal

continuum 

salt favored

co-crystal obtained partially ionic salt obtained
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geometric match that mirrors the native ACZ homosynthon. Our co-crystal with 4,4'-

BPP is unique in that both pyridyl acceptor sites engage in hydrogen bonds with the two 

ACZ donor sites. The pKa values for 4,4'-BPP are more basic than most other acceptors 

examined here (Figure 3.9), and the molecule is also conformationally flexible. 

The amide site of ACZ is more acidic than the sulfonamide side, thus, one would 

expect the amide site to form intermolecular hydrogen bonds more readily. However, 

the amide and thiadiazole of ACZ frequently engage in homosynthons, even when a 

CCF is present in co-crystals. Incorporation of a classic acceptor moiety into the 

crystallization environment is not necessarily enough to drive the amide towards 

formation of heterosynthons with a CCF. One case that demonstrates this is NAM. The 

anhydrous form of ACZ∙NAM was reported by Nangia,226 and the crystal was grown 

from ethyl acetate and tetrahydrofuran. We obtained identical co-crystals via co-

crystallization from acetone and collected the low temperature structure. The 

monohydrate ACZ∙NAM∙H2O was reported by Höpfl.218 NAM is a less basic acceptor 

(Table 3.3), and in the anhydrous form, NAM engages in hydrogen bonds with ACZ at 

its sulfonamide site. This falls in line with our prediction based on pKa values. In the 

monohydrate, the pyridine of NAM forms hydrogen bonds with the amide of ACZ, and 

the water molecule forms a hydrogen bond with the thiadiazole nitrogen. Thus, with the 

assistance of an additional donor, the ACZ homosynthon is disrupted. 

3.3.9 Role of synthons and predictive ability in ACZ co-crystals 

In the single-component and previously published co-crystal structures 

involving ACZ, the thiadiazole-amide homosynthon is quite persistent (Scheme 3.1b). 

Thus, even in the presence of a CCF, ACZ will still form hydrogen bonds with itself. 

In this work, the two key synthons responsible for self-assembly of aromatic nitrogen-

based CCFs and ACZ in co-crystals are the pyridine···amide heterosynthon (N···H-N) 

and the pyridine···sulfonamide heterosynthon (N···H-N). Formation of the 

pyridine···amide synthon occupies the amide of ACZ; thus, it is unable to engage in 

homosynthons with itself. On the other hand, formation of the pyridine···sulfonamide 

heterosynthon leaves the amide available for homosynthons, which form in each case. 
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Other hydrogen bond synthons are present in the ACZ co-crystals described here but 

are responsible for assembly of neighboring ACZ molecules. For example, some of the 

synthons involving only ACZ molecules include sulfonamide···thiadiazole (N-H···N), 

sulfonamide···amide (N-H···O), and amide···thiadiazole (O···N). 

The predictive power of synthon formation in co-crystals containing a low 

number of donor and acceptor sites is often straightforward, although there are certainly 

exceptions of unique/unexpected synthon formation. Once molecular structures are 

complicated via incorporation of multiple donor and acceptor sites, prediction becomes 

more challenging.246 In the case of ACZ, the pKa method provides some ability to 

predict the synthons; however, the cutoff lines are admittedly quite close (Figure 3.9). 

Predictive ability could be enhanced by studying compounds in similar classes (e.g. 

sulfa or anti-inflammatory drugs); however, if the donor/acceptor numbers differ, the 

comparison is likely less useful. Predictive ability will certainly be enhanced with the 

combination of experimental studies and crystal structure prediction methods, which 

have seen significant recent growth.247, 248 Based on the results described here, the amide 

of ACZ can form intermolecular hydrogen bonds with CCFs at its amide site if more 

basic acceptors are utilized and/or if additional donors are present that exhibit the ability 

to engage with the thiadiazole nitrogen atom in a geometrically favorable manner.   

3.4 Conclusions 

Here, we described the first series of co-crystals incorporating the drug ACZ 

with CCFs containing only aromatic nitrogen acceptor sites. We also include two 

additional CCFs containing both acceptor and donor moieties. Finally, a co-crystal 

incorporating 4,4'-BPP as a di-acceptor engages with ACZ at both the sulfonamide and 

amide donor sites, which is a rare occurrence in co-crystals of ACZ with pyridine CCFs. 

CCFs that are more basic tend to bond with ACZ at its amide site, while less basic CCFs 

bond at the sulfonamide site of ACZ. Basicity and/or geometric complementarity can 

aid in disrupting the amide-thiadiazole homosynthon that persists in ACZ polymorphs 

and co-crystals. We expect this approach can aid in synthesizing novel forms or multi-

component solids of pharmaceutical compounds with multiple hydrogen bonding sites.  
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CHAPTER IV 

CO-CRYSTALLIZATION OF TRIMETHOPRIM AND 

SOLUBILITY ENHANCEMENT VIA SALT FORMATION 

Chapter IV will include the co-crystallization of trimethoprim with either 

bipyridine or monopyridine co-crystal formers (CCFs) and will include work from one 

publication. The article is adapted with permission from Crystal Growth & Design 

[Qixuan Zheng, Daniel K. Unruh, and Kristin M. Hutchins, Co-crystallization of 

Trimethoprim and Solubility Enhancement via Salt Formation. Cryst. Growth Des., 

2021, 21, 1507-1517]. Copyright 2021, American Chemical Society. 

4.1 Introduction 

The solubility of pharmaceuticals plays an important role in processes such as 

formulation activities and clinical trials. When administered orally, the bioavailability 

of a pharmaceutical depends mostly on its solubility in the gastrointestinal tract and 

permeability across cell membranes.249 Generally, for an orally administered 

pharmaceutical, poor aqueous solubility causes poor oral bioavailability, which results 

in only a small amount of active pharmaceutical ingredient reaching a desired 

location.250 For example, trimethoprim (TMP) is an important antibiotic in human and 

veterinary medicine mainly used in the prevention and treatment of urinary tract 

infections.251, 252 TMP is also on the World Health Organization’s list of essential 

medicines.253 Trimethoprim is a BCS class II drug (poorly soluble, highly 

permeable).254 Due to its low aqueous solubility (as low as 400 mg/L at room 

temperature),255 permeation and diffusion rate in the human body are reduced and the 

effectiveness of TMP can be influenced.  

Various approaches can be used to enhance pharmaceutical solubility. 

Amorphous formulations256 and encapsulation materials257 are designed to significantly 

improve bioavailability and absorption rate of poorly water-soluble pharmaceuticals 

into the human body. Co-crystallization,258 the process of combining at least two 

molecular and/or ionic compounds in a definite stoichiometric ratio,67, 68 has recently 

emerged as a powerful method to alter solid-state packing70 and bulk properties72 of the 
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individual compounds that make up the co-crystal. Pharmaceutical solubility can also 

be improved by the formulation of pharmaceutical salts.259, 260 The synthetic approach 

towards pharmaceutical salts is often identical to co-crystallization, but the components 

interact through ionic bonds. The second component (co-former) used in the co-

crystallization is often selected from the Generally Recognized as Safe (GRAS) list to 

attain solids that will not be toxic to humans. Fourteen TMP co-crystals (neutral) and 

fifty TMP salts have been synthesized and reported in the Cambridge Structural 

Database.261 For example, Nakai, Takasuka, and Shiro synthesized a salt of TMP with 

sulfamethoxazole, wherein deprotonated sulfamethoxazole interacts with a protonated 

TMP through a two-point hydrogen bond.262 TMP and sulfamethoxazole are often 

given in combination for treatment of infections. Ton and Egert reported co-crystals of 

TMP with glutarimide and 3,3-dimethylglutarimide held together by three-point 

hydrogen bonds.263 Reddy, Ghosh, and coworkers described three salt-hydrates of TMP 

with fenamic acids, wherein the deprotonated acid engages in a two-point hydrogen 

bond with a protonated TMP. 264  

Here, we report three pharmaceutical salts involving TMP and the 

monopyridine molecules nicotinic acid (NA) or isonicotinic acid (INA) as co-formers 

(Scheme 4.1a). One of the salts is a hydrate, and the other two are solvates. The 

components in the salts interact through strong, two-point hydrogen bonds, and the 

included solvents play a key role in the supramolecular assembly of the components. 

The three pharmaceutical salts exhibit significantly higher aqueous solubility than 

TMP, good thermal stability, and the salt-hydrate exhibits good structural stability 

under ambient conditions. We also describe the synthesis of three neutral co-crystals of 

TMP with bipyridine molecules (4,4'-azopyridine (4,4'-AP), trans-1,2-bis(4-

pyridyl)ethylene (4,4'-BPE), and 4,4-dipyridyl (4,4'-BIPY)) (Scheme 4.1b). Although 

bipyridines are not on the GRAS list, we were interested in determining if the 

supramolecular synthon behavior of TMP would be similar with monopyridines and 

bipyridines. Interestingly, although both components (TMP and bipyridine) are present 

in the crystal lattice, they do not interact via the expected N-H(TMP)···N(pyridine) 



Texas Tech University, Qixuan Zheng, May 2022 

96 

 

hydrogen-bond synthon. In fact, the two components in the neutral co-crystals do not 

form bonds with each other in the lattice. We discuss the key structural differences 

between the two types of co-formers used in this study, which leads to significant 

differences in the types of solids obtained. Finally, we demonstrate the application of 

mechanochemistry to synthesize the salt-solvate TMP·NA·EtOH. 

 

Scheme 4.1 Co-crystallization of TMP with: (a) NA or INA yields salt-hydrates or salt-

solvates and (b) bipyridines yield neutral co-crystals. 

4.2 Materials and methods 

4.2.1 Materials 

Trimethoprim (TMP), isonicotinic acid (INA), 4,4-dipyridyl (4,4'-BIPY), and 

nitromethane were purchased from Oakwood Chemical (Columbia Hwy N. Estill, SC, 

USA). 1,2-Bis(4-pyridyl)ethylene (4,4'-BPE) and 4,4'-azopyridine (4,4'-AP) were 

purchased from Sigma-Aldrich Chemical (St. Louis, MO, USA). Nicotinic acid (NA) 

was purchased from Tokyo Chemical Industry Co., LTD (Toshima, Kita, Tokyo, Japan). 

Lastly, methanol, ethanol, chloroform, toluene, and acetone were purchased from Fisher 

Scientific (Lenexa, KS, USA).  
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4.2.2 Co-crystallizations  

Co-crystals of TMP·4,4'-BPE were synthesized by dissolving TMP (20 mg, 

0.07 mmol) and 4,4'-BPE (12.6 mg, 0.07 mmol) in acetone or chloroform. Slow 

evaporation of the solution was allowed for a period of 4-5 days until single crystals 

were formed that were suitable for X-ray diffraction. 

Co-crystals of TMP·4,4'-AP were synthesized by dissolving TMP (20 mg, 0.07 

mmol) and 4,4'-AP (12.9 mg, 0.07 mmol) in methanol. The solution was allowed to 

evaporate slowly over a period of 4-5 days until single crystals were formed that were 

suitable for X-ray diffraction. 

Co-crystals of TMP·4,4'-BIPY were synthesized by dissolving TMP (20 mg, 

0.07 mmol) and 4,4'-BIPY (10.9 mg, 0.07 mmol) in ethanol. The solution was allowed 

to evaporate slowly over a period of 4-5 days until single crystals were formed that were 

suitable for X-ray diffraction. 

Salt-hydrates of TMP·NA·H2O were synthesized by dissolving TMP (20 mg, 

0.07 mmol) and NA (17.2 mg, 0.14 mmol) in ethanol or toluene/acetone. The solution 

was allowed to evaporate slowly over a period of 4-5 days until single crystals were 

formed that were suitable for X-ray diffraction. 

Salts of TMP·NA·EtOH were synthesized by dissolving TMP (20 mg, 0.07 

mmol) and NA (17.2 mg, 0.14 mmol) in ethanol in a sealed container filled with drierite. 

The solution was allowed to evaporate slowly over a period of about 1 month until 

single crystals were formed that were suitable for X-ray diffraction. 

Salts of TMP·INA·MeNO2 were synthesized by dissolving TMP (20 mg, 0.07 

mmol) and INA (17.2 mg, 0.14 mmol) in nitromethane. If wet solvent is used for co-

crystallization, water can be incorporated into the lattice. This can be eliminated by 

using dry solvent or crystallization in water/air free environment. The solution was 

allowed to evaporate slowly over a period of 15-20 days until single crystals were 

formed that were suitable for X-ray diffraction. 
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4.2.3 Mechanochemistry experiments 

Mechanochemical synthesis experiments were conducted for TMP·NA·H2O, 

TMP·NA·EtOH, and TMP·INA·MeNO2 to determine if the co-crystals could be 

synthesized by milling. A FTS1000 Ball Mill purchased from Form-Tech Scientific was 

used. Experiments were conducted in 15 mL stainless steel jars with 10 mm stainless 

steel grinding balls. For the 1:2 molar ratio experiments, TMP (20 mg, 0.07 mmol), NA 

(17.2 mg, 0.14 mmol), or INA (17.2 mg, 0.14 mmol) and 1 drop of water, ethanol, or 

nitromethane were placed in a stainless steel SmartSnap jar. For the 1:1 molar ratio 

experiments, TMP (40 mg, 0.14 mmol), NA (17.2 mg, 0.14 mmol), or INA (17.2 mg, 

0.14 mmol) and 1 drop of water, ethanol, or nitromethane were placed in a stainless 

steel SmartSnap jar. The solvent used for milling is identical to the solvent present in 

the co-crystal structures. The mixture was milled at 900 rpm for a period of 1 hr. The 

resulting solids were characterized by PXRD. 

4.2.4 Single-crystal X-ray diffraction 

X-ray data were collected on a Rigaku XtaLAB Synergy-i Kappa diffractometer 

equipped with a PhotonJet-i X-ray source operated at 50 W (50kV, 1 mA) to generate 

Cu Kα radiation (λ = 1.54178 Å) and a HyPix-6000HE HPC detector. Crystals were 

transferred from the vial and placed on a glass slide in polyisobutylene. A Zeiss Stemi 

305 microscope was used to identify a suitable specimen for X-ray diffraction from a 

representative sample of the material. The crystal and a small amount of the oil were 

collected on a MῑTiGen cryoloop and transferred to the instrument where it was placed 

under a cold nitrogen stream (Oxford 700 series) maintained at a given temperature (see 

tables below) throughout the duration of the experiment. The sample was optically 

centered with the aid of a video camera to ensure that no translations were observed as 

the crystal was rotated through all positions. After data collection, the unit cell was re-

determined using a subset of the full data collection. Intensity data were corrected for 

Lorentz, polarization, and background effects using the CrysAlisPro.163 A numerical 

absorption correction was applied based on a Gaussian integration over a multifaceted 

crystal and followed by a semi-empirical correction for adsorption applied using the 
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program SCALE3 ABSPACK.164 The SHELX-2014,148 series of programs was used for 

the solution and refinement of the crystal structure. Hydrogen atoms bound to carbon, 

nitrogen, and oxygen atoms were located in the difference Fourier map and were 

geometrically constrained using the appropriate AFIX commands. 

We also conducted variable-temperature single-crystal X-ray diffraction 

experiments for TMP·4,4'-BPE and TMP·4,4'-AP at temperatures of 190 K, 210 K, 

230 K, 250 K, 270 K, and 290 K, respectively. While these are not discussed in detail 

in this dissertation, the CCDC numbers are 2025614-2025619 and 2035977-2035982, 

respectively. 

4.2.5 NMR spectroscopy 

Single crystals from the co-crystallization experiments were removed from the 

vial and dissolved in CDCl3 for NMR experiments. NMR data was collected using a 

JOEL ECS 400 MHZ Spectrometer with multinuclear, direct and inverse detection 

probes, automatic sample changer, variable temperature, and Z-gradient capabilities 

(Figure C42-C49). 

4.2.6 Thermogravimetric analysis 

TGA data was collected on a Mettler Toledo TGA2. A platinum cell and a 

nitrogen atmosphere were used. The flow rate was 20 mL/min, and the heating rate was 

10 °C/min (Figure D16-D18). 

4.2.7 Differential scanning calorimetry analysis 

Crystalline samples were analyzed by DSC using Mettler Toledo DSC823 with 

freon cooler. All experiments were performed by heating the samples from 25 to 250 

℃ at a heating rate of 10 ℃/min (Figure I14-I16). 

4.2.8 Solubility, melting point, and stability tests 

The solubility data was collected by dissolving specific amount of salt 

TMP·NA·H2O, TMP·NA·EtOH, or TMP·NA·MeNO2 in specific amount of water in 

a vial (the specific amount of salt and water is shown in Table J1). Water was added by 

using a micropipette with a Kali-BT-200 tip to a vial containing each salt, and 100 μL 
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of water was transferred at a time. The vial was then oscillated in a sonicator to dissolve 

each salt. More water was added in the vial until a clear solution was obtained after 

oscillation in the sonicator.  

The stability of the salts TMP·NA·H2O, TMP·NA·EtOH, and 

TMP·NA·MeNO2 was monitored by synthesizing a fresh sample, which was 

characterized by PXRD. Then, each sample was placed in a vial without a cap and 

allowed to sit undisturbed on the bench (open to ambient air) for a period of 10 days. 

After 10 days, each sample was re-analyzed by PXRD (Figures E30-E32). Since 

TMP·NA·MeNO2 showed poor correlation by PXRD, 1H NMR data was collected 

before and after 10-day stability studies to confirm the presence or absence of the 

nitromethane solvent (Figures C47-C49). 

4.2.9 Dissolution rate study 

Dissolution rate experiments were conducted by adding 10 mg of 

TMP·NA·H2O, TMP·NA·EtOH, or TMP·NA·MeNO2 to a vial containing 2 mL 

phosphate buffer solution (pH=6.98). The sample was heated at 37 ℃ and stirred at 500 

rpm on a stir plate. Each sample was monitored, and the time it took for the sample to 

completely dissolve in the buffer solution was recorded. A total of three trials were 

performed for each sample. The time is denoted in seconds (s) (Table K1). 

4.2.10 Powder X-ray diffraction measurements (PXRD) 

The powder X-ray diffraction (PXRD) patterns for TMP·4,4'-AP, TMP·4,4'-

BPE, and TMP·4,4'-BIPY were collected on a Rigaku Ultima III powder 

diffractometer. The diffraction pattern was obtained by scanning a 2θ range of 5-50°, 

step size = 0.02°, and scan time of 1.6 degrees/min. The X-ray source was Cu Kα 

radiation (λ =1.5418 Å) with an anode voltage of 40 kV and a current of 44 mA. The 

beam was then discriminated by Rigaku's Cross Beam parallel beam optics to create a 

monochromatic parallel beam. Diffraction intensities were recorded on a scintillation 

detector after being filtered through a Ge monochromator. The sample was prepared as 

a standard powder mount, and the diffractogram was processed through the software 

JADE v9.1 (Figure E28-E30). 
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The PXRD patterns for TMP·NA·H2O, TMP·NA·EtOH, and 

TMP·NA·MeNO2 were collected on a Rigaku MiniFlex II powder diffractometer. The 

diffraction pattern was obtained by scanning a 2θ range of 3-60°, step size = 0.02°, and 

scan time of 2 degrees/minute. The X-ray source was Cu Kα radiation (λ =1.5418 Å) 

with an anode voltage of 30 kV and a current of 15 mA. Diffraction intensities were 

recorded on a position sensitive detector (D/teX Ultra). The sample was prepared as a 

standard powder mount, and the diffractogram was processed through the software MDI 

JADE 2020 (Figure E31-E36). 

4.2.11 pKa Calculations 

The pKa values for TMP and the co-formers were calculated using 

MarvinSketch.265 The ΔpKa values were calculated using the equation ΔpKa = pKa 

(protonated base) − pKa (acid).233, 234 

4.3 Results and discussion 

4.3.1 TMP co-crystals with bipyridines 

SCXRD studies revealed the three co-crystals of TMP with bipyridines 4,4'-AP, 

4,4'-BPE, and 4,4'-BIPY to crystallize in triclinic, centrosymmetric space group P1̅. 

