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 Abstract 
 

Towards Spatiotemporal Resolution of Copper Aspartate in Gel 

Poh Ying Fong 

 

Chiral resolution is essential in the pharmaceutical and food industries, as well as in material 

engineering, due to the unique properties of enantiomers. This study explores the coordination 

polymerization of homochiral (L- and D-) and racemic (DL-) copper aspartate (CuAsp) and 

spatiotemporal resolution of racemic aspartic acid (DL-Asp) using L- and D-proline (Pro)-copper 

complexes as tailor-made additives (TMAs) via reaction-diffusion frameworks (RDFs) in both 1D 

and 2D agar gel systems. The imposed supersaturation gradient translates into a gradient of crystal 

sizes facilitating the formation of CuAsp coordination polymers with spherulitic morphology. 

Solid-state circular dichroism (CD) and powder X-ray diffraction (PXRD) analyses confirmed the 

chiral nature and crystalline phases of the CuAsp polymers, with DL-CuAsp forming as 

conglomerates. Drawing inspiration from Kaoru Harada’s seminal work on the resolution of DL-

Asp using L- and D-Pro-copper complexes, the preferential crystallization with ‘rule of reversal’ 

was evident, where the crystalline CuAsp near the liquid-gel interface exhibited the opposite 

configuration to those of the TMA. Variability in chirality was noted further from the interface due 

to concentration gradients. These findings underscore the utility of RDF coupled with the rule of 

reversal in chiral resolutions, offering an effective strategy for enhancing enantioselectivity in 

racemic compounds across various applications. 
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 Chapter 1 
1.1 Pattern formation 
 

Self-assembly and self-organization are the fundamental mechanisms that drive the 

formation of complex patterns across both animate and inanimate systems.1 These processes 

facilitate the emergence of ordered structures through the local interactions of system components. 

Self-assembly is commonly observed in physical and chemical systems, where the components 

spontaneously organize into structured arrangements based on inherent properties such as 

molecular shape or charge interactions, ultimately reaching an equilibrium state.1 Notable 

examples include the crystalline structures of snowflakes and the complex atomic arrangements in 

minerals.2 Whereas, self-organization is prevalent in biological systems and results in patterns 

emerging from interactions among lower-level components without external direction, often 

occurring in far-from-equilibrium conditions.1,3 Examples include the patterns on animal coats,1 

fish schools,1 and bacterial swarms.4 

Pattern formation is characterized by the non-homogeneous spatial distribution of the 

concentration of one or more chemical species. Reaction-diffusion (RD) patterns are a category of 

these formations, governed by the interplay between chemical reactions and the diffusion of 

species under non-equilibrium conditions.5 RD systems can be described by combining Fick’s 

second law with reaction rate equations to model the spatiotemporally repeating phenomena. The 

general equation is given by: 

𝜕𝑐
𝜕𝑡
= 𝐷∇²𝑐 + 𝑅(𝑐) (1.1) 



 2 

where c, t, D, ∇², and R are the concentration of the chemical species, time, diffusion coefficient, 

Laplace operator, and reaction term, respectively. 

Some well-known examples of RD systems include Turing patterns, Belousov-Zhabotinsky 

(BZ) reactions, and Liesegang patterns (LPs) (Figure 1.1). These systems gained significant 

attention following Alan Turing’s ground-breaking 1953 paper.6 He proposed a mathematical 

model describing how an initially uniform mixture containing diffusing, reactive activator, and 

inhibitor species can spontaneously break symmetry, leading to the formation of static 

spatiotemporal patterns.4,6,7 The BZ reactions, discovered by Boris Belousov and later developed 

by Anatoly Zhabotinsky, exemplify oscillatory chemical reactions that create temporal and spatial 

patterns in a liquid medium.8,9 This reaction has become an important model for understanding 

nonlinear dynamics and chemical kinetics. Lastly, LPs involve the inter-diffusion and co-

precipitation typically between cations and anions in a hydrogel, leading to the form of 

spatiotemporally repeating patterns.5 
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Figure 1.1. Illustrative examples of reaction-diffusion systems. Clockwise from top right: Turing 
patterns as seen on zebra stripes and mollusk shells,6 Liesegang patterns of Co(OH)2 within a Petri 
dish and test tube,10 wave-like patterns on a malachite stone and the ferroin-malonic acid BZ 
reaction.11 

1.1.1 Liesegang phenomenon 
The Liesegang phenomenon, also known as periodic precipitation, is a famous example of RD 

systems, discovered in the late 19th century by the German chemist Raphael Edward Liesegang. 