The asymmetric units of TMP·4,4'-AP and TMP·4,4'-BPE comprise one molecule of 

TMP and one molecule of bipyridine, the components are present in a 1:1 molar ratio, 

and the two co-crystals are nearly isostructural. The asymmetric unit of the co-crystal 

TMP·4,4'-BIPY includes one molecule of TMP and 0.75 molecules of 4,4'-BIPY, 

since the 1.5 bipyridine molecules are only half occupied. When we chose the bipyridine 

acceptors, we expected that the two components would interact through N−H···N 

hydrogen bonds involving the amino groups of TMP and the pyridyl nitrogen atoms of 

the bipyridines. However, in all three cases, the N−H···N synthon breaks down and the 

two components do not engage with each other via any appreciable supramolecular 

forces, even though both components are present in the lattice. In each co-crystal, the 

TMP and bipyridine molecules only interact with neighboring molecules of themselves.  



Texas Tech University, Qixuan Zheng, May 2022 

102 

 

Each TMP molecule contains two pyrimidine nitrogen atoms and two amino 

groups. In TMP·4,4'-AP, both amino NH groups and pyrimidine nitrogen atoms of 

TMP interact with neighboring TMP molecules through two-point hydrogen-bonded 

homodimers to generate rings with graph set 𝑅2
2(8) [N···N separations: 2.953(3) Å and 

3.048(3) Å] (Figure 4.1a). The TMP molecules also interact with each other through 

hydrogen bonds between the NH of the amino group and oxygen of a methoxy group 

[N···O separations: 2.973(2) Å and 3.022(3) Å] (Figure 4.1a,b). Together, these 

interactions facilitate formation of a hydrogen-bonded sheet that extends in the ab-

plane. The 4,4'-AP molecules interact with each other through hydrogen bonds between 

the pyridine C–H(α) and pyridyl nitrogen [C···N separations: 3.506(6) Å and 3.497(5) 

Å] to form chains that extend along the b-axis (Figure 4.1b). The whole molecule of 

4,4'-AP is positionally disordered over two sites (site occupancies: 0.77 and 0.23 at 200 

K). As 4,4'-AP is capable of dynamic solid-state motion,266 we also conducted variable-

temperature (VT) SCXRD experiments for TMP·4,4'-AP over the temperature range 

of 190-290 K in 20 K increments. The site occupancies of 4,4'-AP change by 12% 

between 190-290 K; thus, the disorder of 4,4'-AP is dynamic. 
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Figure 4.1 X-ray crystal structures of TMP·4,4'-AP highlighting: (a) hydrogen-bonded 

sheets of TMP molecules and (b) self-interactions between TMP and 4,4'-AP 

molecules. Hydrogen bonds shown with green dashed lines. Disorder in 4,4'-AP is 

omitted for clarity. 

The co-crystal TMP·4,4'-BPE is nearly isostructural with TMP·4,4'-AP. The 

intermolecular interactions responsible for assembly of the components are the same; 

however, extension of the sheets and chains occurs along different axes. Thus, the amino 

NH and nitrogen of the pyrimidine of TMP engage in two-point hydrogen-bonded 

homodimers [N···N separations: 2.964(2) Å and 3.036(2) Å at 190 K], and the amino 

NH groups form hydrogen bonds with an oxygen of a methoxy group [N···O 

separations: 2.975(1) Å and 3.011(2) Å] (Figure 4.2). The hydrogen-bonded sheets of 

TMP molecules extend in the ac-plane. The 4,4'-BPE molecules interact through C–

H(α)···N hydrogen bonds [C···N separations: 3.545(5) Å and 3.634(5) Å] to form 

chains that extend along the c-axis (Figure 4.2b). The whole molecule of 4,4'-BPE is 
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also positionally disordered over two sites (site occupancies: 0.80 and 0.20 at 190 K). 

We conducted VT SCXRD experiments for TMP·4,4'-BPE at additional temperatures 

over the range of 210-290 K in 20 K increments. The site occupancies of 4,4'-BPE 

change by 13% between 190 and 290 K; thus, the disorder of 4,4'- BPE is also dynamic. 

 

Figure 4.2 X-ray crystal structures of TMP·4,4'-BPE highlighting: (a) hydrogen-

bonded sheets of TMP molecules and (b) self-interactions between neighboring TMP 

and 4,4'-BPE molecules. Hydrogen bonds shown with green dashed lines. Disorder in 

4,4'-BPE is omitted for clarity. 

In the co-crystal TMP·4,4'-BIPY, the interactions holding TMP molecules 

together are analogous to the previous two co-crystals and include N-H···N homodimers 

[N···N separations: 2.964(2) Å and 3.154(1) Å] and N-H···O hydrogen bonds [N···O 

separations: 2.989(1) Å and 2.999(1) Å] (Figure 4.3a). The asymmetric unit includes 

1.5 unique 4,4'-BIPY molecules. The full bipyridine in the asymmetric unit is 

disordered about an inversion site (site occupancies: 0.50 and 0.50). The half unique 
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bipyridine is site disordered, where the full molecule is either occupied or completely 

absent about the same inversion site as the previous 4,4'-BIPY. Unlike the previous two 

co-crystals, the pyridine ring of 4,4'-BIPY engages in C-H···π interactions with a 

methoxy CH of TMP (3.795 Å), and the pyrimidine ring of TMP interacts with the 

pyridine ring of 4,4'-BIPY via C-H···π interactions (3.041 Å) (Figure 4.3b). 

Neighboring 4,4'-BIPY molecules assemble into chains that interact through π-π forces 

[π···π separation: 4.165 Å]. Along the c-axis, the 4,4'-BIPY molecules lie between each 

TMP molecule. The sheets of TMP molecules pack into layers with 4,4'-BIPY 

molecules that alternating along the a-axis (TMP-4,4'-BIPY-TMP-4,4'-BIPY). 

 

Figure 4.3 X-ray crystal structures of TMP·4,4'-BIPY highlighting: (a) hydrogen-

bonded sheets of TMP molecules and (b) layers of TMP and 4,4'-BIPY molecules. 

Hydrogen bonds shown with green dashed lines. Disorder in 4,4'-BIPY is omitted for 

clarity. 

4.3.2 TMP salts with monopyridines 

The compound NA is on the GRAS list, and we envisioned that co-

crystallization with TMP could yield pharmaceutical solids with enhanced properties. 
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Co-crystallization of NA and TMP yielded two unique solids, a salt-hydrate and a salt-

solvate with ethanol. Co-crystallization of TMP and NA in a 1:2 molar ratio in ethanol 

or a toluene/acetone mixture afforded the salt-hydrate. Water was likely absorbed from 

the atmosphere because it was not added to the crystallization vial. The salt-hydrate 

TMP·NA·H2O includes one molecule of each type in the asymmetric unit, and the 

components crystallized in triclinic, centrosymmetric space group P1̅. Although TMP 

and NA were added in a 1:2 ratio, the crystal was obtained in a 1:1 ratio, likely due to 

the additional donors and acceptors on the water molecule. The carboxylic acid of NA 

is deprotonated and one pyrimidine nitrogen of TMP is protonated. The included water 

molecule plays a significant role in the supramolecular assembly of the components 

(Figure 4.4a). The water serves as a donor for two hydrogen bonds and an acceptor for 

two hydrogen bonds. As a donor, the water interacts with the pyridyl nitrogen of NA 

via O−H···N hydrogen bonds [O···N separation: 2.779(3) Å]. The water also forms a 

hydrogen bond with the neutral pyrimidine nitrogen of TMP through O−H···N 

hydrogen bonds [O···N separation: 2.950(2) Å]. The oxygen of water accepts two 

O···H−N hydrogen bonds from the amino groups of two TMP molecules [O···N 

separations: 2.853(3) Å and 2.999(3) Å].  
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Figure 4.4 X-ray crystal structures of TMP·NA·H2O: (a) hydrogen-bonded complex 

involving included water molecule (with distances shown), (b) hydrogen-bonded 

chains, and (c) layered packing of components. Hydrogen bonds shown with green 

dashed lines. 

Unlike co-crystals with bipyridines, TMP does form hydrogen bonds with the 

monopyridine components in the salts. The carboxylate group of NA engages in a two-

point hydrogen bond with TMP via the amino NH and NH of the protonated pyrimidine 

ring [N···O separations: 2.692(2) Å and 2.802(2) Å] (Figure 4.4b). One carboxylate 

oxygen of NA also interacts with amino NH of TMP via N−H···O hydrogen bonds 

[O···N separation: 2.821(3) Å]. The components self-assemble into infinite hydrogen-

bonded chains that extend approximately along the b-axis (Figure 4.4b). The 

components further assemble into layered structures via the hydrogen bonds between 

the water molecule and neutral nitrogen of TMP (Figure 4.4c). Interestingly, the 
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protonated pyrimidine nitrogen and adjacent NH2 group interact with NA, while the 

neutral pyrimidine nitrogen and adjacent NH2 group only interact with water molecules 

(Figure 4.4b). 

In attempts to yield the non-hydrate solid, we co-crystallized TMP and NA in a 

1:2 molar ratio in EtOH within a sealed container filled with drierite. This method 

yielded a salt-solvate with EtOH included into the lattice. The salt-solvate 

TMP·NA·EtOH includes one molecule of each type in the asymmetric unit, and 

components crystallized in monoclinic, centrosymmetric space group P21/c. Akin to the 

hydrate, TMP and NA crystallized in a 1:1 ratio with the solvent playing a key role in 

supramolecular assembly, which may demonstrate the necessity and/or preference for 

inclusion of additional donor and acceptor sites in multi-component TMP solids. The 

carboxylic acid of NA is deprotonated and one pyrimidine nitrogen of TMP is 

protonated. The ethanol molecule is disordered, and the OH group serves as a donor for 

one hydrogen bond and an acceptor for one hydrogen bond. As a donor, the OH group 

interacts with the carboxylate group of NA via O−H···O hydrogen bonds [O···O 

separation: 2.706(8) Å]. The oxygen of ethanol accepts one O···H−N hydrogen bond 

from an amino group of TMP [N···O separation: 2.887(1) Å] (Figure 4.5a).  

Akin to the hydrate structure, the carboxylate group of NA engages in a two-

point hydrogen bond with TMP via the amino NH and NH of the protonated pyrimidine 

ring [N···O separations: 2.724(1) Å and 2.790(1) Å] (Figure 4.5a). However, the 

pyridine of NA exhibits different hydrogen-bond behavior in the hydrate and EtOH 

solvate. In the EtOH solvate, the pyridyl nitrogen of NA interacts with the NH of an 

amino group of TMP via N···H−N hydrogen bonds [N···N separation: 2.878(2) Å]. 

The second amino group of TMP interacts with the oxygen of a methoxy group of an 

adjacent TMP via N−H···O hydrogen bonds [N···O separation: 2.912(1) Å]. Together, 

these interactions assemble the molecules into a hydrogen- bonded sheet (Figure 4.5b). 

The sheets further self-assemble into layers via C-H-π interactions between the benzene 

ring of TMP and pyridine ring of NA (3.480 Å). Analogous to the hydrate, the 

protonated pyrimidine nitrogen and adjacent NH2 group of TMP interact with NA, 
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while the NH2 group adjacent to the neutral pyrimidine nitrogen only interacts with 

ethanol or other TMP molecules. 

 

Figure 4.5 X-ray crystal structures of TMP·NA·EtOH: (a) hydrogen-bonded complex 

involving included ethanol molecule (with distances shown) and (b) hydrogen-bonded 

sheets. Hydrogen bonds shown with green dashed lines. Disorder in ethanol omitted for 

clarity. 

We also conducted co-crystallization of TMP with an isomer of NA, namely, 

INA. Co-crystallization of TMP with INA in a 1:2 molar ratio in nitromethane 

(MeNO2) afforded a salt-solvate. The salt-solvate TMP·INA·MeNO2 includes one 

molecule of each type in the asymmetric unit, and the components crystallized in the 

monoclinic, centrosymmetric space group P21/n. Akin to the solids featuring NA, TMP 
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and INA also crystallized in a 1:1 ratio with a solvent that features hydrogen-bond 

acceptors and a donor (the pKa of nitromethane is ~10). The carboxylic acid of INA is 

deprotonated and one pyrimidine nitrogen of TMP is protonated. The nitro oxygen 

atoms of nitromethane engage in long C−H···O hydrogen bonds with TMP at the CH 

of the pyrimidine ring [C···O separations: 3.444(2) Å and 3.400(1) Å].  

Similar to both salts with NA, the carboxylate group of INA engages in a two-

point hydrogen bond with TMP via the amino NH and NH of the protonated pyrimidine 

ring [N···O separations: 2.709(1) Å and 2.754(1) Å]. The pyridyl nitrogen of INA 

interacts with the second amino group of TMP via N−H···N hydrogen bonds [N···N 

separation: 2.899(1) Å] (Figure 4.6a). These interactions result in the self-assembly of 

the components into one-dimensional chains that extend along the a-axis. The chains 

are connected via N−H···O hydrogen bonds between the amino NH of TMP and oxygen 

of a methoxy group of TMP [N···O separation: 2.916(1) Å] to yield hydrogen-bonded 

sheets (Figure 4.6b). Connection of the chains through TMP molecules affords square-

shaped structures, wherein two nitromethane molecules sit on the inside, lying diagonal 

from each other. In the extended structure, the nitromethane molecules lie in every other 

square (Figure 4.6b). The salt is not porous; however, as the cavities are occupied by 

methoxy groups from TMP molecules that lie above and below the sheet. The sheets 

self-assemble into layered structures that interact through π-π interactions [π···π 

separation: 3.446 Å]. 
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Figure 4.6 X-ray crystal structures of TMP·INA·MeNO2: (a) a hydrogen-bonded 

square involving included nitromethane molecules and (b) hydrogen-bonded sheet. 

4.3.3 pKa Calculations 

The pKa values265 and the differences in pKa values (ΔpKa) were calculated for 

TMP and the co-formers to determine if the components would be predicted to form a 
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neutral co-crystal or salt (Table 4.1). If the ΔpKa value is lower than −1, a neutral co-

crystal is favored, and if the ΔpKa is higher than 3 or 4, a salt is favored.233, 234 

Table 4.1 Calculated pKa and ΔpKa valuesa for TMP and the co-formers. 

TMP

 

 

co-former 
pKa of co-

former 
site 1 

pKa of 
TMP 
site 1 

ΔpKa1 
pKa of co-

former 
site 2 

pKa of 
TMP 
site 2 

ΔpKa2 

 

4.23 17.33 -13.1 3.62 21.90 -18.28 

 

5.59 17.33 -11.74 4.99 21.90 -16.91 

  

5.25 17.33 -12.08 4.44 21.90 -17.46 

 
(for hydrated solid) 

2.79 7.16 4.37 n/a n/a n/ab 

 
(for EtOH solvate solid) 

2.79 7.16 4.37 4.19 17.33 -13.14 

 

3.73 7.16 3.43 2.35 
21.90 

 
-19.55 

aThe ΔpKa = pKa(protonated base) − pKa(acid). For bipyridine-TMP pairs, the 

bipyridine is the base and the amines of TMP are the acids. For monpyridine-TMP 

pairs, both molecules have acidic and basic sites, so the calculation depends on which 

sites are being considered.  
bThe pyridine of NA forms hydrogen bonds with water in the solid state. The ΔpKa 

value for the pyridine-water pair is -11.51. 

 

The ΔpKa calculations for the bipyridine-TMP pairs were performed by treating 

the pyridine sites as the base and the amines of TMP as the acid groups. Based on this 

calculation, all three systems are strongly predicted to form neutral co-crystals, which 
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is in agreement with what was obtained in the solid state. However, it is important to 

note that the two components do not actually interact with each other through these acid-

base sites in the co-crystals. Thus, while the calculations do predict the outcome 

correctly, the synthons do not match the expectation.  

The ΔpKa calculations for the monopyridine-TMP pairs were performed using 

two sets of sites. Site 1 is the interaction between the acid group on the co-former and 

the more basic pyrimidine site of TMP. Site 2 includes the interaction between the 

pyridine site of the co-former and either the amine of TMP or a water molecule. In all 

three cases, the ΔpKa values for site 1 predict that salt formation is favored. Indeed, in 

all three systems, proton transfer occurs between the acid of the co-former and the 

pyrimidine of TMP. The ΔpKa values for site 2 predict that a neutral interaction is 

favored, and indeed, the pyridine sites on the co-formers, the amines of TMP, and the 

water molecule are neutral in the solid-state structures. 

4.3.4 Differences in co-former behavior 

The bipyridines and monopyridines exhibit significantly different behaviors as 

co-formers in co-crystallizations with TMP, even though all the co-formers used in this 

work have pyridine acceptor sites and TMP has two hydrogen-bond-donor groups. The 

bipyridines only include functional groups that can accept hydrogen bonds. Although 

the pyridine group is a classic acceptor, TMP only engages in hydrogen bonds with 

itself when bipyridines are used. On the other hand, NA and INA contain an acceptor 

site and an acidic donor site. In all cases, the acid group is deprotonated and engages in 

two-point hydrogen bonds with TMP via an amino group and a protonated pyrimidine. 

Two-point hydrogen bonds occur in the co-crystals with bipyridines, but only involve 

TMP molecules. Thus, in the case of TMP, using a co-former molecule that can form 

strong, two-point hydrogen bonds in either a neutral or ionic fashion could be key to 

attaining solids wherein the two components actually interact with each other in the 

solid state.  



Texas Tech University, Qixuan Zheng, May 2022 

114 

 

4.3.5 Thermal, solubility, and stability properties of TMP salts 

After obtaining the three pharmaceutical salts involving TMP, we were 

interested in determining if the thermal stabilities and solubilities would be significantly 

different than the individual components.26-28 TGA analysis was performed to determine 

the temperature at which the solvent molecules are liberated, as well as decomposition. 

For salt-hydrate TMP·NA·H2O, a mass loss of 3.01% was observed at 96.7 °C, and 

decomposition began at ca. 191.7 °C (Figure 4.7a and D16). To determine if water could 

be removed while retaining crystallinity of the salt-hydrate, a single crystal of 

TMP·NA·H2O was placed on the X-ray diffractometer and higher temperature data was 

collected. Unfortunately, as the water leaves, the single crystal falls apart. The crystal 

remained intact up to 77 °C (350 K); however, diffraction peaks were no longer 

observable at 107 °C (380 K). For the salt-solvate TMP·NA·EtOH, a mass loss of 

2.84% was observed at 87.2 °C, and decomposition began at ca. 169.6 °C (Figure 4.7b 

and D17). For the salt-solvate TMP·INA·MeNO2, a mass loss of 9.34% was observed 

at 103.5 °C, and decomposition began at ca. 191.6 °C (Figure 4.7c and D18). The 

melting points of the three pharmaceutical salts were measured by the visual detection 

capillary method. All three melting points were slightly lower than that of TMP and 

much lower (> 70 °C) than NA/INA (Table 4.2). DSC analysis was also performed for 

the three pharmaceutical salts (Figures I14-I16). For the salt-hydrate TMP·NA·H2O, 

DSC showed loss of water at 97.1 °C and melting between 174.3-175.7 °C. DSC 

analysis of TMP·NA·EtOH showed loss of EtOH at 83.6 °C and melting between 

172.6-175.7 °C. For the salt-solvate TMP·INA·MeNO2, DSC demonstrated loss of 

MeNO2 at 107.5 °C and melting over the range of 184.6-186.6 °C. 
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Figure 4.7 TGA thermograms of: (a) TMP·NA·H2O, (b) TMP·NA·EtOH, and (c) 

TMP·INA·MeNO2. 
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Table 4.2 Melting point (obtained using the visual detection capillary method) and 

solubility data for single- and multi-component solids in this work. 

Sample Melting point (°C) 
Aqueous solubility 

(mg/L, 25 °C) 

TMP 199-203a 400a 

NA 236-239b 18000b 

INA 315c 5195c 

TMP·NA·H2O 178 4643 

TMP·NA·EtOH 162 1000 

TMP·INA·MeNO2 170 4615 

aSee reference 267. bSee reference 268. cSee reference 269.  

Salts/ionic co-crystals often exhibit superior solubilities in water when 

compared to the component molecules. Moreover, the inclusion of water or solvent in 

the crystal lattice has been demonstrated to improve pharmaceutical solubility.270, 271 To 

determine aqueous solubilities, water was added incrementally to a known amount of 

each solid until complete dissolution was observed (See Appendix K). All three ionic 

co-crystals exhibit higher aqueous solubility than TMP (Table 4.2). The solubility of 

the three salts in water is lower than the solubility of the co-formers; thus, the solubility 

of the salts lies in between the two components. In these cases, the addition of the co-

former into the crystal lattice and the included water/solvent both act to improve the 

solubility of TMP. The time required to achieve dissolution was also measured for the 

three salts by using phosphate buffer at pH 6.98. All three salts showed relatively rapid 

dissolution, wherein 10 mg of solid dissolved in 2 mL of buffer in a time of 

approximately two to six minutes (Table K1). On the other hand, 10 mg of TMP did 

not dissolve in 2 mL of buffer after 30 minutes. 

The stability of the three salts was also monitored by synthesizing a fresh 

sample, which was characterized by PXRD. Then, each sample was placed in a vial 

without a cap and allowed to sit undisturbed on the bench (open to ambient air) for a 

period of 10 days. Following the study, each sample was re-analyzed by PXRD. PXRD 

characterization demonstrated that TMP·NA·H2O is stable at ambient conditions for 
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10 days (Figure E31). However, PXRD data of TMP·NA·EtOH demonstrated reduced 

intensity/loss of some signals; thus, it is not completely stable under ambient conditions. 

The bulk solid TMP·INA·MeNO2 shows poor correlation to the simulated PXRD 

pattern based on single crystal data. The nitromethane is not strongly bound in the 

crystal lattice and loss of solvent upon exposure to air and spinning in the sample 

collection chamber could result in loss of solvent. Indeed, 1H NMR spectroscopy 

demonstrated presence of nitromethane in freshly synthesized samples; however, 

nitromethane is lost from the lattice under ambient conditions (Figures C47, C48, and 

E32). Overall, the salt-hydrate TMP·NA·H2O is exceptionally promising as NA is on 

the GRAS list, the solid exhibits high solubility and stability, and many pharmaceuticals 

are sold in hydrated forms. 

4.3.6 Mechanochemistry experiments 

In addition to synthesizing crystals by slow evaporation methods, 

mechanochemistry methods, conducted by grinding or milling, have proven to be an 

environmentally friendly and rapid method of synthesis for pharmaceuticals,272 

supramolecular complexes,273 and organic compounds.274 Mechanochemistry 

experiments were conducted by combining the solids TMP and NA or INA in a 1:2 or 

1:1 molar ratio in a stainless-steel jar equipped with stainless-steel grinding balls. One 

drop of water, ethanol, or nitromethane was placed in the stainless-steel jar (depending 

on which solvent is present in the crystal lattice), and the samples were milled for 1 hr 

at 900 rpm using a shaker mill. After milling, PXRD data confirmed crystallinity of all 

three products. For the salt-hydrate TMP·NA·H2O, the PXRD pattern showed 

moderate agreement with data simulated from SCXRD data, but it did not match 

completely (Figure E34). The PXRD pattern of salt-solvate TMP·NA·EtOH matched 

the simulated PXRD pattern from SCXRD (Figure E35), demonstrating that the solvate 

was successfully synthesized using mechanochemistry methods. The PXRD pattern of 

the salt-solvate TMP·NA·MeNO2 did not show good correlation with the simulated 

data (Figure E36). 
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4.4 Conclusions 

In conclusion, we have described three neutral co-crystals of TMP with three 

bipyridines, and the components crystallize in an arrangement without expected N-

H···N hydrogen-bond synthons. In fact, the components do not interact with each other 

through any appreciably strong noncovalent forces. By using co-formers containing an 

acceptor site and a donor site capable of forming two-point hydrogen bonds, we attained 

ionic solids and the two components engage in hydrogen bonds with each other in the 

crystal lattice. We described a salt-hydrate TMP·NA·H2O, a salt-solvate 

TMP·NA·EtOH, and a salt-solvate TMP·INA·MeNO2 that all exhibit higher 

solubilities than that of TMP. The salt-hydrate TMP·NA·H2O is promising as NA is 

on the GRAS list and the solid exhibits high aqueous solubility, good thermal stability, 

and good stability under ambient conditions. 
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CHAPTER V 

REMOVAL OF THE MICROPOLLUTANTS PROPRANOLOL 

HYDROCHLORIDE AND 2-NAPHTHOL FROM WATER BY 

PYRIDINE-FUNCTIONALIZED POLYMERS 

Chapter V will include the removal of the micropollutants from solutions by 

pyridine-functionalized polymers and will include work from one publication. The 

article is adapted with permission from Frontiers in Chemistry [Qixuan Zheng, Daniel 

K. Unruh, and Kristin M. Hutchins, Removal of the Micropollutants Propranolol 

Hydrochloride and 2-Naphthol from Water by Pyridine-Functionalized Polymers. 

Front. Chem., 2022, 9, 793870]. Copyright 2022, Frontiers in Chemistry. 

5.1 Introduction 

The fast-growing global consumption of products such as pharmaceuticals, 

pesticides, and personal care products has led to the presence of organic micropollutants 

in the environment, especially in aquatic systems.122 Although the effects of such 

micropollutants on human, animal, and plant health remain mostly unknown, there are 

concerns about negative impacts on aquatic life and human health.121, 134 Most 

wastewater treatment plants are not equipped to remove micropollutants that enter the 

water supply.275 Activated carbon absorption has attracted significant attention for its 

effectiveness; however, the material shows poor affinity for polar compounds.275, 276 

Advanced oxidation processes have also shown promise in reducing micropollutants, 

but some oxidation products remain toxic.277-279 Methods and/or materials that target 

and remove contaminants without generating byproducts280 will aid in addressing 

contamination problems. Recently, adsorbent materials including macrocycles,70, 135, 281 

covalent organic frameworks,282 assembled molecular rings,283 and crosslinked 

polymers136, 284 have been designed and synthesized for removal of micropollutants 

from water.  

Propranolol hydrochloride (PPL-HCl) is a beta blocker that has been found in 

aquatic environments, and typical wastewater treatment plant removal is less than 

30%.117 2-Naphthol (2NO) is an intermediate in the production of dyes and other 
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compounds (e.g., BINOL) and has also been found as a water contaminant.285, 286 BEZA 

contains a carboxylic acid and amide functional group. Both PPL-HCl and 2NO feature 

aromatic and hydroxyl groups. Polymers and porous materials have been designed and 

synthesized to remove these two micropollutants from water (Table 5.1). In 2016, 

Dichtel et al. reported a porous β-cyclodextrin polymer that can remove 96% of PPL-

HCl or 91% 2NO from aqueous solution via flow-through adsorption in 30 min.134 In 

2018, Trabolsi et al. reported porous polycalix [4]arenes that can remove around 85% 

of PPL-HCl or 75% 2NO from aqueous solutions.287 In 2021, Song et al. reported a β-

cyclodextrin-polyacrylamide hydrogel that can remove 54% of PPL-HCl or 60% of 

2NO from aqueous solution through host-guest interactions in a period of 8 h.288 We 

postulated that polymers functionalized with aromatic groups and hydrogen-bond-

acceptor moieties289 could form noncovalent interactions with the contaminants to 

facilitate adsorption. Here, we demonstrate both linear and crosslinked pyridine-

functionalized polymers can bind and remove PPL-HCl and 2NO from water solutions. 

Both the linear and crosslinked polymers contain n-butylmethacrylate (BMA) and 4-

vinylpyridine (4-VP) as comonomers, and the crosslinked polymers also include 

ethylene glycol dimethacrylate (EGDMA) as the crosslinker (Scheme 5.1A). The 4-

VP:BMA comonomer ratio was systematically increased to afford polymers with 

different binding abilities. Overall, polymers with higher 4-VP:BMA ratios exhibit 

greater binding and removal ability. The concentrations of PPL-HCl and 2NO in 

aqueous solutions decreased by approximately 20–40% and 60–88%, respectively, 

depending on the type of polymer used. All the polymers contain pyridine rings and 

carbonyl functional groups, which are both capable of acting as hydrogen-bond acceptor 

sites (Scheme 5.1B). Small molecule co-crystallization experiments with 2NO and 

methyl isonicotinate (MI), which contains pyridyl and ester functional groups and 

mimics the polymer functional groups, demonstrate that hydrogen bonding likely 

supports binding. Moreover, a control polymer synthesized using styrene in place of the 

pyridine monomer exhibited significantly reduced binding ability. 
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Table 5.1 The removal performance of reported materials and polymers in this work for 

PPL-HCl and 2NO. 

Polymer 

Concentration 

of PPL-HCl 

water solution 

(mM) 

Concentration 

decrease for 

PPL-HCl 

water solution 

(%) 

Concentration 

of 2NO water 

solution (mM) 

Concentration 

decrease for 

2NO water 

solution (%) 

Reference 

porous β-cyclodextrin polymer 0.09 96 0.1 91 134 

β-cyclodextrin-polyacrylamide 

hydrogel 
0.035–1.0 54 0.035–1.0 60 288 

porous polycalix[4]arenes 0.1 85 0.1 75 287 

biomass alginate 1.0 50-90 - - 290 

carbon nanotube-based 

composite adsorbent 
- - 0.035 60-70 291 

pyridine-functionalized polymer 0.4 40 0.1 88 This work 

 

 

Scheme 5.1 Chemical structures of (A) linear and crosslinked pyridine functionalized 

polymers and (B) hydrogen-bonding interactions between contaminants and polymer. 
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5.2 Materials and methods 

5.2.1 Materials 

Methyl isonicotinate (MI), and propranolol hydrochloride (PPL-HCl) were 

purchased from Oakwood Chemical. 4-vinylpyridine (4-VP) and ethylene glycol 

dimethylacrylate (EGDMA) were purchased from Alfa Aesar. n-Butylmethacrylate 

(BMA) and styrene (STY) were purchased from ACROS Organics. Benzoyl peroxide 

(BPO) and azobisisobutyronitrile (AIBN) were purchased from Sigma-Aldrich 

Chemical. 2-Naphthol (2NO) was purchased from Tokyo Chemical Industry Co., LTD. 

Diethyl ether, methanol, toluene, tetrahydrofuran (THF), and basic alumina were 

purchased from Fisher Scientific. Inhibitors in commercial 4-VP, EGDMA, BMA, and 

STY were removed by passage through basic alumina. All other chemicals and solvents 

were used as received.  

5.2.2 Synthesis of linear polymers: Poly(4-Vinyl Pyridine-co-

butylmethacrylate) [P(4VPx-co-BMAy)]  

5.2.2.1 1:1 4-VP:BMA copolymer: P(4VP1-co-BMA1)  

The linear polymers were synthesized by following a literature procedure,292 and 

the specific details are included here. The monomers 4-VP (3.1542 g, 30 mmol) and 

BMA (4.2660 g, 30 mmol) were added to a 100-mL round bottom flask containing THF 

(30 mL). Then, AIBN (0.1641 g, 0.9 mmol) was added to initiate polymerization. The 

mixture was heated to 60 °C in an oil bath under a nitrogen atmosphere. Polymerization 

was conducted for 18 hr. The reaction was cooled to room temperature and 

approximately two-thirds of the THF was removed using a rotavap. Diethyl ether was 

added to precipitate the copolymer. The copolymer P(4VP1-co-BMA1) was then 

dissolved in methanol (homopolymer P-BMA is insoluble in methanol), and the 

undissolved compounds were removed by filtration. The polymer was re-precipitated 

with diethyl ether. The precipitate was dissolved in toluene (homopolymer P-4VP is 

insoluble in toluene), and the undissolved compounds were removed by filtration. The 

polymer was re-precipitated with diethyl ether and isolated. The last two steps 

(dissolving in methanol and toluene anti-solvents and precipitating) were repeated twice 
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to ensure all unreacted monomers, homopolymers and initiator were removed 

completely. The product was dried under vacuum overnight to obtain a dry, solid 

product. Finally, the product was dried under vacuum with heating at 125 ℃ overnight 

(5.806 g, 78.2% yield). 1H NMR (400 MHz, CDCl3) δ= 8.33 (d, 2H), 6.71, 6.53 (m, 2H), 

4.0-2.6 (m, 2H), 2.6-0 (m, 15H). The obtained polymer ratio is 1:0.82 as evidenced by 

1H NMR spectroscopy. MW results: Mn=1248; Mw=5776; Đ=4.626. 

5.2.2.2 2:1 4-VP:BMA copolymer: P(4VP2-co-BMA1)  

The same procedure was used to synthesize the 2:1 copolymer as the 1:1 

copolymer; however, the amount of 4-VP added to the reaction was doubled (4-VP = 

6.3048 g, 60 mmol). The overall reaction yield was 5.327 g, 71.8% yield. 1H NMR (400 

MHz, CDCl3) δ=8.36 (d, 4H), 6.59, 6.52, 6.36, 6.23 (m, 4H), 4.0-2.6 (m, 2H), 2.6-0 (m, 

15H). The obtained polymer ratio is 2:0.77 as evidenced by 1H NMR spectroscopy. MW 

results Mn=13309; Mw=23387; Đ=1.757. 

5.2.2.3 3:1 4-VP:BMA copolymer: P(4VP3-co-BMA1) 

The same procedure was used to synthesize the 3:1 copolymer as the 1:1 

copolymer; however, the amount of 4-VP added to the reaction was tripled (4-VP = 

9.4626 g, 90 mmol). The overall reaction yield was 5.063 g, 68.2% yield. 1H NMR (400 

MHz, CDCl3) δ=8.33, 8.26 (d, 6H), 6.66, 6.49, 6.34, 6.20 (m, 6H), 4.0-2.6 (m, 2H), 2.6-

0 (m, 15H). The obtained polymer ratio is 3:0.84 as evidenced by 1H NMR spectroscopy. 

MW results Mn=11122; Mw=18077; Đ=1.625. 

5.2.2.4 3:1 4-VP:BMA copolymer (increased time): P(4VP3-co-BMA1)t  

The same procedure was used to synthesize the 3:1 copolymer; however, the 

reaction time was doubled to increase the molecular weight. The overall reaction yield 

was 6.153 g, 82.9% yield. 1H NMR (400 MHz, CDCl3) δ= 8.33, 8.27 (d, 6H), 6.67, 6.44, 

6.34, 6.23 (m, 6H), 4.0-2.6 (m, 2H), 2.6-0 (m, 15H). The obtained polymer ratio is 

3:0.88 as evidenced by 1H NMR spectroscopy. MW results Mn=16973; Mw=28680; 

Đ=1.690. 
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Table 5.2 Linear polymers: theoretical/synthetic feed ratios of monomers used, obtained 

ratios, and characterization data. 

Linear polymer 

Theoretical and 

synthetic feed 

ratio 4VP:BMA 

Reaction 

time (h) 

Obtained 

ratioa 

Mn 

(kDa) 

Mw 

(kDa) 
Đ 

P(4VP1-co-BMA1) 
1:1 

(30:30 mmol) 
18 1:0.82 1.2 5.8 4.6 

P(4VP2-co-BMA1) 
2:1 

(60:30 mmol) 
18 2:0.77 13.3 23.4 1.8 

P(4VP3-co-BMA1) 
3:1 

(90:30 mmol) 
18 3:0.84 11.1 18.1 1.6 

P(4VP3-co-BMA1)t 
3:1 

(90:30 mmol) 
36 3:0.88 17.0 28.7 1.7 

aBased on 1H NMR spectroscopy. 

5.2.3 Synthesis of crosslinked polymers: Poly(4-vinyl pyridine-ethylene 

glycol dimethylacrylate-butylmethacrylate) [P(4VPx-EGDMAy-BMAz)] 

The linear polymers were synthesized by following a literature procedure,293 and 

the specific details are included here. Deionized water (110 ml), Mowiol 40–88 (PVA, 

0.25 g), BMA (22.041 g, 155 mmol), 4-VP (variable, see Table 5.3), EGDMA 

(variable, see Table 5.3), and BPO (0.50 g, 2.1 mmol) were added to a 300 ml three-

neck flask. The mixture was stirred at 240 rpm using an IKA 20 digital mechanical 

stirrer, purged with nitrogen for 15 min, and heated to 70°C for 12 h. The polymer 

particles were isolated via centrifugation at 3,000 rpm for 3 min. The particles were 

washed five times using THF (30 ml) and EtOH (70 ml) and centrifuged at 3,000 rpm 

for 3 min and dried under vacuum to give white solid beads. The polymer beads were 

purified by Soxhlet extraction using THF at 110°C overnight and subsequently dried 

under vacuum heating at 120°C overnight.  
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5.2.3.1 0.5% EGDMA and single amount of 4-VP crosslinked polymer: P(4VP1-

EGDMA0.5-BMA)  

The general procedure above was used to synthesize P(4VP1-EGDMA0.5-

BMA). The overall reaction yield was 16.482 g, 70.5% yield. 13C NMR (500 MHz, 

CDCl3) δ= 177.92, 150.26, 129.21, 123.97, 65.07, 54.65, 45.20, 30.63, 19.76, 14.18. 

5.2.3.2 1.0% EGDMA and single amount of 4-VP crosslinked polymer: P(4VP1-

EGDMA1.0-BMA)  

The general procedure was used to synthesize P(4VP1-EGDMA1.0-BMA); 

however, the amount of EGDMA added to the reaction was doubled (EGDMA = 

0.2973 g, 1.5 mmol). The overall reaction yield was 18.346 g, 78.5% yield. 13C NMR 

(500 MHz, CDCl3) δ= 177.54, 134.30, 129.80, 128.87, 64.71, 54.39, 44.70, 30.20, 

19.33, 13.72. 

5.2.3.3 1.0% EGDMA and double amount of 4-VP crosslinked polymer: P(4VP2-

EGDMA1.0-BMA) 

The general procedure was used to synthesize P(4VP2-EGDMA1.0-BMA); 

however, the amount of EGDMA added to the reaction was doubled (EGDMA = 

0.2973 g, 1.5 mmol), and the amount of 4-VP added to the reaction was doubled (2.06 

g, 19.6 mmol). The overall reaction yield was 17.653 g, 75.5% yield. 13C NMR (500 

MHz, CDCl3) δ= 177.50, 149.74, 124.22, 123.69, 64.65, 54.13, 44.61, 30.12, 19.24, 

13.65. 

5.2.3.4 1.0% EGDMA and triple amount of 4-VP crosslinked polymer: P(4VP3-

EGDMA1.0-BMA) 

The general procedure was used to synthesize P(4VP3-EGDMA1.0-BMA). 

however, the amount of EGDMA added to the reaction was doubled (EGDMA = 

0.2973 g, 1.5 mmol), and the amount of 4-VP added to the reaction was tripled (3.09 g, 

29.4 mmol). The overall reaction yield was 19.884 g, 85.1% yield. 13C NMR (500 MHz, 

CDCl3) δ= 177.14, 150.00, 130.04, 123.67, 64.88, 54.43, 44.65, 30.15, 19.27, 13.69. 

5.2.3.5 2.0% EGDMA and single amount of 4-VP crosslinked polymer: P(4VP1-

EGDMA2.0-BMA) 



Texas Tech University, Qixuan Zheng, May 2022 

126 

 

The general procedure was used to synthesize P(4VP1-EGDMA2.0-BMA). 

However, the amount of EGDMA added to the reaction was quadrupled (EGDMA = 

0.5964 g, 3.0 mmol). The overall reaction yield was 19.135 g, 81.9% yield. 13C NMR 

(500 MHz, CDCl3) δ= 176.57, 134.30, 129.81, 128.87, 64.73, 54.37, 45.06, 30.22, 

19.34, 13.76. 

5.2.4 Synthesis of a control crosslinked polymer: Poly(styrene3-ethylene 

glycol dimethylacrylate1.0-butylmethacrylate)  

Deionized water (110 ml), Mowiol 40–88 (PVA, 0.25 g), BMA (22.041 g, 155 

mmol), STY (3.06 g, 29.4 mmol), EGDMA (0.2973 g, 1.5 mmol), and BPO (0.50 g, 

2.1 mmol) were added to a 300 ml three-neck flask. The mixture was stirred at 240 rpm 

using an IKA 20 digital mechanical stirrer, purged with nitrogen for 15 min, and heated 

to 70°C for 12 h. The polymer particles were isolated via centrifugation at 3,000 rpm 

for 3 min. The particles were washed five times using THF (30 ml) and EtOH (70 ml) 

and centrifuged at 3,000 rpm for 3 min and dried under vacuum to give white solid 

beads. The polymer beads were purified by Soxhlet extraction using THF at 110°C 

overnight and subsequently dried under vacuum heating at 120 °C overnight. The 

polymer beads were dried under vacuum heating at 120 °C overnight. The overall 

reaction yield was 21.026 g, 83.3% yield. 13C NMR (500 MHz, CDCl3) δ= 177.48, 

144.98, 128.26, 125.94, 64.65, 54.26, 44.62, 30.15, 19.28, 13.68. 