He first observed this phenomenon when concentric ring of silver dichromate crystallites formed 

after a solution of silver nitrate was dropped onto a thin gelatin film containing potassium 

dichromate.12,13 LPs typically emerge when an aqueous solution of an outer electrolyte (A) is 

layered onto a gel containing an inner electrolyte (B). The diffusion of the outer electrolyte into 

the gel medium triggers the spatial formation of precipitates (P), represented by the reaction:5 

A (aq) + B (aq) ® P (s) ¯ 

In these experiments, the concentration of the outer electrolyte is generally several orders of 

magnitude greater than that of the inner electrolyte to ensure that pattern formation is primarily 



 4 

governed by the diffusive flux of the outer electrolyte.12 The resulting patterns manifest as periodic 

bands in test tubes (1D system), rings in a Petri dish (2D system), or even spherical shells in gel 

spheres (3D system).5 Due to the simplicity of the underlying chemical principles, LPs have been 

observed across a broad range of systems involving metal ions such as Ag+, Ca2+, Cu2+, Ba2+, Pb2+, 

Co3+, and various counter-ions, including OH-, HPO42-, Cr2O72-, SO42-, I-, F-.9,14 Liesegang’s 

seminal work has not only gained the interest of physicists and chemists but has also extended its 

influence to biologists, geologists, and mineralogists, reflecting its broad applied potential and 

theoretical relevance.13 

1.1.2 Empirical laws and model of Liesegang phenomenon 
To date, developing a comprehensive theoretical model for the Liesegang phenomenon remains 

a significant challenge. However, researchers have historically described the LPs using three 

empirical laws (Figure 1.2). 

 

Figure 1.2. Schematic diagram of periodic precipitation and three empirical laws describing the 
Liesegang phenomenon. x = 0 is the liquid-gel interface. The xn, wn, and tn denote the spacing, 
width, and time laws, respectively. Figure was adapted from [5]. 
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(i) First, the space law as described by Jablczynski, where the spatially ordered Liesegang bands 

follow a geometric series:15 

ρ! =
𝑥!"#
𝑥!

→ 𝑝 (1.2) 

where ρ, 𝑥!, and 𝑝 are the spacing ratio, distance of the 𝑛$% bands from the interface, and spacing 

coefficient, respectively. The ratio 𝜌 approaches a constant 𝑝, which is typically 1 < 𝑝 < 1.5, as 𝑛 

becomes sufficiently large.9 Moreover, the spacing between the bands Δ𝑥! A=
&!"#
&!
B increases as 

𝑛 increases; thus, the bands become more separated following the diffusion front.5 Furthermore, 

the magnitude of 𝑝 is highly dependent on experimental parameters, such as the concentration of 

the electrolyte,10,16 concentration of the gel medium,10,16 pH,10,16 and the electric field.10 Matalon 

and Packter later refined this understanding by relating the spacing coefficient to the initial 

concentrations of outer [𝑎'] and inner [𝑏'] electrolytes.16 The equation is written as 

𝑝 = 𝐹[𝑏'] + 𝐺
[𝑏']
[𝑎']

(1.3) 

where 𝐹[𝑏'] and 𝐺[𝑏'] are decreasing functions of [𝑏']. In other words, 𝑝 decreases linearly with 

increasing [𝑎'] when [𝑏'] is held constant (Figure 1.3).17 
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Figure 1.3. Simulated Liesegang patterns that align with the space law and Matalon-Packter law. 
The concentration of inner electrolyte, 𝑏' = 0.035 M and the concentration of outer electrolyte are 
(a) 𝑎' = 0.05 M, (b) 𝑎' = 0.09 M, (c) 𝑎' = 0.07 M, and (d) 𝑎' = 0.10 M. Figure was adapted from 
[17]. 

 

(ii) The time law was introduced by Morse and Pierce.18 This law correlates the temporal 

dynamics to the spatial formation of the bands. It postulates that the position of a band, 𝑥!, is 

proportional to the square root of time elapsed until its formation, 𝑡!, expressed mathematically as 

𝑥!
H𝑡!