5.2.5 Washing experiment procedure 

To determine if all unreacted monomer and solvent was removed from the 

polymer beads, 200 mg of each polymer bead sample (after vacuum drying) and 10 mL 

of water were added to a vial. The vial was heated for 2 hours at approximately 95 ℃ 

while stirring. The solution was filtered to remove the polymer beads. The filtrate was 

characterized by UV-Vis spectroscopy (Figure M1). 

5.2.6 Solution binding experiments 

 Binding experiments for the linear polymers were conducting by adding 10 mg 

of the polymer to a vial. Then, 2.5 ml of a PPL-HCl solution in water (0.4 mmol L−1) 
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or a 2NO solution in water (0.1 mmol L−1) was added to the same vial. Seven individual 

samples were prepared, and each mixture was gently stirred for a different period of 

time at room temperature. The time periods were 15, 30, 45 min, 1, 2, 3, or 4 h. The 

resulting solution in each vial was filtered through cotton to remove the polymer. The 

filtrates were diluted with water using a micropipette and volumetric flask, and the 

concentrations after dilution were measured by UV-Vis (Supplementary Figures N1–

N16). Aqueous solutions of PPL-HCl and 2NO were colorless before and after binding 

experiments. 

Binding experiments for the crosslinked polymers were conducting by adding 

200 mg of polymer beads to a vial. Then, 2.5 ml of a PPL-HCl solution in water (0.4 

mmol L−1) or a 2NO solution in water (0.1 mmol L−1) was added to the same vial. Eight 

individual samples were prepared, and each mixture was gently stirred for a different 

period of time at room temperature. The time periods were 15, 30, 45 min, 1, 2, 3, or 4 

h, or overnight (17 h). The resulting solution in each vial was filtered through cotton to 

remove the polymer. The filtrates were diluted with water using a micropipette and 

volumetric flask, and the concentrations after dilution were measured by UV-Vis 

(Supplementary Figures N17–N38). HPLC also confirmed that the decrease in the 

signal observed by UV-Vis correlates to a decrease in the signal at retention time 

corresponding to 2NO (Supplementary Table O1). 

Binding experiments for the control polymer P(STY3-EGDMA1.0-BMA) were 

conducting by adding 200 mg of polymer beads to a vial. Then, 2.5 ml of a PPL-HCl 

solution in water (0.4 mmol L−1) or a 2NO solution in water (0.1 mmol L−1) was added 

to the same vial. Each mixture was gently stirred at room temperature. The stirring time 

was 2 h for the PPL-HCl solution and 4 h for the 2NO solution, which correlate to the 

best binding times for the best performing crosslinked pyridine polymer (P(4VP3-

EGDMA1.0-BMA). The resulting solution in each vial was filtered through cotton to 

remove the polymer. The filtrates were diluted with water using a micropipette and 

volumetric flask, and the concentrations after dilution were measured by UV-Vis 

(Supplementary Figures N39–S40). 
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5.2.6 Co-crystallization of 2NO and MI 

Co-crystals of 2NO·MI were synthesized by dissolving 2NO (30 mg, 0.208 

mmol) and MI (28.5 mg, 0.208 mmol) in methanol. Slow evaporation of the solution 

was allowed for a period of 12-14 days until single crystals were formed that were 

suitable for X-ray diffraction. 

5.3 Results and discussion 

5.3.1 Synthesis and characterization of pyridine-functionalized polymers 

We set out to synthesize pyridine-functionalized polymers that could act as 

adsorbents for micropollutants containing hydroxyl groups. Linear, pyridine-

functionalized polymers P(4VPx-co-BMAy) were synthesized by free-radical solution 

polymerization, and crosslinked pyridine functionalized polymers P(4VPx-EGDMAy-

BMAz) were synthesized using suspension polymerization (Scheme 5.2). BMA was 

chosen as a comonomer due to its ability to impart hydrophilicity onto the polymer.294 

Copolymers of 4VP and BMA have been synthesized previously;292 however, to our 

knowledge, they have not been utilized as an adsorbent for removing pollutants.
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Scheme 5.2 Synthetic outline for (A) linear and (B) crosslinked pyridine-functionalized 

polymers. 

The number of pyridine functional groups on the polymer backbone could have 

an impact on the binding ability of the polymers. Therefore, the 4-VP:BMA comonomer 

ratio was systematically increased to yield a series of polymers. Four linear polymers 

were synthesized, namely, P(4VP1-co-BMA1), P(4VP2-co-BMA1), P(4VP3-co-

BMA1), and P(4VP3-co-BMA1)t (where subscript t denotes a doubled reaction time, see 

Table 5.2). The additional reaction time was used to increase the molecular weight and 

determine if there was any impact on binding ability. Five crosslinked polymers were 

synthesized, namely, P(4VP1-EGDMA0.5-BMA), P(4VP1-EGDMA1.0-BMA), 

P(4VP2-EGDMA1.0-BMA), P(4VP3-EGDMA1.0-BMA), and P(4VP1-EGDMA2.0-

BMA). The amount of BMA added to the reaction was held constant, while the 4-VP 

and EGDMA crosslinker amounts were altered systematically (Table 5.3). 

  



Texas Tech University, Qixuan Zheng, May 2022 

130 

 

Table 5.3 Synthetic feed of monomers used to synthesize crosslinked polymers 

Crosslinked polymer 4-VP (mmol) EGDMA (mmol) BMA (mmol) 

P(4VP1-EGDMA0.5-BMA) 9.8 0.75 155 

P(4VP1-EGDMA1.0-BMA) 9.8 1.5 155 

P(4VP2-EGDMA1.0-BMA) 19.6 1.5 155 

P(4VP3-EGDMA1.0-BMA) 29.4 1.5 155 

P(4VP1-EGDMA2.0-BMA) 9.8 3.0 155 

The linear polymers exhibit a semitransparent, glassy morphology, and the 

crosslinked polymers are polydisperse and exhibit a spherical morphology as evidenced 

by optical microscopy (Figure 5.1). 1H NMR spectroscopy confirmed the obtained 

monomer ratios in the polymer are similar to synthetic feed of monomers used 

(Supplementary Figures C51–C54, Table 5.2). Gel permeation chromatography (GPC) 

confirmed high molecular weight for the linear polymers (Supplementary Figures L1–

L4, Table 5.2). 13C NMR spectroscopy confirmed the chemical functionality of the 

crosslinked polymers (Supplementary Figures C55–C60). 

 

Figure 5.1 Morphology of: (A) linear polymer P(4VP1-co-BMA1) and (B) crosslinked 

polymer P(4VP1-EGDMA1.0-BMA). Both images were collected after the polymer was 

dried under vacuum with heat. 

5.3.2 Binding ability of the linear polymers 

To determine the capability of the pyridine-functionalized polymers for binding 

PPL-HCl or 2NO from water, binding experiments were conducted, and solutions after 
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binding were characterized by UV-Vis spectroscopy. Binding experiments were 

conducted for periods of 15, 30, 45 min, 1, 2, 3, or 4 h at room temperature. All four 

synthesized linear polymers successfully bound PPL-HCl and 2NO from solutions of 

water. Generally, binding experiments conducted for a period of approximately 4 h 

afforded the highest removals of PPL-HCl and 2NO (Supplementary Table O1, Figure 

5.2). However, a decrease in concentration was observed in as little as 15 min for each 

sample (Supplementary Figures N1–N16). After determining the optimal binding time 

(i.e. the time at which the concentrations of PPL-HCl or 2NO water solution decreased 

most), three additional trials with the same binding time were conducted to calculate 

standard deviations (Figure 5.2). 

 

Figure 5.2 Decreases in concentrations of contaminants following binding experiments 

for linear polymers. 

For the PPL-HCl experiments, all four linear polymers removed ca. 20% of the 

drug at their optimal binding time. On the other hand, higher amounts of 4-VP in the 

linear polymers resulted in significantly better binding ability for the 2NO contaminant. 

The best performing linear polymer overall was P(4VP3-co-BMA1), which decreased 

the concentration of PPL-HCl in water by 23% and decreased the concentration of 2NO 

in water by 88% (Figure 5.3). The binding performance of these polymers with PPL-

HCl is lower than reported β-cyclodextrin materials; however binding performance with 

2NO is on par with the reported β-cyclodextrin materials (Table 5.1).134, 288 The polymer 

P(4VP2-co-BMA1) also bound 2NO just as effectively as P(4VP3-co-BMA1). The 
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higher molecular weight polymer P(4VP3-co-BMA1)t did not demonstrate enhanced 

ability to bind either contaminant. The standard deviations for the PPL-HCl binding 

experiments are higher than for the 2NO experiments. As removal efficiency for PPL-

HCl is lower than 2NO, this indicates that binding between the two species is likely not 

as strong. 

 

Figure 5.3 UV-Vis spectra showing initial removal ability and three additional trial 

experiments for P(4VP3-co-BMA1) in aqueous solutions of (A) PPL-HCl for 4 h and 

(B) 2NO for 4 h. 

5.3.3 Binding ability of the crosslinked polymers 

Akin to linear polymers, binding experiments with the same PPL-HCl or 2NO 

solutions in water were conducted using the crosslinked polymers as adsorbents. The 

same binding experiment times were used as the linear polymers. The UV-Vis spectra 

demonstrated that all five crosslinked polymers also successfully removed PPL-HCl 

and 2NO from solutions of water. Generally, a binding period of 1–2 h for PPL-HCl or 

4 h for 2NO resulted in the highest removal percentages (Supplementary Table O2, 

Figure 5.4). A decrease in concentration was observed in as little as 15 min for each 

sample as well (Supplementary Figures N17–N27, N28–N38). After determining the 

time at which concentrations of PPL-HCl or 2NO decreased most, three additional 

trials with the same binding time were conducted to calculate standard deviations 

(Figure 5.4). 
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Figure 5.4 Decreases in concentrations of contaminants following binding experiments 

for crosslinked polymers. 

For the PPL-HCl experiments, all five crosslinked polymers removed ca. 20–

30% of the drug at their optimal binding time. On the other hand, removal of 2NO was 

significantly higher at about 65%. The amount of EGDMA crosslinker and the amount 

of 4-VP in the polymer play an important role in binding ability. When the amount of 

EGDMA is held constant at 1 mol% and the amount of 4-VP is systematically increased 

to afford the three polymers P(4VP1-EGDMA1.0-BMA), P(4VP2-EGDMA1.0-BMA), 

and P(4VP3-EGDMA1.0-BMA), the binding ability is highest for the polymer with the 

largest amount of pyridine functionalization, namely, P(4VP3-EGDMA1.0-BMA) 

(Figure 5.5). Interestingly, P(4VP2-EGDMA1.0-BMA) does not exhibit increased 

binding ability for PPL-HCl or 2NO compared to P(4VP1-EGDMA1.0-BMA), as was 

the case for the linear polymers. 
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Figure 5.5 UV-Vis spectra showing initial removal ability and three additional trial 

experiments for P(4VP3-EGDMA1.0-BMA) in aqueous solutions of (A) PPL-HCl for 

2 h and (B) 2NO for 4 h. 

When the amount of EGDMA is increased from 0.5 to 1–2 mol% while holding 

4-VP constant to afford the three polymers P(4VP1-EGDMA0.5-BMA), P(4VP1-

EGDMA1.0-BMA), and P(4VP1-EGDMA2.0-BMA), the average binding ability 

decreases for PPL-HCl, but remains similar for 2NO. The lower amount of crosslinker 

allows the polymer bead to swell more readily in solution,295, 296 which results in 

increased binding ability. Particle swelling has also been demonstrated to influence the 

effectiveness of solid-phase synthesis, whereby swelling allows nearly all reactive sites 

within the particle to be chemically accessible.297, 298 As observed for the linear 

polymers, the standard deviations for the PPL-HCl binding experiments with 

crosslinked polymers are also higher than for the 2NO experiments, indicating lower 

binding effectiveness. 

In addition to the time experiments ranging from 15 min to 4 h, we also 

conducted an overnight (17 h) binding experiment for the crosslinked polymer beads 

(Figure 5.6, Supplementary Table O3). The longer time allows the beads to swell in 

solution and could result in increased removal abilities. Only two polymers exhibited 

enhanced binding of PPL-HCl with increased binding time, namely P(4VP2-

EGDMA1.0-BMA) and P(4VP3-EGDMA1.0-BMA). On the other hand, binding of 2NO 

increased to ca. 80% with increased binding time for all the crosslinked polymers. 

Overall, the best performing polymer was again P(4VP3-EGDMA1.0-BMA), which 
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decreased the concentration of PPL-HCl in water by 41% and decreased the 

concentration of 2NO in water by 84% (Figure 5.7). 

 

Figure 5.6 Decreases in concentrations of contaminants following overnight binding 

experiments (17 h) for crosslinked polymers. 

 

Figure 5.7 UV-Vis spectra for the five crosslinked polymer beads following overnight 

(17 h) binding experiment in aqueous solutions of (A) PPL-HCl and (B) 2NO. 

5.3.4 Reusability of the highest performing crosslinked polymer 

Reusability is an essential performance indicator of a given adsorbent.299 Thus, 

after determining binding ability of the synthesized polymers, we were interested in 

evaluating the reusability. The crosslinked polymers are not soluble in organic solvents, 

whereas the linear polymers are. Thus, we chose to examine reusability for the best 

performing crosslinked polymer, P(4VP3-EGDMA1.0-BMA) with 2NO. After the first 

4 h binding experiment, the beads were purified by a Soxhlet extraction using THF at 
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110°C overnight and subsequently dried under vacuum heating at 120°C overnight. A 

second 4 h binding experiment was conducted, and the polymer beads remove 2NO at 

the same level, demonstrating good reusability (Supplementary Figure N41). 

5.3.5 Binding ability of the crosslinked control polymer 

Increasing the amount of pyridine functional groups in the polymers increases 

binding ability. To support that the binding and removal mechanism is facilitated by 

hydrogen bonding involving the pyridine groups, a control polymer was synthesized by 

using STY in place of 4VP. A crosslinked polymer analogous to best performing 

crosslinked pyridine polymer was synthesized, namely P(STY3-EGDMA1.0-BMA). 

The STY control polymer removed minimal PPL-HCl (2%, Supplementary Figure 

N39) and some 2NO (26%, Supplementary Figure N40). The ability of the STY control 

polymer to bind the contaminants to a lesser extent could be due to favourable 

hydrophobic interactions. However, the binding ability is significantly reduced when 

the pyridine groups are absent. 

5.4 Small molecule co-crystallization 

To further understand the recognition between the contaminants and copolymer 

that leads to effective removal, co-crystallization of the small molecules 2NO and 

methyl isonicotinate (MI) was conducted. MI contains pyridine and ester functional 

groups and mimics the functional groups in the polymer backbone. Co-crystallization 

of 2NO and MI in methanol yielded 2NO·MI, and the two components interact through 

O-H···N hydrogen bonds between the phenol of 2NO and pyridine of MI. There was 

no O-H···O (ester) hydrogen bonding observed in the structure. In fact, the carbonyl 

groups of MI are surrounded by either MI molecules or the C-H groups of 2NO (Figure 

5.8 and Supplementary Figure B33). This further supports the idea that hydrogen 

bonding between the contaminant and pyridine functionalized polymer is a favorable 

intermolecular interaction and provides a pathway for increased removal ability. In 

addition to hydrogen bonding, hydrophobic interactions between the contaminant and 

polymer backbone could also support binding of these two micropollutants. 
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Figure 5.8 Crystal structure of 2NO·MI grown from methanol. Hydrogen bond shown 

with green dashed line. 

5.5 Conclusion 

Herein, we described the synthesis of pyridine-functionalized linear and 

crosslinked polymers that bind and remove PPL-HCl and 2NO from water solutions. 

The amount of pyridine functional groups in the polymer influences binding abilities. 

Overall, higher synthetic feeds of 4-VP lead to improved binding abilities for the 

polymers. Approximately 20–40% of PPL-HCl could be removed from water solutions, 

and binding abilities for 2NO from water were much higher at 60–88% over a time 

frame of 1–4 h. For the contaminant 2NO, the removal ability of the polymers described 

here is similar to or higher than other polymer-based materials. A control polymer 

lacking pyridine groups exhibits significantly lower binding ability than the pyridine 

polymers. Additionally, small-molecule co-crystallization experiments with a polymer 

backbone mimic, MI, demonstrate that O-H···N hydrogen bonding between the phenol 

of 2NO and pyridine in MI is a favourable intermolecular interaction and supports the 

high binding ability observed with the pyridine-functionalized polymers. Adsorbents 

that engage in supramolecular interactions with contaminants have demonstrated 

promise as micropollutant remediation materials. Rational design of adsorbent materials 

can help develop design criteria for new adsorbents with high selectivity and rapid 

removal times. 
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CHAPTER VI 

CONCLUSION AND FUTURE WORK 

A variety of micropollutants have been detected in aquatic environments such 

as pharmaceuticals, pesticides, personal care products, industrial chemicals, heavy 

metals, and may other contaminants. Understanding the supramolecular synthons 

between micropollutant molecules and potential functional groups and design and 

synthesis of functional materials, for example, polymers in my research, play a 

significant role in micropollutant remediations. 

This dissertation describes a series of co-crystals incorporating pharmaceutical 

molecules as well as other wastewater contaminants with both monopyridine and 

bipyridine molecules. Studies in my research confirm the reliability of the expected 

supramolecular hydrogen bond synthons in the crystal lattice. Based on this, pyridine 

functionalized polymers we synthesized are able to bind and remove micropollutants 

from water solutions. 

While studying the reliability of supramolecular hydrogen bond synthons in co-

crystallization, we also found that co-crystallization can be used to alter the bulk 

properties of components that make up a co-crystal. We successfully enhanced the 

solubility of trimethoprim via co-crystallization and the salt-hydrate we synthesized is 

promising due to its high aqueous solubility, fast dissolution rate, and good stability in 

the ambient conditions. Also, its co-crystal former is on GRAS list, and many 

pharmaceuticals are sold in hydrated forms.  

Based on the existing data, we are currently working on the following two 

projects: 

The first project is a supplement to Chapter IV. Since solubility of a 

pharmaceutical plays an essential role in the bioavailability and bioactivity, we aim to 

enhance the solubility of BCS II and BCS IV drugs via co-crystallization with co-crystal 

formers which are either on GRAS list or other drug molecules. All co-crystal formers 

exhibit high aqueous solubility. Preliminary new data obtained confirmed the salt 
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formation and enhanced solubility as well. Current and future study would focus on the 

drugs and co-crystal formers shown as below (Scheme 6.1). 

 

Scheme 6.1 The potential BCS II and IV drug molecules and co-crystal formers which 

are either on GRAS list or other drug molecules used for solubility enhancement via co-

crystallization. 

The second project is an extension of Chapter V. Since many micropollutants 

are in aquatic environments, it is important to consider hydrophilicity when making 

polymers. To further increase the hydrophilicity of the polymer backbone as well as add 

more functional groups on the polymer backbone, we are working on the synthesis of 

the following polymers including both linear (Scheme 6.2a) and crosslinked polymer 

(Scheme 6.2b). Instead of one-step reaction in Chapter V, here esterification is firstly 
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conducted to protect 4-vinylbenzoic acid. Then, polymerization is conducted using 

methyl 4-vinylbenzoate and BMA (and EGDMA for crosslinked polymer). After 

obtaining the polymer, another esterification is conducted to attach the pyridyl nitrogens 

on the polymer backbone. In theory, due to the increased hydrophilicity, the polymer 

should be able to exhibit better binding ability as well as removal ability towards 

micropollutants. 
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Scheme 6.2 Synthetic outline for (A) linear and (B) crosslinked functionalized 

polymers. 
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APPENDICES 

APPENDIX A  

CRYSTALLOGRAPHIC DATA OBTAINED FROM SINGLE-

CRYSTAL X-RAY DIFFRACTION STUDIES 

Table A.1 Crystallographic data for co-crystals NPX·4,4'-AP, NPX·4,4'-BPEth, and 

NPX·4,4'-BPP. (Chapter 2) 

compound name NPX·4,4'-AP NPX·4,4'-BPEth NPX·4,4'-BPP 

chemical formula C38H36N4O6 C40H40N2O6 C41H42N2O6 

formula mass 644.71 535.42 658.76 

crystal system Monoclinic Monoclinic Monoclinic 

space group P21 C2 C2 

a/Å 15.483 38.014 35.567 

b/Å 5.745 5.787 5.7333 

c/Å 19.668 15.566 33.199 

α/° 90 90 90 

β/° 110.025 93.646 91.732 

γ/° 90 90 90 

V/Å3 1643.5 3418 6767 

Ρcalc/g cm-3 1.303 1.253 1.293 

T/K 100 100 100 

Z 2 4 8 

radiation type Mo Kα Mo Kα Mo Kα 

absorption coefficient, 

μ/mm-1 
0.089 0.084 0.087 

no. of reflections 

measured 
19374 17520 40017 

no. of independent 

reflections 
7221 6219 14930 

no. of reflection (I>2σ(I)) 6035 4854 11453 

Rint 0.0291 0.0359 0.0383 

R1 ((I>2σ(I)) 0.0381 0.0404 0.0447 

wR(F2) (I>2σ(I)) 0.0866 0.0865 0.0947 

R1 (all data) 0.0500 0.0583 0.0660 

wR(F2) (all data) 0.0921 0.0949 0.1038 

Goodness-of-fit 1.048 1.017 1.039 

CCDC deposition number 1864926 1864925 1864927 
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Table A.2 Crystallographic data for co-crystals MA·4,4'-BPE, MA·4,4'-AP, 

MA·4,4'-BPEth, and MA·4,4'-BPP. (Chapter 2) 

compound name 
MA·4,4'-

BPE 

MA·4,4'-

AP 

MA·4,4'-

BPEth 

MA·4,4'-

BPP 

chemical formula C21H20N2O2 C20H19N3O2 C21H21N2O2 C28H29N3O2 

formula mass 332.39 333.38 333.40 439.54 

crystal system Triclinic Triclinic Triclinic Monoclinic 

space group P1̅ P1̅ P1̅ P1̅ 

a/Å 7.8199(14) 7.549(5) 7.450(7) 7.503(3) 

b/Å 8.6152(15) 8.736(6) 7.835(7) 7.836(3) 

c/Å 12.900(2) 13.095(8) 16.895(16) 20.382(7) 

α/° 98.216(2) 100.617(10) 94.30(3) 88.77(9) 

β/° 99.515(2) 99.729(9) 93.160(17) 85.38(5) 

γ/° 90.024(2) 93.918(9) 117.89(2) 79.99(5) 

V/Å3 848.0(3) 832.2(9) 864.5(14) 1176.1(8) 

Ρcalc/g cm-3 1.302 1.330 1.281 1.241 

T/K 100 100 100 100 

Z 2 2 2 2 

radiation type MoKα MoKα MoKα MoKα 

absorption coefficient, 

μ/mm-1 0.084 0.088 0.283 0.079 

no. of reflections 

measured 
9598 9970 15696 4245 

no. of independent 

reflections 
3684 3720 3912 4245 

no. of reflection 

(I>2σ(I)) 
2901 2666 2909 2845 

Rint 0.0218 0.0320 0.0250 0.0417 

R1 ((I>2σ(I)) 0.0421 0.0415 0.0423 0.0523 

wR(F2) (I>2σ(I)) 0.1078 0.0958 0.1035 0.1188 

R1 (all data) 0.0561 0.0641 0.0601 0.0929 

wR(F2) (all data) 0.1162 0.1078 0.1143 0.1398 

Goodness-of-fit 1.064 1.036 1.052 0.014 

CCDC deposition 

number 
1864913 1864915 1864914 1864916 
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Table A.3 Crystallographic data for co-crystals DFC·4,4'-BIPY, DFC·4,4'-BPEth, and 

DFC·4,4'-BPE. (Chapter 2) 

compound name 
DFC·4,4'-

BIPY 

DFC·4,4'-

BPEth 

DFC·4,4'-

BPE·toluene 

chemical formula C38H30Cl4N4O4 C20H17Cl2N2O2 C47H40Cl4N4 O4 

formula mass 748.46 388.25 535.42 

crystal system Triclinic Orthorhombic Monoclinic 

space group P1̅ Pbcn C2/c 

a/Å 8.6025 27.525 19.763 

b/Å 14.743 7.7860 7.0061 

c/Å 15.818 16.8266 30.454 

α/° 113.957° 90° 90° 

β/° 90.600° 90° 99.447° 

γ/° 105.072° 90° 90° 

V/Å3 1754.9 3606.1 4159.4 

Ρcalc/g cm-3 1.416 1.430 1.384 

T/K 200 100 100 

Z 2 8 4 

radiation type Mo Kα Mo Kα Mo Kα 

absorption coefficient, 

μ/mm-1 
0.385 0.377 0.335 

no. of reflections 

measured 
40056 22468 23563 

no. of independent 

reflections 
7844 3978 4604 

no. of reflection (I>2σ(I)) 5331 3966 3966 

Rint 0.0311 0.0429 0.0293 

R1 ((I>2σ(I)) 0.0418 0.0333 0.0313 

wR(F2) (I>2σ(I)) 0.1011 0.0690 0.0738 

R1 (all data) 0.0685 0.0488 0.0383 

wR(F2) (all data) 0.1155 0.0751 0.0779 

Goodness-of-fit 1.040 1.026 1.027 

CCDC deposition number 1909032 1909030 1909029 
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Table A.4 X-ray data for DFC·4,4'-AP at different temperatures and grown from 

different solvents. (Chapter 2) 

compound name DFC·4,4'-AP DFC·4,4'-AP DFC·4,4'-AP 

chemical formula C24H19Cl2N5O2 C24H19Cl2N5O2 C24H19Cl2N5O2 

formula mass 480.34 480.34 480.34 

solvent used in crystallization toluene/acetone toluene/acetone xylenes 

crystal system monoclinic monoclinic monoclinic 

space group C2/c C2/c C2/c 

a/Å 29.485 29.7548 29.5915 

b/Å 4.6618 4.76130 4.67650 

c/Å 34.442 34.8524 34.4083 

α/° 90° 90° 90° 

β/° 94.016° 94.220° 94.1420° 

γ/° 90° 90° 90° 

V/Å3 4722.6 4924.2 4749.14 

Ρcalc/mg m-3 1.351 1.296 1.344 

T/K 100 297 100 

Z 8 8 8 

radiation type Mo Kα Cu Kα Cu Kα 

absorption coefficient, μ/mm-1 0.306 2.619 2.716 

no. of reflections measured 25886 24081 26656 

no. of independent reflections 5217 4986 4943 

no. of reflection (I>2σ(I)) 4140 4029 4500 

Rint 0.0445 0.0421 0.0545 

R1 ((I>2σ(I)) 0.0373 0.0524 0.0529 

wR(F2) (I>2σ(I)) 0.0901 0.1590 0.1447 

R1 (all data) 0.0511 0.0614 0.0569 

wR(F2) (all data) 0.0978 0.1695 0.1496 

Goodness-of-fit 1.020 1.082 1.056 

CCDC deposition number 1909031 1913839 1913840 
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Table A.5 X-ray data for co-crystals 2GEM·4,4'-BPE, 2GEM·4,4'-BPEth, 

2GEM·4,4'-AP. (Chapter 2) 

compound name 
2GEM·4,4'-

BPE 

2GEM·4,4'-

BPEth 

2GEM·4,4'-

AP 

chemical formula C42H54N2O6 C42H56N2O6 C40H52N4O6 

formula mass 682.86 684.88 684.85 

crystal system triclinic triclinic triclinic 

space group P1̅ P1̅ P1̅ 

a/Å 6.58770(10) 6.60050(10) 6.63740(10) 

b/Å 8.8915(2) 8.34740(10) 8.7656(2) 

c/Å 16.8451(2) 17.4985(2) 16.5705(3) 

α/° 81.4220(10) 85.0290(10) 81.966(2) 

β/° 81.3080(10) 86.8520(10) 82.890(2) 

γ/° 76.2790(10) 77.1780(10) 78.938(2) 

V/Å3 940.91(3) 935.91(2) 932.21(3) 

Ρcalc/g cm-3 1.205 1.215 1.220 

T/K 100(2) 100(2) 100(2) 

Z 1 1 1 

radiation type Cu Kα Cu Kα Cu Kα 

absorption coefficient, 

μ/mm-1 
0.636 0.639 0.659 

no. of reflections measured 34409 33250 34391 

no. of independent 

reflections 
3848 3867 3839 

no. of reflection (I>2σ(I)) 3494 3590 3418 

Rint 0.0398 0.0419 0.0323 

R1 ((I>2σ(I)) 0.0371 0.0363 0.0399 

wR(F2) (I>2σ(I)) 0.0972 0.0958 0.1100 

R1 (all data) 0.0404 0.0385 0.0443 

wR(F2) (all data) 0.0995 0.0977 0.1136 

Goodness-of-fit 1.066 1.038 1.054 

CCDC deposition number 2118705 2118706 2118707 
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Table A.6 X-ray data for co-crystals 2AFC·4,4'-BPE, 2AFC·4,4'-BPEth, 2AFC·4,4'-

BPP, and 2AFC·4,4'-AP‧tol. (Chapter 2) 

compound name 
2AFC·4,4'-

BPE 

2AFC·4,4'-

BPEth 

2AFC·4,4'-

BPP 

2AFC·4,4'-

AP‧tol 

chemical formula 
C44H36Cl4N4

O8 

C44H38Cl4N4

O8 

C45H40Cl4N4

O8 

C45.5H38Cl4
N6O8 

formula mass 890.57 892.58 906.61 938.62 

crystal system monoclinic monoclinic triclinic triclinic 

space group P21/c P21/c P1̅ P1̅ 

a/Å 
9.32210 

(10) 

9.40410 

(10) 

4.89190 

(10) 

4.75310 

(10) 

b/Å 
4.87660 

(10) 

4.82830 

(10) 

19.8588 

(2) 

9.00140 

(10) 

c/Å 
43.9874 

(7) 

44.4991 

(5) 

23.3332 

(2) 

25.4854 

(4) 

α/° 90 90 
110.0990(10

) 

81.1760 

(10) 

β/° 
92.0200 

(10) 

90.1050 

(10) 

92.4620 

(10) 

88.7160 

(10) 

γ/° 90 90 
96.0250 

(10) 

84.5780 

(10) 

V/Å3 
1998.43 

(6) 

2020.51 

(5) 

2109.36 

(5) 

1072.62 

(3) 

Ρcalc/g cm-3 1.480 1.467 1.427 1.453 

T/K 
100.01 

(10) 

100.00 

(10) 

100.00 

(10) 

100.01 

(10) 

Z 2 2 2 1 

radiation type Cu Kα Cu Kα Cu Kα Cu Kα 

absorption coefficient, 

μ/mm-1 
3.209 3.174 3.049 3.034 

no. of reflections measured 28637 28937 53935 20053 

no. of independent 

reflections 
4101 3958 8251 4328 

no. of reflection (I>2σ(I)) 3684 3586 7372 4023 

Rint 0.0448 0.0403 0.0386 0.0379 

R1 ((I>2σ(I)) 0.0364 0.0280 0.0301 0.0318 

wR(F2) (I>2σ(I)) 0.0873 0.0711 0.0720 0.0779 

R1 (all data) 0.0411 0.0314 0.0345 0.0340 

wR(F2) (all data) 0.0895 0.0728 0.0739 0.0793 

Goodness-of-fit 1.050 1.040 1.045 1.050 

CCDC deposition number 2118701 2118702 2118703 2118704 
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Table A.7 X-ray data for co-crystals BPA·4,4'-BPE, BPA·4,4'-BPEth, BPA·4,4'-AP. 

(Chapter 2) 

compound name BPA·4,4'-BPE BPA·4,4'-BPEth BPA·4,4'-AP 

chemical formula C27H26N2O2 C27H28N2O2 C25H24N4O2 

formula mass 410.50 412.51 412.48 

crystal system monoclinic triclinic monoclinic 

space group P21/c P1̅ C2/c 

a/Å 6.18540(5) 9.3973(3) 12.2285(3) 

b/Å 11.08133(10) 9.9933(2) 6.37800(10) 

c/Å 31.6296(3) 13.0981(3) 28.5825(6) 

α/° 90 72.159(2) 90 

β/° 95.2794(8) 76.385(2) 101.160(2) 

γ/° 90 74.941(2) 90 

V/Å3 2158.77(3) 1114.32(5) 2187.09(8) 

Ρcalc/g cm-3 1.263 1.229 1.253 

T/K 100.0(3) 100.0(3) 100.00(10) 

Z 4 2 4 

radiation type Cu Kα Cu Kα Cu Kα 

absorption coefficient, 

μ/mm-1 
0.630 0.610 0.652 

no. of reflections measured 31080 21880 10824 

no. of independent 

reflections 
4214 4513 2236 

no. of reflection (I>2σ(I)) 3734 3971 1928 

Rint 0.0392 0.0408 0.0357 

R1 ((I>2σ(I)) 0.0324 0.0394 0.0356 

wR(F2) (I>2σ(I)) 0.0836 0.1050 0.0900 

R1 (all data) 0.0378 0.0447 0.0420 

wR(F2) (all data) 0.0878 0.1097 0.0936 

Goodness-of-fit 1.031 1.062 1.025 

CCDC deposition number 2119607 2119608 2119609 
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Table A.8 X-ray data for ACZ·4,4'-BPEth, ACZ·4,4'-BPE, and ACZ·4,4'-BIPY. 

(Chapter 3)  

 

  

compound name 
ACZ·4,4'-

BPEth 
ACZ·4,4'-BPE 

ACZ·4,4'-

BIPY 

chemical formula C20H24N10O6S4 C20H24N10O6S4 C9H10N5O3S2 

formula mass 628.73 626.71 300.34 

crystal system Triclinic Triclinic Triclinic 

space group P1̅ P1̅ P1̅ 

a/Å 6.932(3) 7.1085(12) 4.9095(15) 

b/Å 10.374(5) 10.4319(17) 8.172(2) 

c/Å 10.886(8) 10.6854(17) 16.493(5) 

α/° 115.758(14) 116.097(2) 98.826(5) 

β/° 98.883(17) 101.387(2) 92.894(4) 

γ/° 103.322(12) 102.011(2) 104.146(5) 

V/Å3 656.5(7) 657.27(19) 631.4(3) 

Ρcalc/g cm-3 1.590 1.583 1.580 

T/K 100(2) 180(2) 250(2) 

Z 1 1 2 

radiation type MoKα MoKα MoKα 

absorption coefficient, 

μ/mm-1 0.421 0.420 0.434 

no. of reflections 

measured 
9395 8745 11387 

no. of independent 

reflections 
2654 2408 2775 

no. of reflection (I>2σ(I)) 1893 2331 2423 

Rint 0.0200 0.0519 0.0315 

R1 ((I>2σ(I)) 0.0304 0.0366 0.0342 

wR(F2) (I>2σ(I)) 0.0725 0.0833 0.0958 

R1 (all data) 0.0356 0.0494 0.0392 

wR(F2) (all data) 0.0753 0.0885 0.0999 

Goodness-of-fit 1.060 1.032 1.050 

CCDC deposition 

number 
1967932 1967931 1967930 
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Table A.9 X-ray data for: ACZ·4,4'-AP, ACZ·4,4'-BPP, and ACZ·NAM. (Chapter 3) 

compound name 
ACZ·4,4'-AP 

(alpha) 
ACZ·4,4'-BPP ACZ·NAM 

chemical formula C18H20N12O6S4 C17H20N6O3S2 C10H12N6O4S2 

formula mass 628.70 450.51 344.38 

crystal system Monoclinic Triclinic Triclinic 

space group P21/c P1̅ P1̅ 

a/Å 4.7698(6) 7.424(4) 5.1125(7) 

b/Å 17.708(2) 8.602(4) 10.7854(17) 

c/Å 15.0852(19) 16.539(8) 13.9440(18) 

α/° 90 82.404(13) 70.045(2) 

β/° 96.687(2) 78.587(9) 86.636(2) 

γ/° 90 78.592(15) 82.391(2) 

V/Å3 1265.5(3) 1010.1(9) 716.28(18) 

Ρcalc (g cm-3) 1.650 1.383 1.597 

T/K 100(2) 100(2) 100(2) 

Z 2 2 2 

radiation type MoKα MoKα MoKα 

absorption coefficient,  μ/mm-1 0.439 0.294 0.400 

no. of reflections measured 3244 16915 12743 

no. of independent reflections 3244 4414 3186 

no. of reflection (I>2σ(I)) 2717 3661 2666 

Rint 0.0669 0.0279 0.0271 

R1 ((I>2σ(I)) 0.0464 0.0365 0.0342 

wR(F2) (I>2σ(I)) 0.1316 0.0861 0.0870 

R1 (all data) 0.0580 0.0471 0.0424 

wR(F2) (all data) 0.1396 0.0912 0.0909 

Goodness-of-fit 1.056 1.037 1.067 

CCDC deposition number 1967928 1967933 1967934 
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Table A.10 X-ray data for ACZ·2AP and ACZ·MP4A. (Chapter 3) 

compound name ACZ·2AP ACZ·MP4A 

chemical formula C13H18N10O6S4 C10H14N6O3S2 

formula mass 538.61 330.39 

crystal system Triclinic Triclinic 

space group P1̅ P1̅ 

a/Å 10.092(4) 8.498(5) 

b/Å 10.574(4) 9.389(5) 

c/Å 10.944(4) 9.932(6) 

α/° 92.064(5) 64.176(13) 

β/° 115.146(5) 88.605(13) 

γ/° 96.892(5) 83.290(17) 

V/Å3 1044.5(7) 708.1(7) 

Ρcalc (g cm-3) 1.712 1.550 

T/K 100(2) 100(2) 

Z 2 2 

radiation type MoKα MoKα 

absorption coefficient, 

μ/mm-1 0.513 0.396 

no. of reflections measured 18144 11837 

no. of independent 

reflections 
4631 3144 

no. of reflection (I>2σ(I)) 3878 2804 

Rint 0.0365 0.0268 

R1 ((I>2σ(I)) 0.0354 0.0327 

wR(F2) (I>2σ(I)) 0.0841 0.0854 

R1 (all data) 0.0438 0.0368 

wR(F2) (all data) 0.0881 0.0882 

Goodness-of-fit 1.029 1.019 

CCDC deposition number 1967927 1967929 
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Table A.11 X-ray data for ACZ·PYZ. (Chapter 3) 

compound name ACZ·PYZ ACZ·4,4'-AP(beta) 

chemical formula C6H8N5O3S2 C9H10N6O3S2 

formula mass 262.29 314.35 

crystal system Triclinic Triclinic 

space group P1̅ P1̅ 

a/Å 5.28380(10) 7.02350(10) 

b/Å 9.6006(2) 10.43170(10) 

c/Å 10.8847(2) 10.54300(10) 

α/° 100.4600(10) 117.2650(10) 

β/° 99.8180(10) 101.4890(10) 

γ/° 100.2740(10) 99.3130(10) 

V/Å3 522.395(18) 643.851(14) 

Ρcalc/g cm-3 1.668 1.621 

T/K 100(2) 100(2) 

Z 2 2 

radiation type Cu Kα Cu Kα 

absorption coefficient, 

μ/mm-1 4.694 3.974 

no. of reflections measured 19130 15177 

no. of independent 

reflections 
2149 2621 

no. of reflection (I>2σ(I)) 2075 2460 

Rint 0.0434 0.0480 

R1 ((I>2σ(I)) 0.0277 0.0315 

wR(F2) (I>2σ(I)) 0.0700 0.0836 

R1 (all data) 0.0284 0.0332 

wR(F2) (all data) 0.0706 0.0851 

Goodness-of-fit 1.101 1.092 

CCDC deposition number 1967935 2012096 
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Table A.12 X-ray data for co-crystals TMP·4,4'-AP, TMP·4,4'-BPE, and TMP·4,4'-

BIPY. (Chapter 4) 

compound name TMP·4,4'-AP TMP·4,4'-BPE TMP·4,4'-BIPY 

chemical formula C24H26N8O3 C26H28N6O3 C43H48N11O6 

formula mass 388.24 472.54 814.92 

crystal system Triclinic Triclinic Triclinic 

space group P1̅ P1̅ P1̅ 

a/Å 10.4001 10.4351 9.03900 

b/Å 11.7686 11.5279 10.5908 

c/Å 12.0059 11.8747 11.5825 

α/° 99.165° 100.2966° 111.864 

β/° 108.983° 111.697° 97.2850 

γ/° 112.041° 105.046° 94.497 

V/Å3 1219.83 1220.21 1011.18 

Ρcalc/g cm-3 1.292 1.286 1.338 

T/K 200 190 100 

Z 2 2 1 

radiation type Cu Kα Cu Kα Cu Kα 

absorption coefficient, 

μ/mm-1 
0.733 0.706 0.754 

no. of reflections 

measured 
15680 28335 35403 

no. of independent 

reflections 
4993 5046 4166 

no. of reflection (I>2σ(I)) 4266 4437 3814 

Rint 0.0311 0.0596 0.0449 

R1 ((I>2σ(I)) 0.0599 0.0434 0.0366 

wR(F2) (I>2σ(I)) 0.1665 0.1222 0.1011 

R1 (all data) 0.0674 0.0484 0.0393 

wR(F2) (all data) 0.1731 0.1268 0.1036 

Goodness-of-fit 1.078 1.047 1.053 

CCDC deposition number 2025620 2025614 2025621 
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Table A. 13 X-ray data for TMP·NA·H2O, TMP·NA·EtOH, and TMP·NA·MeNO2. 