= 𝑞 (1.4) 

This relationship highlights how the diffusive behavior of the outer electrolyte in the gel medium 

is stabilized over time, with the ratio between 𝑥! and 𝑡! approaching a constant 𝑞 as 𝑛 increases.19 

(iii) Lastly, the width law focuses on the thickness of the bands, stating that the width of bands, 

𝑤!, increases linearly with 𝑥!:  

𝑤! = 𝑥!( (1.5) 
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with α > 0.17 Simply said, the width of precipitated bands increases at distances further from the 

liquid-gel interface. 

Several theoretical models have been developed to explain LPs, one of which is the pre-

nucleation model. It is also known as supersaturation theory, which was first proposed by William 

Ostwald.12,20 This model posits that periodic precipitation is governed by a repeating process of 

supersaturation, nucleation, and depletion.17 As illustrated in Figure 1.4, the process begins when 

the outer electrolyte A diffuses into the gel medium containing the inner electrolyte B, increasing 

the local ion concentrations to exceed the supersaturation threshold. This increase triggers the 

nucleation and growth of particles, forming a distinct precipitation band. Since the reaction is 

diffusion-limited, no further nucleation occurs at the band position due to the depletion of reactants 

around the nuclei and a subsequent decrease in local product concentration level as the reaction 

front moves further from the liquid-gel interface. When the supersaturation threshold of the 

product approaches the critical level again at the moving front, the process triggers the nucleation 

of another precipitation band. This repeating cycle of nucleation kinetics and diffusion transport 

results in the formation of LPs, which adhere to the scaling law.21 

 

Figure 1.4. Pre-nucleation model of periodic precipitation. When outer electrolyte A reacts with 
inner electrolyte B (1), exceeding the supersaturation threshold ( [𝐴𝐵] > 𝐾)) ), triggers the 
nucleation and particle growth to form the first precipitation band (2). The back-diffusion into the 
first band (2) creates a depleted zone. As diffusion continues, [A] once again reaches the 𝐾)) at the 
moving front (2), initiating the formation of subsequent band (3).5 
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1.2 Crystallization in hydrogels 
 

The use of hydrogels for single crystal growth has been extensively documented in the 

literature.22 Hydrogels can be defined as a semi-solid, two-component systems that are rich in 

water.22 Typically, hydrogels are classified into two categories: (1) physical gels, e.g., agar, gelatin, 

and silk fibers, or (2) chemical gels, e.g., sodium metasilicate (SMS) gel and polyacrylamide.23 

The gel plays a critical role in three-dimensional crystal growth by suppressing the sedimentation 

of crystals and convection currents, thus ensuring that crystallization is primarily driven by 

diffusion.5,24 

Following the initial discovery of Liesegang rings of silver dichromate, various LP formations 

have been achieved using hydrogels, including agar,24 gelatin,10 SMS gels,25 and 1,3:2,4-

dibenzylidene-D-sorbitol (DBS) gels.24 The Lewis structure of these gels are depicted in Figure 

1.5. 
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Figure 1.5. Lewis structures of (a) agar, (b) gelatin, (c) sodium metasilicate, and (d) 1,3:2,4-
dibenzylidene-D-sorbitol gels. 

 

Physical gels such as agar and gelatin are primarily composed of polysaccharides, e.g., agarose 

and agaropectin, as well as amino acid polymers. The network within these gels is formed through 

hydrogen bonding or hydrophobic interactions along the polymer chains, which can be induced by 

changes in temperature and/or pH.23 This gelation process is typically reversible. In contrast, the 

3D network structure of an SMS gel results from irreversible polymerization between Si-O 

linkages (Figure 1.5 (c)).23 In our research, we selected agar as the gel medium due to its inertness, 

making it an ideal candidate for RD crystallization processes. 

To set the optimum conditions for the crystallization process, there are several variables that 

need to be considered in their preparation, such as the concentration of inner and outer electrolytes, 

concentration of gel, additives, pH, temperature, and the geometry of the system.26,27 
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1.3 Chirality in chemistry: Historical perspectives and modern implications 
 

In the realm of chemistry and molecular sciences, chirality emerges as a fundamental concept, 

pivotal in understanding the asymmetrical nature of many molecular structures and their behaviors. 

The term ‘chirality’ was proposed by Lord Kelvin, derived from the Greek work ‘cheir’, meaning 

‘hand’. He defined chirality as the property of an object that makes it non-superimposable on its 

mirror image.28,29 This molecular asymmetry significantly influences the physical and chemical 

properties of substances. 