(Chapter 4) 

compound name TMP·NA·H2O TMP·NA·EtOH TMP·NA·MeNO2 

chemical formula C20H25N5O6 C22H29N5O6 C21H26N6O7 

formula mass 431.45 459.50 474.48 

crystal system Triclinic Monoclinic Monoclinic 

space group P1̅ P21/c P21/n 

a/Å 4.59790 9.50680 9.05160 

b/Å 12.07920 21.3026 23.8500 

c/Å 18.7055 11.6964 10.34690 

α/° 99.8920° 90° 90° 

β/° 94.4370° 92.1040° 93.9520° 

γ/° 93.3390° 90° 90° 

V/Å3 1017.66 2367.15 2228.38 

Ρcalc/g cm-3 1.408 1.289 1.414 

T/K 100 100 100 

Z 2 4 4 

radiation type Cu Kα Cu Kα Cu Kα 

absorption coefficient, 

μ/mm-1 
0.885 0.792 0.910 

no. of reflections 

measured 
34355 29837 38510 

no. of independent 

reflections 
4191 4943 4636 

no. of reflection 

(I>2σ(I)) 
3924 4480 4324 

Rint 0.0504 0.0396 0.0358 

R1 ((I>2σ(I)) 0.0407 0.0411 0.0366 

wR(F2) (I>2σ(I)) 0.1161 0.1109 0.0966 

R1 (all data) 0.0491 0.0442 0.0393 

wR(F2) (all data) 0.1167 0.1135 0.0996 

Goodness-of-fit 1.167 1.070 1.017 

CCDC deposition 

number 
2025622 2025623 2025624 
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Table A.14 X-ray data for co-crystal 2NO·MI. (Chapter 5) 

chemical formula C17H15NO3 

formula mass 281.30 

crystal system triclinic 

space group P1̅ 

a/Å 5.90540(10) 

b/Å 14.8019(2) 

c/Å 16.7093(2) 

α/° 107.1420(10) 

β/° 96.4240(10) 

γ/° 91.2630(10) 

V/Å3 1384.60(4) 

Ρcalc/g cm-3 1.349 

T/K 100.0(3) 

Z 4 

radiation type Cu Kα 

absorption coefficient, μ/mm-1 0.758 

no. of reflections measured 42874 

no. of independent reflections 4906 

no. of reflection (I>2σ(I)) 4617 

Rint 0.0453 

R1 ((I>2σ(I)) 0.0348 

wR(F2) (I>2σ(I)) 0.0903 

R1 (all data) 0.0368 

wR(F2) (all data) 0.0920 

Goodness-of-fit 1.021 

CCDC deposition number 2103578 
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APPENDIX B  

SINGLE-CRYSTAL X-RAY STRUCTURES FROM SINGLE-

CRYSTAL X-RAY DIFFRACTION STUDIES 

For thermal ellipsoid structures, carbon, hydrogen, oxygen, nitrogen, and chlorine atoms 

are represented by gray, white, red, light blue and light green ellipsoids, respectively.  

 

 
Figure B.1 Three-component hydrogen-bonded assembly of co-crystal NPX·4,4'-AP 

with thermal ellipsoids plotted at 50% probability. (Chapter 2) 

 
Figure B.2 Three-component hydrogen-bonded assembly of co-crystal NPX·4,4'-

BPEth with thermal ellipsoids plotted at 50% probability. (Chapter 2) 

 
Figure B.3 Three-component hydrogen-bonded assembly of co-crystal NPX·4,4'-BPP 

with thermal ellipsoids plotted at 50% probability. (Chapter 2) 
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Figure B.4 Molecules of 4,4'-BPP in co-crystal NPX·4,4'-BPP showing bond angles 

between propane chain and pyridine. Bipyridine containing N1/N2 is unsymmetrical, 

while the N3 and N4 molecules are symmetrical. (Chapter 2) 

 

 
Figure B.5 Three-component hydrogen-bonded assembly of co-crystal MA·4,4'-BPE 

with thermal ellipsoids plotted at 50% probability. (Chapter 2) 

 
Figure B.6 Three-component hydrogen-bonded assembly of co-crystal MA·4,4'-AP 

with thermal ellipsoids plotted at 50% probability. (Chapter 2) 
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Figure B.7 Three-component hydrogen-bonded assembly of co-crystal MA·4,4'-BPEth 

with thermal ellipsoids plotted at 50% probability. (Chapter 2) 

 

 
Figure B.8 Asymmetric unit of co-crystal MA·4,4'-BPP with thermal ellipsoids plotted 

at 50% probability. (Chapter 2) 

 

 
Figure B.9 Published co-crystal (CSD refcode EPUQEM)3 of a bipyridine with a 

monocarboxylic acid. Pyridine-pyridine interactions highlighted with red dashed lines 

and boxes. (Chapter 2) 
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Figure B.10 Crystallographically unique three-component hydrogen-bonded assemblies 

of DFC·4,4'-BIPY with thermal ellipsoids plotted at 50% probability. (Chapter 2) 

 

 
Figure B.11 Three-component hydrogen-bonded assembly of DFC·4,4'-BPE with 

thermal ellipsoids plotted at 50% probability. Disordered toluene molecule is omitted 

for clarity. (Chapter 2) 
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Figure B.12 Three-component hydrogen-bonded assembly of DFC·4,4'-BPEth with 

thermal ellipsoids plotted at 50% probability. (Chapter 2) 

 

 
Figure B.13 Asymmetric unit of DFC·4,4'-AP at 100 K (grown from toluene/acetone) 

with thermal ellipsoids plotted at 50% probability. (Chapter 2) 
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Figure B.14 Face indexed images of a single crystal of DFC·4,4'-AP. (Chapter 2) 

 

 
 

Figure B.15 X-ray crystal structure of ACZ·4,4'-AP beta polymorph. (Chapter 3) 

 

 
Figure B.16 X-ray crystal structure of DFC·4-AP·H2O. (Chapter 3) 
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Figure B.17 X-ray crystal structure of DFC·3,3'-AP. (Chapter 2) 

 
Figure B.18 Three-component hydrogen-bonded assembly of 2GEM·4,4'-BPE at 100 

K. (Chapter 2) 
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Figure B.19 Three-component hydrogen-bonded assembly of 2GEM·4,4'-BPEth at 

100 K. (Chapter 2) 

 

 
Figure B.20 Three-component hydrogen-bonded assembly of 2GEM·4,4'-AP at 100 K. 

(Chapter 2) 

 



Texas Tech University, Qixuan Zheng, May 2022 

189 

 

 
Figure B.21 Three-component hydrogen-bonded assembly of 2AFC·4,4'-BPE at 100 

K. (Chapter 2) 

 
Figure B.22 Three-component hydrogen-bonded assembly of 2AFC·4,4'-BPEth at 100 

K. (Chapter 2) 

 
Figure B.23 Three-component hydrogen-bonded assembly of 2AFC·4,4'-BPP at 100 K. 

(Chapter 2) 

 

 
Figure B.24 Three-component hydrogen-bonded assembly of 2AFC·4,4'-AP‧tol at 100 

K. (Chapter 2) 
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Figure B.25 Asymmetric unit of BPA·4,4'-BPE at 100 K. (Chapter 2) 

 

 
Figure B.26 Asymmetric unit of BPA·4,4'-BPEth at 100 K. (Chapter 2) 

 

 
Figure B.27 Asymmetric unit of BPA·4,4'-AP at 100 K. (Chapter 2) 
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Figure B.28 Asymmetric unit of TMP·4,4'-BPE at 190 K with thermal ellipsoids 

plotted at 50% probability. (Chapter 4) 

 

 
 

Figure B.29 Asymmetric unit of TMP·4,4'-AP at 200 K with thermal ellipsoids plotted 

at 50% probability. (Chapter 4) 

 

 
Figure B.30 Asymmetric unit of TMP·4,4'-BIPY at 100 K with thermal ellipsoids 

plotted at 50% probability. (Chapter 4) 
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Figure B.31 Asymmetric unit of TMP·NA·H2O at 100 K with thermal ellipsoids plotted 

at 50% probability. (Chapter 4) 

 

 
 

Figure B.32 Asymmetric unit of TMP·NA·EtOH at 200 K with thermal ellipsoids 

plotted at 50% probability. (Chapter 4) 
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Figure B.33 Asymmetric unit of TMP·INA·MeNO2 at 100 K with thermal ellipsoids 

plotted at 50% probability. (Chapter 4) 

 

 
Figure B.34 Asymmetric unit of 2NO·MI at 100 K with thermal ellipsoids plotted at 

50% probability. Carbon, hydrogen, oxygen, and nitrogen atoms are represented by 

gray, white, red, and light blue ellipsoids, respectively. (Chapter 5) 
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Figure B.35 Crystal structures of 2NO·MI: (a) hydrogen-bond interaction and (b) 

layered two-component hydrogen bonded assemblies. Hydrogen bonds shown with 

green dashed lines. (Chapter 5)  
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APPENDIX C  

NMR SPECTRA 

 

 

Figure C.1 1H NMR spectrum of co-crystal NPX·4,4'-AP. (Chapter 2) 

 
Figure C.2 1H NMR spectrum of co-crystal NPX·4,4'-BPEth. (Chapter 2) 
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Figure C.3 1H NMR spectrum of co-crystal NPX·4,4'-BPP. (Chapter 2) 

 

 
Figure C.4 1H NMR spectrum of co-crystal MA·4,4'-BPE. (Chapter 2) 
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Figure C.5 1H NMR spectrum of co-crystal MA·4,4'-AP. (Chapter 2) 

 

 
Figure C.6 1H NMR spectrum of co-crystal MA·4,4'-BPEth. (Chapter 2) 
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Figure C.7 1H NMR spectrum of co-crystal MA·4,4'-BPP. (Chapter 2) 

 

 
Figure C.8 1H NMR spectrum of co-crystal DFC·4,4'-BIPY. (Chapter 2) 
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Figure C.9 1H NMR spectrum of co-crystal DFC·4,4'-BPE. Additional signals in the 

aromatic region are from the toluene that crystallized with the components. (Chapter 2) 

 
Figure C.10 1H NMR spectrum of co-crystal DFC·4,4'-BPEth. (Chapter 2) 
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Figure C.11 1H NMR spectrum of co-crystal DFC·4,4'-AP before solvent removal 

experiment. Additional signals in the aromatic region are from the toluene that 

crystallized with the components. (Chapter 2) 

 
Figure C.12 1H NMR spectrum of co-crystal DFC·4,4'-AP after solvent removal 

experiment at 111 ℃ for 4 hrs. (Chapter 2) 
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Figure C.13 1H NMR spectrum of DFC·4,4'-AP following solvent exchange 

experiment of with xylenes in hexanes. (Chapter 2) 

 

 
Figure C.14 1H NMR spectrum of DFC·4,4'-AP following solvent exchange 

experiment with CHCl3 in hexanes. (Chapter 2) 
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Figure C.15 1H NMR spectrum of solvent exchange experiment of co-crystal DFC·4,4'-

AP with DCM in hexanes. (Chapter 2) 

 

 
Figure C.16 1H NMR spectrum of DFC·4,4'-AP following solvent exchange 

experiment with xylenes in H2O. (Chapter 2) 
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Figure C.17 1H NMR spectrum of DFC·4,4'-AP following solvent exchange 

experiment with CHCl3 in H2O. (Chapter 2) 

 

 
Figure C.18 1H NMR spectrum of DFC·4,4'-AP following solvent exchange 

experiment with DCM in H2O. (Chapter 2) 

No CHCl3 peak (7.26 ppm)

DCM peak (5.30 ppm)
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Figure C.19 1H NMR spectrum of DFC·4,4'-AP following ball mill experiment with 

toluene and acetone. Additional signals in the aromatic region are from the toluene. 

(Chapter 2) 

 
Figure C.20 1H NMR spectrum of 2GEM·4,4'-BPE. (Chapter 2) 
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Figure C.21 1H NMR spectrum of 2GEM·4,4'-BPEth. (Chapter 2) 

 

 
Figure C.22 1H NMR spectrum of 2GEM·4,4'-AP. (Chapter 2) 
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Figure C.23 1H NMR spectrum of 2AFC·4,4'-BPE. (Chapter 2) 

 

 
Figure C.24 1H NMR spectrum of 2AFC·4,4'-BPEth. (Chapter 2) 
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Figure C.25 1H NMR spectrum of 2AFC·4,4'-BPP. (Chapter 2) 

 

 
Figure C.26 1H NMR spectrum of 2AFC·4,4'-AP‧tol. (Chapter 2) 
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Figure C.27 1H NMR spectrum of BPA·4,4'-BPE. (Chapter 2) 

 
Figure C.28 1H NMR spectrum of BPA·4,4'-BPEth. (Chapter 2) 



Texas Tech University, Qixuan Zheng, May 2022 

209 

 

 
Figure C.29 1H NMR spectrum of BPA·4,4'-AP. (Chapter 2) 

 

Figure C.30 1H NMR spectrum of commercial 4,4'-AP before purification. (Chapter 2) 
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Figure C.31 1H NMR spectrum of 4,4'-AP after purification. (Chapter 2) 

 
Figure C.32 1H NMR spectrum of ACZ·4,4'-BPEth. (Chapter 3) 
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Figure C.33 1H NMR spectrum of ACZ·4,4'-BPE. (Chapter 3) 

 
Figure C.34 1H NMR spectrum of ACZ·4,4'-BIPY. (Chapter 3) 
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Figure C.35 1H NMR spectrum of ACZ·4,4'-AP. (Chapter 3) 

 

 
Figure C.36 1H NMR spectrum of ACZ·PYZ. (Chapter 3) 
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Figure C.37 1H NMR spectrum of ACZ·4,4'-BPP. (Chapter 3) 

 

 
Figure C.38 1H NMR spectrum of ACZ·2-AP. (Chapter 3) 
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Figure C.39 1H NMR spectrum of ACZ·MP4A. (Chapter 3) 

 

 
Figure C.40 1H NMR spectrum of 4,4'-AP before purification. (Chapter 3&4) 
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Figure C.41 1H NMR spectrum of 4,4'-AP after purification. (Chapter 3&4) 

 

 
Figure C.42 1H NMR spectrum of co-crystal TMP·4,4'-BPE. (Chapter 4) 
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Figure C.43 1H NMR spectrum of co-crystal TMP·4,4'-AP. (Chapter 4) 

 
Figure C.44 1H NMR spectrum of co-crystal TMP·4,4'-BIPY. (Chapter 4) 
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Figure C.45 1H NMR spectrum of salt-hydrate TMP·NA·H2O. (Chapter 4) 

 

 
Figure C.46 1H NMR spectrum of salt-solvate TMP·NA·EtOH. (Chapter 4) 
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Figure C.47 1H NMR spectrum of salt-solvate TMP·INA·MeNO2. (Chapter 4) 

 
Figure C.48 1H NMR spectrum of TMP·INA·MeNO2 after 10 days of exposure to air 

and before running PXRD. The nitromethane signal at 4.31 ppm is absent. (Chapter 4) 
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Figure C.49 1H NMR spectrum of salt TMP·INA·MeNO2 after 10 days of exposure to 

air and after running PXRD. The nitromethane signal at 4.31 ppm is absent. (Chapter 4) 

 
Figure C.50 1H NMR spectrum of co-crystal 2NO·MI. (Chapter 5) 
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Figure C.51 1H NMR spectrum of P(4VP1-co-BMA1). (Chapter 5) 

 
Figure C.52 1H NMR spectrum of P(4VP2-co-BMA1). (Chapter 5) 
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Figure C.53 1H NMR spectrum of P(4VP3-co-BMA1). (Chapter 5) 

 

 

 
Figure C.54 1H NMR spectrum of P(4VP3-co-BMA1)t. (Chapter 5) 
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NMR data for crosslinked polymers: The crosslinked polymers were swollen in 

CDCl3 for NMR experiments. The 13C NMR spectra with proton decoupling were 

collected in the gel phase using a Varian Unity Inova 500 MHz Spectrometer. The 

acquisition time was 0.543 s, and the relaxation delay was 1 s. 

 

 
Figure C.55 13C NMR spectrum of P(4VP1-EGDMA0.5-BMA). (Chapter 5) 
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Figure C.56 13C NMR spectrum of P(4VP1-EGDMA1.0-BMA). (Chapter 5) 

 
Figure C.57 13C NMR spectrum of P(4VP2-EGDMA1.0-BMA). (Chapter 5) 
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Figure C.58 13C NMR spectrum of P(4VP3-EGDMA1.0-BMA). (Chapter 5) 

 
Figure C.59 13C NMR spectrum of P(4VP1-EGDMA2.0-BMA). (Chapter 5) 
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Figure C.60 13C NMR spectrum of control polymer P(STY3-EGDMA1.0-BMA). 

(Chapter 5) 
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APPENDIX D  

TGA DATA 

 
Figure D.1 TGA data for solution grown DFC·4,4'-AP (before solvent removal). A 

mass loss of 2.50% was observed at 102 °C, and crystal decomposition began at ca. 

248.1°C. (Chapter 2) 

 
Figure D.2 TGA data for DFC·4,4'-AP after solvent removal via oven heating. (Chapter 

2) 
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Figure D.3 TGA thermogram for 2GEM·4,4'-BPE (onset: 201 °C). (Chapter 2) 

 

 
Figure D.4 TGA thermogram for 2GEM·4,4'-BPEth (onset: 203 °C). (Chapter 2) 
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Figure D.5 TGA thermogram for 2GEM·4,4'-AP (onset: 199 °C). (Chapter 2) 

 

 
Figure D.6 TGA thermogram for 2AFC·4,4'-BPE (onset: 224 °C). (Chapter 2) 

 

0

20

40

60

80

100

0 100 200 300 400 500 600

M
as

s 
(%

)

Temperature (℃)

0

20

40

60

80

100

0 100 200 300 400 500 600

M
as

s 
(%

)

Temperature (℃)



Texas Tech University, Qixuan Zheng, May 2022 

229 

 

 
Figure D.7 TGA thermogram for 2AFC·4,4'-BPEth (onset: 222 °C). (Chapter 2) 

 

 
Figure D.8 TGA thermogram for 2AFC·4,4'-BPP (onset: 226 °C). (Chapter 2) 
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Figure D.9 TGA thermogram for 2AFC·4,4'-AP‧tol. A mass loss of 4.90% (theoretical: 

4.91%) was observed at 84 °C, and crystal decomposition began at ca. 204 °C (onset: 

204 °C). (Chapter 2) 

 

 
Figure D.10 TGA thermogram for BPA·4,4'-BPE (onset: 240 °C). (Chapter 2) 
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Figure D.11 TGA thermogram for BPA·4,4'-BPEth (onset: 226 °C). (Chapter 2) 

 

 
Figure D.12 TGA thermogram for BPA·4,4'-AP (onset: 192 °C). (Chapter 2) 
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Figure D.13 TGA thermogram for GEM (onset: 206 °C). (Chapter 2) 

 

 
Figure D.14 TGA thermogram for AFC (onset: 218 °C). (Chapter 2) 
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Figure D.15 TGA thermogram for BPA (onset: 237 °C). (Chapter 2) 

 

 
Figure D.16 TGA data for solution grown TMP·NA·H2O. A mass loss of 3.01% was 

observed at 96.7 °C, and crystal decomposition began at ca. 191.7 °C. (Chapter 4) 
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Figure D.17 TGA data for solution grown TMP·NA·EtOH. A mass loss of 2.84% was 

observed at 87.2 °C, and crystal decomposition began at ca. 169.6 °C. (Chapter 4) 

 
Figure D.18 TGA data for solution grown TMP·INA·MeNO2. A mass loss of 9.34% 

was observed at 103.5 °C, and crystal decomposition began at ca. 191.6 °C. (Chapter 4) 
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APPENDIX E  

PXRD DIFFRACTOGRAMS 

 
Figure E.1 PXRD patterns of DFC·4,4'-AP: simulated from room temperature X-ray 

data, crystals grown from solution, and calculated with a 101 preferred orientation using 

a March-Dollase parameter of 0.5. (Chapter 2) 

 
Figure E.2 PXRD patterns of DFC·4,4'-AP grown from solution: simulated from room 

temperature X-ray data, before the solvent removal experiment (before oven), and 

following oven experiment at 111 ℃ for 4 hrs (after oven). (Chapter 2) 
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Figure E.3 PXRD patterns of DFC·4,4'-AP following solvent exchange experiment 

with xylenes in H2O (experimental). Simulated pattern is from single crystal X-ray data 

with xylenes as the solvent. (Chapter 2) 

 
Figure E.4 PXRD patterns of DFC·4,4'-AP following solvent exchange with xylenes in 

hexanes (experimental). Simulated pattern is from single crystal X-ray data with xylenes 

as the solvent. (Chapter 2) 
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Figure E.5 PXRD pattern of DFC·4,4'-AP following solvent exchange with DCM in 

H2O. (Chapter 2) 

 

Figure E.6 PXRD patterns of DFC·4,4'-AP: crystals grown from slow evaporation 

method, mechanochemistry experiment, and after heating the sample made via 

mechanochemistry in the oven at 111°C for 4 hours. (Chapter 2) 
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Figure E.7 PXRD patterns of DFC·4,4'-AP: crystals grown from slow evaporation 

method, mechanochemistry experiment without toluene/acetone. (Chapter 2) 

 
Figure E.8 PXRD patterns of GEM, 4,4'-BPE, simulated from 100 K X-ray data of 

2GEM·4,4'-BPE, solution grown 2GEM·4,4'-BPE, and solid synthesized by 

mechanochemistry. (Chapter 2) 

0

500

1000

1500

2000

2500

5 15 25 35 45 55

R
e
la

ti
v
e
 I

n
te

n
s
it
y 

(c
o
u
n
ts

)

2θ ( )

Crystals grown from solution

Mechanochem without toluene/acetone

0

2000

4000

6000

8000

10000

12000

5 10 15 20 25 30 35 40 45 50

R
el

at
iv

e 
In

te
n

si
ty

 (
co

u
n

ts
)

2θ (°)

GEM

4,4'-BPE

simulated

solution grown

GEM+4,4'-BPE+acetone (2 drops) 2:1



Texas Tech University, Qixuan Zheng, May 2022 

239 

 

 
Figure E.9 PXRD patterns of GEM, 4,4'-BPEth, simulated from 100 K X-ray data of 

2GEM·4,4'-BPEth, solution grown 2GEM·4,4'-BPEth, and solid synthesized by 

mechanochemistry. (Chapter 2) 

 
Figure E.10 PXRD patterns of GEM, 4,4'-BPP, and products obtained from 

mechanochemistry. (Chapter 2) 
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Figure E.11 PXRD patterns of GEM, 4,4'-AP, simulated from 100 K X-ray data of 

2GEM·4,4'-AP, solution grown 2GEM·4,4'-AP, and solid synthesized by 

mechanochemistry. (Chapter 2) 

 
Figure E.12 PXRD patterns of AFC, 4,4'-BPE, simulated from 100 K X-ray data of 

2AFC·4,4'-BPE, solution grown 2AFC·4,4'-BPE, and solid synthesized by 

mechanochemistry. (Chapter 2) 
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Figure E.13 PXRD patterns of AFC, 4,4'-BPEth, simulated from 100 K X-ray data of 

2AFC·4,4'-BPEth, solution grown 2AFC·4,4'-BPEth, and solid synthesized by 

mechanochemistry. (Chapter 2) 

 
Figure E.14 PXRD patterns of AFC, 4,4'-BPP, simulated from 100 K X-ray data of 

2AFC·4,4'-BPP, solution grown 2AFC·4,4'-BPP, and solid synthesized by 

mechanochemistry. (Chapter 2) 
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Figure E.15 PXRD patterns of AFC, 4,4'-AP, simulated from 100 K X-ray data of 

2AFC·4,4'-AP‧tol, solution grown 2AFC·4,4'-AP‧tol, and solid synthesized by 

mechanochemistry. (Chapter 2) 

 
Figure E.16 PXRD patterns of BPA, 4,4'-BPE, simulated from 100 K X-ray data of 

BPA·4,4'-BPE, solution grown BPA·4,4'-BPE, and solid synthesized by 

mechanochemistry. (Chapter 2) 
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Figure E.17 PXRD patterns of BPA, 4,4'-BPEth, simulated from 100 K X-ray data of 

BPA·4,4'-BPEth, solution grown BPA·4,4'-BPEth, and solid synthesized by 

mechanochemistry. (Chapter 2) 

 
Figure E.18 PXRD patterns of GEM, 4,4'-BPP, and products obtained from 

mechanochemistry. (Chapter 2) 
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Figure E.19 PXRD patterns of BPA, 4,4'-AP, simulated from 100 K X-ray data of 

BPA·4,4'-AP, solution grown BPA·4,4'-AP, and solid synthesized by 

mechanochemistry. (Chapter 2) 

 

 
Figure E.20 PXRD patterns of ACZ·4,4'-BPEth: simulated from 100 K X-ray data and 

crystals synthesized by slow evaporation. (Chapter 3) 
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Figure E.21 PXRD patterns of ACZ·4,4'-BPE: simulated from 100 K X-ray data and 

crystals synthesized by slow evaporation. (Chapter 3) 

 
Figure E.22 PXRD patterns of ACZ·4,4'-BIPY: simulated from 100 K X-ray data and 

crystals synthesized by slow evaporation. (Chapter 3) 
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Figure E.23 PXRD patterns of ACZ·4,4'-AP: simulated from 100 K X-ray data and 

crystals synthesized by slow evaporation. (Chapter 3) 

 

 
Figure E.24 PXRD patterns of ACZ·4,4'-BPP: simulated from 100 K X-ray data and 

crystals synthesized by slow evaporation. (Chapter 3) 
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Figure E.25 PXRD patterns of ACZ·PYZ: simulated from 100 K X-ray data and 

crystals synthesized by slow evaporation. (Chapter 3) 

 

 
Figure E.26 PXRD patterns of ACZ·2AP: simulated from 100 K X-ray data and crystals 

synthesized by slow evaporation. (Chapter 3) 
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Figure E.27 PXRD patterns of ACZ·MP4A: simulated from 100 K X-ray data and 

crystals synthesized by slow evaporation. (Chapter 3) 

 
Figure E.28 PXRD patterns of TMP·4,4'-AP: simulated from 290 K X-ray data and 

bulk co-crystal. (Chapter 4) 
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Figure E.29 PXRD patterns of TMP·4,4'-BPE: simulated from 290 K X-ray data and 

bulk co-crystal. (Chapter 4) 

 
Figure E.30 PXRD patterns of TMP·4,4'-BIPY: simulated from 100 K X-ray data and 

bulk co-crystal. (Chapter 4) 
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Figure E.31 PXRD patterns of TMP·NA·H2O: simulated from 100 K X-ray data, 

freshly synthesized bulk solid, and solid after 10 days of exposure to air. (Chapter 4) 

 
Figure E.32 PXRD patterns of TMP·NA·EtOH: simulated from 100 K X-ray data, 

freshly synthesized bulk solid, and solid after 10 days of exposure to air. (Chapter 4) 
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Figure E.33 PXRD patterns of TMP·INA·MeNO2: simulated from 100 K X-ray data, 

freshly synthesized bulk solid, and solid after 10 days of exposure to air. (Chapter 4) 

 

  
Figure E.34 PXRD patterns of TMP·NA·H2O: simulated from 100 K X-ray data and 

solids synthesized by mechanochemistry. Ratios used for the experiments are shown in 

the legend. (Chapter 4) 
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Figure E.35 PXRD patterns of TMP·NA·EtOH: simulated from 200 K X-ray data and 

solids synthesized by mechanochemistry. Ratios used for the experiments are shown in 

the legend. (Chapter 4) 

 
Figure E.36 PXRD patterns of TMP·INA·MeNO2: simulated from 100 K X-ray data 

and solids synthesized by mechanochemistry. Ratios used for the experiments are 

shown in the legend. (Chapter 4)  
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APPENDIX F 

SOLVENT EXCHANGE EXPERIMENT DETAILS  

Co-crystals of DFC·4,4'-AP were placed in solutions containing water or hexanes (ca. 

4 mL) that contained a second solvent for exchange with the toluene/acetone (e.g. 

xylenes, chloroform, dichloromethane, ca. 1 mL). The crystals were left undisturbed for 

one week. The crystals were removed from solution, allowed to air dry, and placed in 

the oven at 35 °C for 1 hour to remove solvent on the surface of the crystals. Then, 1H 

NMR spectra and PXRD data were collected. 

 

Table F1 Results from solvent exchange experiments with DFC·4,4'-AP. (Chapter 2) 

 

Experiment 

number 

Main solvent 

(non-dissolving) 

Solvent for 

exchange 

Result (as evidenced by 
1H NMR spectroscopy) 

1 hexanes xylenes exchange 

2 hexanes CHCl3 no exchange 

3 hexanes CH2Cl2 no exchange 

4 hexanes diethyl ether no exchange 

5 water xylenes exchange 

6 water CHCl3 no exchange 

7 water CH2Cl2 exchange 

8 water diethyl ether no exchange 
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APPENDIX G 

FTIR SPECTRA OF COMPONENTS AND CO-CRYSTALS 

 
Figure G.1 FTIR spectra of GEM, 4,4'-BPE, and 2GEM·4,4'-BPE. (Chapter 2) 

 

 
Figure G.2 FTIR spectra of GEM, 4,4'-BPEth, and 2GEM·4,4'-BPEth. (Chapter 2) 
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Figure G.3 FTIR spectra of GEM, 4,4'-AP, and 2GEM·4,4'-AP. (Chapter 2) 

 

 
Figure G.4 FTIR spectra of AFC, 4,4'-BPE, and 2AFC·4,4'-BPE. (Chapter 2) 
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Figure G.5 FTIR spectra of AFC, 4,4'-BPEth, and 2AFC·4,4'-BPEth. (Chapter 2) 

 

 
Figure G.6 FTIR spectra of AFC, 4,4'-BPP, and 2AFC·4,4'-BPP. (Chapter 2) 

1000150020002500300035004000

R
el

at
iv

e 
%

 T
ra

n
m

it
ta

n
ce

Wavenumber, cm-1

AFC·4,4'-BPEth 4,4'-BPEth AFC

1000150020002500300035004000

R
el

at
iv

e 
%

 T
ra

n
m

it
ta

n
ce

Wavenumber, cm-1

AFC·4,4'-BPP 4,4'-BPP AFC



Texas Tech University, Qixuan Zheng, May 2022 

257 

 

 
Figure G.7 FTIR spectra of AFC, 4,4'-AP, and 2AFC·4,4'-AP‧tol. (Chapter 2) 

 

 
Figure G.8 FTIR spectra of BPA, 4,4'-BPE, and BPA·4,4'-BPE. (Chapter 2) 
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Figure G.9 FTIR spectra of BPA, 4,4'-BPEth, and BPA·4,4'-BPEth. (Chapter 2) 

 

 
Figure G.10 FTIR spectra of BPA, 4,4'-AP, and BPA·4,4'-AP. (Chapter 2) 
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Figure G.11 FTIR spectra of ACZ, 4,4'-BPEth, and ACZ·4,4'-BPEth. (Chapter 3) 

 

 
Figure G.12 FTIR spectra of ACZ, 4,4'-BPE, and ACZ·4,4'-BPE. (Chapter 3) 
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Figure G.13 FTIR spectra of ACZ, 4,4'-BIPY, and ACZ·4,4'-BIPY. (Chapter 3) 

 

 
Figure G.14 FTIR spectra of ACZ, purified 4,4'-AP, and ACZ·4,4'-AP. (Chapter 3) 
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Figure G.15 FTIR spectrum of ACZ, PYZ, and ACZ·PYZ. (Chapter 3) 

 

 
Figure G.16 FTIR spectra of ACZ, 4,4'-BPP, and ACZ·4,4'-BPP. (Chapter 3) 
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Figure G.17 FTIR spectra of ACZ, 2AP, and ionic co-crystal ACZ·2AP. (Chapter 3) 

 

 
Figure G.18 FTIR spectrum of ACZ, MP4A, and ionic co-crystal ACZ·MP4A. 

(Chapter 3) 
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Table G.1 Distinctive bands in the FTIR spectra for GEM, AFC, BPA, and the 

bipyridines. Distinctive bands for the co-crystals are listed in the Chapter II. (Chapter 

2) 

 Micropollutants Bipyridines 

Band GEM AFC BPA 4,4'-BPE 4,4'-BPEth 4,4'-BPP 4,4'-AP 

ν (ph)-OH   3327     

 ν N-H  3317      

ν C=O 1704 
1714a 

1770b 
     

ν pyr (C=N)    1594 1593 1604 1586 
aThis C=O signal is due to ester group in AFC. bThis C=O signal is due to carboxylic 

acid in AFC. (Chapter 2) 

 

Table G.2 Distinctive bands in the FTIR spectra for ACZ and the CCFs. Distinctive 

bands for the co-crystals are listed in the Chapter III. (Chapter 3) 

  CCFs 

Band ACZ 
4,4'-

BPEth 

4,4'-

BPE 

4,4'-

BIPY 
4,4'-AP PYZ 

4,4'-

BPP 
2AP MP4A 

ν N-H 
3289 

3175 
      

3442 

3284 
3210 

ν C=O 1675         

ν N-HII 

(Amide II 

band) 

1541         

ν SO2NH2 
1361 

1172 
        

ν pyr 

(C=N) 
 1594 1593 1586 1586 1417a 1604 1624 1595 

a Signal for aromatic heterocycle of PYZ. 
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APPENDIX H 

HIRSHFELD SURFACE ANALYSIS 

 

 
Figure H.1 ACZ·4,4'-BPEth: (a) Hirshfeld surface (dnorm) showing two views, (b) full 

corresponding fingerprint plot, and (c-f) decomposition of fingerprint plots into 

individual interactions (type denoted on plot). 4,4'-BPEth bonds with ACZ at the amide 

site. (Chapter 3) 
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Figure H.2 ACZ·4,4'-BPE: (a) Hirshfeld surface (dnorm) showing two views, (b) full 

corresponding fingerprint plot, and (c-f) decomposition of fingerprint plots into 

individual interactions (type denoted on plot). 4,4'-BPE bonds with ACZ at the amide 

site. (Chapter 3) 
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Figure H.3 ACZ·4,4'-BIPY: (a) Hirshfeld surface (dnorm), (b) full corresponding 

fingerprint plot, and (c-g) decomposition of fingerprint plots into individual interactions 

(type denoted on plot). 4,4'-BIPY bonds with ACZ at the sulfonamide site. (Chapter 3) 
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Figure H.4 ACZ·4,4'-AP: (a) Hirshfeld surface (dnorm), (b) full corresponding 

fingerprint plot, and (c-f) decomposition of fingerprint plots into individual interactions 

(type denoted on plot). 4,4'-AP bonds with ACZ at the sulfonamide site. (Chapter 3) 
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Figure H.5 ACZ·4,4'-BPP: (a) Hirshfeld surface (dnorm), (b) full corresponding 

fingerprint plot, and (c-f) decomposition of fingerprint plots into individual interactions 

(type denoted on plot). 4,4'-BPP bonds with ACZ at both the amide and sulfonamide 

sites. (Chapter 3) 
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Figure H.6 ACZ·2AP highlighting ACZ1 molecule that bonds with 2AP at its amide 

site: (a) Hirshfeld surface (dnorm), (b) full corresponding fingerprint plot, and (c-f) 

decomposition of fingerprint plots into individual interactions (type denoted on plot). 

The short H∙∙∙H contacts in part d are due to the partially transferred hydrogen between 

the amide and pyridine. (Chapter 3) 
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Figure H.7 ACZ·2AP highlighting ACZ2 that only bonds with other ACZ molecules: 

(a) Hirshfeld surface (dnorm), (b) full corresponding fingerprint plot, and (c-f) 

decomposition of fingerprint plots into individual interactions (type denoted on plot). 

(Chapter 3) 
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Figure H.8 ACZ·MP4A: (a) Hirshfeld surface (dnorm), (b) full corresponding fingerprint 

plot, and (c-f) decomposition of fingerprint plots into individual interactions (type 

denoted on plot). MP4A bonds with ACZ at the amide site. (Chapter 3) 
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APPENDIX I 

DTA AND DSC DATA 

 
Figure I.1 DTA data for 2GEM·4,4'-BPE (onset: 57 °C, peak: 61 °C). (Chapter 2) 

 

 
Figure I.2 DTA data for 2GEM·4,4'-BPEth (onset: 64 °C, peak: 68 °C). (Chapter 2)  
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Figure I.3 DTA data for 2GEM·4,4'-AP (onset: 57 °C, peak: 60 °C). (Chapter 2) 

 

 
Figure I.4 DTA data for 2AFC·4,4'-BPE (onset: 166 °C, peak: 168 °C). (Chapter 2) 
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Figure I.5 DTA data for 2AFC·4,4'-BPEth (onset: 112 °C, peak: 118 °C). (Chapter 2) 

 

 
Figure I.6 DTA data for 2AFC·4,4'-BPP (onset: 116 °C, peak: 119 °C). (Chapter 2) 
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Figure I.7 DTA data for 2AFC·4,4'-AP‧tol (onset: 140 °C, peak: 143 °C). (Chapter 2) 

 

 
Figure I.8 DTA data for BPA·4,4'-BPE (onset: 172 °C, peak: 175 °C). (Chapter 2) 
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Figure I.9 DTA data for BPA·4,4'-BPEth (onset: 120 °C, peak: 122 °C). (Chapter 2) 

 

 
Figure I.10 DTA data for BPA·4,4'-AP (onset: 161 °C, peak: 164 °C). (Chapter 2) 
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Figure I.11 DTA data for GEM (onset: 59°C, peak:  62°C). (Chapter 2) 

 

 
 

Figure I.12 DTA data for AFC (onset: 151°C, peak: 154 °C). (Chapter 2) 
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Figure I.13 DTA data for BPA (onset: 156 °C, peak: 159 °C). (Chapter 2) 

 

 
Figure I.14 DSC data for solution grown TMP·NA·H2O (onset: 174.27 °C, peak: 

175.72 °C). 
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Figure I.15 DSC data for solution grown TMP·NA·EtOH (onset: 172.55 °C, peak: 

175.70 °C). 

 
Figure I.16 DSC data for solution grown TMP·INA·MeNO2 (onset: 184.58 °C, peak: 

186.62 °C). 
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APPENDIX J 

SOLUBILITY, MELTING POINT, AND STABILITY 

EXPERIMENTS 

The solubility data was collected by dissolving specific amount of salt TMP·NA·H2O, 

TMP·NA·EtOH, or TMP·NA·MeNO2 in specific amount of water in a vial (the 

specific amount of salt and water is shown in Table J1). Water was added by using a 

micropipette with a Kali-BT-200 tip to a vial containing each salt, and 100 μL of water 

was transferred at a time. The vial was then oscillated in a sonicator to dissolve each 

salt. More water was added in the vial until a clear solution was obtained after oscillation 

in the sonicator.  

The melting point data were collected on a DigiMelt using the visual detection capillary 

method. 

 

Table J.1 Solubility and melting point data for TMP·NA·H2O, TMP·NA·EtOH, and 

TMP·NA·MeNO2.  

Sample Aqueous solubility (mg/L, 25 °C) Melting point (°C) 

TMP 400 199-203 

NA 18000 237 

INA 6000 310-315 

TMP·NA·H2O 4643 (6.5 mg in 1400 μL) 177.5 

TMP·NA·EtOH 1000 (2.5 mg in 2500 μL) 162.2 

TMP·NA·MeNO2 4615 (6.0 mg in 1300 μL) 169.6 

  

The stability of the salts TMP·NA·H2O, TMP·NA·EtOH, and TMP·NA·MeNO2 was 

monitored by synthesizing a fresh sample, which was characterized by PXRD. Then, 

each sample was placed in a vial without a cap and allowed to sit undisturbed on the 

bench (open to ambient air) for a period of 10 days. After 10 days, each sample was re-

analyzed by PXRD (Figures E30-E32). Since TMP·NA·MeNO2 showed poor 

correlation by PXRD, 1H NMR data was collected before and after 10-day stability 

studies to confirm the presence or absence of the nitromethane solvent (Figures C47-

C49). 
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APPENDIX K 

DISSOLUTION RATE EXPERIMENTSEXPERIMENTS 

Dissolution rate experiments were conducted by adding 10 mg of TMP·NA·H2O, 

TMP·NA·EtOH, or TMP·NA·MeNO2 to a vial containing 2 mL phosphate buffer 

solution (pH=6.98). The sample was heated at 37 ℃ and stirred at 500 rpm on a stir 

plate. Each sample was monitored, and the time it took for the sample to completely 

dissolve in the buffer solution was recorded. A total of three trials were performed for 

each sample. The time is denoted in seconds (s). 

 

Table K.1 Dissolution rate data for TMP, TMP·NA·H2O, TMP·NA·EtOH, and 

TMP·NA·MeNO2. 

Sample TMP TMP·NA·H2O TMP·NA·EtOH TMP·NA·MeNO2 

trial 1 
> 1800 s 

(30 min) 
134 s 340 s 85 s 

trial 2 
> 1800 s 

(30 min) 
126 s 358 s 106 s 

trial 3 
> 1800 s 

(30 min) 
129 s 316 s 143 s 

average - 130 ± 4 s 338 ± 21 s 111 ± 24 s 

 

  



Texas Tech University, Qixuan Zheng, May 2022 

282 

 

APPENDIX L 

GPC DATA 

GPC data was collected on a Tosoh EcoSEC HLC-8320GPC. HPLC grade THF was 

used as both the mobile phase in the GPC instrument, and the solvent to dissolve the 

linear polymers. Polystyrene standards were used for calibration. 

 

 
Figure L.1 GPC chromatogram for P(4VP1-co-BMA1). Mn=1248; Mw=5776; Đ=4.626. 

 
Figure L.2 GPC chromatogram for P(4VP2-co-BMA1). Mn=13309; Mw=23387; 

Đ=1.757. 
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Figure L.3 GPC chromatogram for P(4VP3-co-BMA1). Mn=11122; Mw=18077; 

Đ=1.625. 

 

 
Figure L.4 GPC chromatogram for P(4VP3-co-BMA1)t. Mn=16973; Mw=28680; 

Đ=1.690. 
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APPENDIX M 

WASHING EXPERIMENTS DATA 

 
Figure M.1 UV-Vis spectra following washing experiments for crosslinked polymers. 

 

  

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0.40

0.45

0.50

190.00 290.00 390.00 490.00 590.00 690.00 790.00 890.00 990.00 1090.00

A
b

so
rb

an
ce

, a
u

Wavelength, nm

0.50% EGDMA and single amount of 4-VP

1% EGDMA and single amount of 4-VP

1% EGDMA and double amount of 4-VP

1% EGDMA and triple amount of 4-VP

2% EGDMA and single amount of 4-VP



Texas Tech University, Qixuan Zheng, May 2022 

285 

 

APPENDIX N 

BINDING EXPERIMENTS DATA 

UV-Vis spectra were collected on an Agilent 8453 UV-Visible Spectroscopy system. 

The control experiment within each experiment is equal to a time of 0 min. To calculate 

the removal of the contaminants, the signal at 215 nm is used for PPL-HCl, and the 

signal at 224 nm is used for 2NO. 

 

Binding data for linear polymers with PPL-HCl water solution (Figures N1-N8): 

 
Figure N.1 UV-Vis spectra of time-dependent binding experiment for P(4VP1-co-

BMA1). 
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Figure N.2 UV-Vis spectra for P(4VP1-co-BMA1) showing three additional trials at 4 

hr binding time. Standard deviation: 0.04. 

 

 

Figure N.3 UV-Vis spectra of time-dependent binding experiment for P(4VP2-co-

BMA1). 
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Figure N.4 UV-Vis spectra for P(4VP2-co-BMA1) showing three additional trials at 45 

min binding time. Standard deviation: 0.05. 

 

 
Figure N.5 UV-Vis spectra of time-dependent binding experiment for P(4VP3-co-

BMA1). 
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Figure N.6 UV-Vis spectra for P(4VP3-co-BMA1) showing three additional trials at 4 

hr binding time. Standard deviation: 0.04. 

 
Figure N.7 UV-Vis spectra of time-dependent binding experiment for P(4VP3-co-

BMA1)t. 
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Figure N.8 UV-Vis spectra for P(4VP3-co-BMA1)t showing three additional trials at 4 

hr binding time. Standard deviation: 0.06. 

 

Binding data for linear polymers with 2NO water solution (Figures N9-N16): 

 
Figure N.9 UV-Vis spectra of time-dependent binding experiment for P(4VP1-co-

BMA1). 
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Figure N.10 UV-Vis spectra for P(4VP1-co-BMA1) showing three additional trials at 3 

hr binding time. Standard deviation: 0.04. 

 
Figure N.11 UV-Vis spectra of time-dependent binding experiment for P(4VP2-co-

BMA1).  

0.00

0.10

0.20

0.30

0.40

0.50

0.60

0.70

0.80

190.00 290.00 390.00 490.00 590.00 690.00 790.00

A
b

so
rb

an
ce

, a
u

Wavelength, nm

control

original 3 hr

3 hr (1)

3 hr (2)

3 hr (3)

0.00

0.10

0.20

0.30

0.40

0.50

0.60

0.70

0.80

190.00 290.00 390.00 490.00 590.00 690.00 790.00

A
b

so
rb

an
ce

, a
u

Wavelength, nm

control

15 min

30 min

45 min

1 hr

2 hr

3 hr

4 hr



Texas Tech University, Qixuan Zheng, May 2022 

291 

 

 
Figure N.12 UV-Vis spectra for P(4VP2-co-BMA1) showing three additional trials at 4 

hr binding time. Standard deviation: 0.01. 

 
Figure N.13 UV-Vis spectra of time-dependent binding experiment for P(4VP3-co-

BMA1). 
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Figure N.14 UV-Vis spectra for P(4VP3-co-BMA1) showing three additional trials at 4 

hr binding time. Standard deviation: 0.02. 

 

 
Figure N.15 UV-Vis spectra of time-dependent binding experiment for P(4VP3-co-

BMA1)t. 
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Figure N.16 UV-Vis spectra for P(4VP3-co-BMA1)t showing three additional trials at 4 

hr binding time. Standard deviation: 0.02. 

 

Binding data for crosslinked polymers with PPL-HCl water solution (Figures 

N17-N27): 

 

 
Figure N.17 UV-Vis spectra of all crosslinked polymer beads following overnight (17 

hr) binding experiment. 
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Figure N.18 UV-Vis spectra of time-dependent binding experiment for P(4VP1-

EGDMA0.5-BMA). 

 

 
Figure N.19 UV-Vis spectra for P(4VP1-EGDMA0.5-BMA) showing three additional 

trials at 1 hr binding time. Standard deviation: 0.12. 
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Figure N.20 UV-Vis spectra of time-dependent binding experiment for P(4VP1-

EGDMA1.0-BMA). 

 

 
Figure N.21 UV-Vis spectra for P(4VP1-EGDMA1.0-BMA) showing three additional 

trials at 1 hr binding time. Standard deviation: 0.09. 
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Figure N.22 UV-Vis spectra of time-dependent binding experiment for P(4VP2-

EGDMA1.0-BMA). 

 

 
Figure N.23 UV-Vis spectra for P(4VP2-EGDMA1.0-BMA) showing three additional 

trials at 1 hr binding time. Standard deviation: 0.07. 
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Figure N.24 UV-Vis spectra of time-dependent binding experiment for P(4VP3-

EGDMA1.0-BMA). 

 

 
Figure N.25 UV-Vis spectra for P(4VP3-EGDMA1.0-BMA) showing three additional 

trials at 2 hr binding time. Standard deviation: 0.10. 

0.00

0.10

0.20

0.30

0.40

0.50

0.60

0.70

190.00 290.00 390.00 490.00 590.00 690.00 790.00

A
b

so
rb

an
ce

, a
u

Wavelength, nm

control

15 min

30 min

45 min

1 hr

2 hr

3 hr

4 hr

0.00

0.10

0.20

0.30

0.40

0.50

0.60

0.70

190.00 290.00 390.00 490.00 590.00 690.00 790.00

A
b

so
rb

an
ce

, a
u

Wavelength, nm

control

original 2 hr

2 hr (1)

2 hr (2)

2 hr (3)



Texas Tech University, Qixuan Zheng, May 2022 

298 

 

 
Figure N.26 UV-Vis spectra of time-dependent binding experiment for P(4VP1-

EGDMA2.0-BMA). 

 

 
Figure N.27 UV-Vis spectra for P(4VP1-EGDMA2.0-BMA) showing three additional 

trials at 4 hr binding time. Standard deviation: 0.07. 
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Binding data for crosslinked polymers with 2-naphthol water solution (Figures 

N28-N38): 

 
Figure N.28 UV-Vis spectra of all crosslinked polymer beads following overnight (17 

hr) binding experiment. 

 

 
Figure N.29 UV-Vis spectra of time-dependent binding experiment for P(4VP1-

EGDMA0.5-BMA). 
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Figure N.30 UV-Vis spectra for P(4VP1-EGDMA0.5-BMA) showing three additional 

trials at 4 hr binding time. Standard deviation: 0.04. 

 

 
Figure N.31 UV-Vis spectra of time-dependent binding experiment for P(4VP1-

EGDMA1.0-BMA). 
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Figure N.32 UV-Vis spectra for P(4VP1-EGDMA1.0-BMA) showing three additional 

trials at 4 hr binding time. Standard deviation: 0.01. 

 

 
Figure N.33 UV-Vis spectra of time-dependent binding experiment for P(4VP2-

EGDMA1.0-BMA). 
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Figure N.34 UV-Vis spectra for P(4VP2-EGDMA1.0-BMA) showing three additional 

trials at 4 hr binding time. Standard deviation: 0.03. 

 

 
Figure N.35 UV-Vis spectra of time-dependent binding experiment for P(4VP3-

EGDMA1.0-BMA). 
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Figure N.36 UV-Vis spectra for P(4VP3-EGDMA1.0-BMA) showing three additional 

trials at 4 hr binding time. Standard deviation: 0.03. 

 

 
Figure N.37 UV-Vis spectra of time-dependent binding experiment for P(4VP1-

EGDMA2.0-BMA). 
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Figure N.38 UV-Vis spectra for P(4VP1-EGDMA2.0-BMA) showing three additional 

trials at 4 hr binding time. Standard deviation: 0.06. 

 

Binding data for control crosslinked polymer with PPL-HCl and 2-naphthol water 

solutions (Figure N39-N40): 

 
Figure N.39 UV-Vis spectra for P(STY3-EGDMA1.0-BMA) binding PPL-HCl water 

solution at 2 hr binding time. The decrease in concentration is 2%. 
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Figure N.40 UV-Vis spectra for P(STY3-EGDMA1.0-BMA) binding 2NO water 

solution at 4 hr binding time. The decrease in concentration is 26%. 

 

 
Figure N.41 UV-Vis spectra showing reusability of P(4VP3-EGDMA1.0-BMA) with 2-

NO water solution. 
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APPENDIX O 

SUMMARY OF BINDING DATA 

Table O.1 Optimal binding time and corresponding decreases in concentrations of 

contaminants following binding experiments for linear polymers. 

Linear polymer 

Optimal binding 

time for PPL-

HCl water 

solution 

Concentration 

decrease (%) 

(±SD, %) 

Optimal 

binding time 

for 2NO 

water 

solution 

Concentration 

decrease (%) 

(±SD, %) 

P(4VP1-co-

BMA1) 
4 h 16 (±4) 3 h 62 (±4) 

P(4VP2-co-

BMA1) 
45 min 21 (±5) 4 h 88 (±1) 

P(4VP3-co-

BMA1) 
4 h 23 (±4) 4 h 88 (±2) 

P(4VP3-co-

BMA1)t 
4 h 16 (±6) 4 h 75 (±2) 
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Table O.2 Optimal time and corresponding decreases in concentrations of contaminants 

following binding experiments for crosslinked polymers. 

Crosslinked 

polymer 

Optimal binding 

time for PPL-

HCl water 

solution 

Concentration 

decrease (%) 

(±SD, %) 

Optimal 

binding time 

for 2NO 

water 

solution 

Concentration 

decrease (%) 

(±SD, %) 

P(4VP1-

EGDMA0.5-

BMA) 

1 h 30 (±12) 4 h 65 (±4) 

P(4VP1-

EGDMA1.0-

BMA) 

1 h 23 (±9) 4 h 64 (±1) 

P(4VP2-

EGDMA1.0-

BMA) 

1 h 20 (±7) 4 h 59 (±3) 

P(4VP3-

EGDMA1.0-

BMA) 

2 ha 28a (±10) 4 h 67 (±3) 

P(4VP1-

EGDMA2.0-

BMA) 

4 hb 26b (±7) 4 h 64 (±6) 

aA 1 h binding time for P(4VP3-EGDMA1.0-BMA) afforded a 16% decrease in 

concentration. 
bA 1 h binding time for P(4VP1-EGDMA2.0-BMA) afforded a 15% decrease in 

concentration. 

 

Table O.3 Decreases in concentrations of contaminants following overnight binding 

experiments (17 h) for crosslinked polymers. 

Crosslinked polymer 

Concentration decrease for 

PPL-HCl water solution 

(%) 

Concentration decrease 

for 2NO water solution 

(%) 

P(4VP1-EGDMA0.5-BMA) 10 74 

P(4VP1-EGDMA1.0-BMA) 23 78 

P(4VP2-EGDMA1.0-BMA) 30 81 

P(4VP3-EGDMA1.0-BMA) 41 84 

P(4VP1-EGDMA2.0-BMA) 13 80 
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APPENDIX P 

HPLC DATA 

To support the UV-Vis studies, an HPLC experiment for P(4VP1-EGDMA1.0-BMA) 

binding 2NO water solution at 4 hr binding time was performed using a Thermo 

Scientific Utimate 3000 HPLC system with PDA detector at 227 nm. Acclaim 120 C18 

3x150 mm column and 38% acetonitrile-water containing 0.1% formic acid mobile 

phase was used at a flow rate of 0.4 mL/min. Chromeleon 7.2 was used for instrument 

control, data acquisition, and processing. 

 
Figure P.1 HPLC spectrum of stock 2-NO water solution. 
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Figure P.2 HPLC spectrum of P(4VP1-EGDMA1.0-BMA) binding 2NO water solution 

at 4 hr binding time. 

 
Table P.1 HPLC and UV-Vis data for P(4VP1-EGDMA1.0-BMA) binding 2NO water 

solution at 4 hr binding time. 

Sample 

HPLC UV-Vis 

Retention 

time (min) 

Height 

(mAU) 

Area 

(mAU*min) 

Wavelength 

(nm) 

Absorbance 

(au) 

Stock 2NO 

solution 
8.633 62.5 15.9102 223 0.69 

2NO solution 

after binding 

for 4 hr 

8.77 26.02 6.7074 223 0.25 

Removal (%)  58 58  64 
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APPENDIX Q 

SOLVENTS USED IN ATTEMPTS TO SYNTHESIZE CO-

CRYSTALS OF GEM OR BPA WITH 4,4'-BPP 

 

Table P.2 Solvents used in attempts to synthesize co-crystals of GEM or BPA with 4,4'-

BPP using slow solvent evaporation or following milling experiments. No experiments 

yielded single co-crystals for X-ray diffraction. 

Components Solvent 

Slow evaporation  

GEM+4,4'-BPP methanol 

GEM+4,4'-BPP ethanol 

GEM+4,4'-BPP acetone 

GEM+4,4'-BPP ethyl acetate 

GEM+4,4'-BPP toluene 

GEM+4,4'-BPP tetrahydrofuran 

GEM+4,4'-BPP acetonitrile 

GEM+4,4'-BPP N, N-dimethylformamide 

GEM+4,4'-BPP toluene/acetone 

GEM+4,4'-BPP ethanol/toluene 

GEM+4,4'-BPP ethanol/acetone 

  

After milling  

GEM+4,4'-BPP methanol 

GEM+4,4'-BPP ethanol 

GEM+4,4'-BPP acetone 

GEM+4,4'-BPP ethyl acetate 

GEM+4,4'-BPP toluene 

GEM+4,4'-BPP tetrahydrofuran 

GEM+4,4'-BPP acetonitrile 

GEM+4,4'-BPP N, N-dimethylformamide 

GEM+4,4'-BPP toluene/acetone 

GEM+4,4'-BPP ethanol/toluene 

GEM+4,4'-BPP ethanol/acetone 

GEM+4,4'-BPP methanol 

  

Slow evaporation  

BPA+4,4'-BPP methanol 

BPA+4,4'-BPP ethanol 
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Table 3.3 Continued 

BPA+4,4'-BPP acetone 

BPA+4,4'-BPP ethyl acetate 

BPA+4,4'-BPP toluene 

BPA+4,4'-BPP tetrahydrofuran 

BPA+4,4'-BPP acetonitrile 

BPA+4,4'-BPP N, N-dimethylformamide 

BPA+4,4'-BPP toluene/acetone 

BPA+4,4'-BPP ethanol/toluene 

BPA+4,4'-BPP ethanol/acetone 
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APPENDIX R 

INFORMATION ON THE HYDROGEN BONDS IN THE GEM, 

AFC, AND BPA CO-CRYSTALS 

Table R.1 Hydrogen bond type, length, and components for each co-crystal. 

Co-crystals H-bond donor 
H-bond 

acceptor 

Neutral or 

ionic 

Bond 

length (Å) 

2GEM·4,4'-BPE (C=O)-OH (pyridyl) N neutral 2.674 

2GEM·4,4'-

BPEth 
(C=O)-OH (pyridyl) N neutral 2.653 

2GEM·4,4'-AP (C=O)-OH (pyridyl) N neutral 2.688 

2AFC·4,4'-BPE 
(C=O)-OHa  

N-Hb  

(pyridyl) Na 

(alkoxy) Ob 

neutral 

neutral 

2.568 

2.916 

2AFC·4,4'-

BPEth 

(C=O)-OHa 

N-Hb 

(pyridyl) Na 

(alkoxy) Ob 

neutral 

neutral 

2.585 

2.911 

2AFC·4,4'-BPP 

(C=O)-OH,a 

(pyridyl) N-

H+a 

N-Hb  

(pyridyl) N,a  

(C=O)-O-a 

(alkoxy) Ob 

½ neutral, 

½ ionic 

neutral 

2.559, 

2.587 

2.946 

2AFC·4,4'-AP 
(C=O)-OHa 

N-Hb 

(pyridyl) Na 

(alkoxy) Ob 

neutral 

neutral 

2.633 

3.002 

BPA·4,4'-BPE (ph)-OH (pyridyl) N neutral 
2.712, 

2.791 

BPA·4,4'-BPEth (ph)-OH (pyridyl) N neutral 2.734 

BPA·4,4'-AP (ph)-OH (pyridyl) N neutral 2.721 
a(C=O)-OH or (pyridyl) N-H+ is the H-bond donor and (pyridyl) N or (C=O)-O- is the 

H-bond acceptor in the intermolecular H bond between AFC and bipyridines. 
bN-H is the H-bond donor and (alkoxy) O is the H-bond acceptor in the intramolecular 

H bond in AFC. 

 

 