Chirality is not simply a curiosity of molecular geometry but a critical feature with far reaching 

implications in biology and pharmacology.29 Chirality is ubiquitous in nature and fundamental to 

the function and structure of many biological molecules. For instance, amino acids, the building 

blocks of proteins (except for glycine), are chiral, existing exclusively in L-form (Figure 1.6 a).30 

This chiral purity is essential for the proper structure and function of proteins, which are crucial 

for biological processes. Similarly, the double helix of DNA, the repository of genetic information, 

exhibits chirality with its chiral D-sugars and right-handed helical structure (Figure 1.6 b).31,32 In 

pharmaceuticals, the significance of molecular chirality is profound; different enantiomers of the 

same molecule can have vastly different effects on the human body. This phenomenon was 

tragically highlighted in the case of Thalidomide (Figure 1.6 c), where the (R)-enantiomer acted 

as a sedative, while the (S)-enantiomer caused severe congenital disabilities.33 Consequently, the 

pharmaceutical industry places significant emphasis on developing enantiomerically pure 

compounds, underscoring the critical role of chirality in drug design and safety. 
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Figure 1.6. (a) Amino acid. L-aspartic acid (left) and D-aspartic acid (right). (b) Left-handed Z-
form (left) and right-handed B-form (right) DNA double helices. B-form DNA was proposed by 
Watson and Crick.31,32 The red arrows indicate the direction of the helix. (c) (S)-Thalidomide (left) 
can cause teratogenic side effects, while (R)-Thalidomide (right) acts as a sedative.33 

 

1.4 Chiral resolution 
 

Building on the foundational principles of chirality, the process of separating enantiomers, 

known as chiral resolution, is essential in chemical industry. There are three main approaches used 

to obtain enantiopure compounds, with our research primarily focusing on resolution via 

crystallization (Figure 1.7).33 
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Figure 1.7. Schematic representation of three routes leading to enantiopure compounds. Figure 
was adapted from [33]. 

 

1.4.1 Crystallographic studies 
Self-assembly from crystallization is a fundamental process whereby molecules spontaneously 

organize into a crystalline structure, typically driven by the minimization of free energy within the 

system.34 During crystallization, individual molecules bind through non-covalent interactions, 

such as hydrogen bonding, metal coordination, hydrophobic forces, van der Waals forces, and 

electrostatic effects.1 This ordered arrangement results in the formation of a unit cell that extends 

over macroscopic distances, manifesting as crystals with distinct shape and symmetries.2 Each unit 

cell is defined by six lattice parameters (Fig. 1.8 a), with three parameters specifying the lengths 

of the edges (a, b, c) and the other three outlining the angles (𝛼, 𝛽, 𝛾) between these edges. These 

parameters establish the three-dimensional structure of the crystal lattice in relation to the 

Cartesian axes (x, y, z). Additionally, crystals can be classified into 7 crystal systems based on their 
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lattice parameters and symmetry: triclinic, monoclinic, orthorhombic, tetragonal, trigonal, 

hexagonal, and cubic (Fig. 1.8 b). 

 

Figure 1.8. (a) The unit cell is defined by six lattice parameters: three edge lengths a, b, and c 
oriented along with x, y, and z axis, respectively, and the angles between these edges, 𝛼 (between 
b and c), 𝛽 (between a and c), and 𝛾 (between a and b). (b) The seven crystal systems, which differ 
in their axial lengths and interaxial angles. Figure adapted from [2]. 

 

Crystallographic studies utilize Miller indices (h,k,l), which represent the orientation of crystal 

planes based on their intercepts with the axes in a Cartesian axes (Fig. 1.9).35 A negative Miller 

index is denoted with a bar above the number or a minus sign, e.g. (1 or -1). The relationship 

between Miller indices and Cartesian planes is critical as these indices provide a direct link to the 

geometry of the crystal and the orientation of each plane in a three-dimensional space.2 
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Figure 1.9. Miller indices of lattice planes: the plane perpendicular to the (a) a-axis, represented 
by (1 0 0), (b) b-axis, represented by (0 1 0), and (c) c-axis, represented by (0 0 1).35 

 

Space groups, which combine translational and point symmetries, further enhance the 

understanding of crystal structure. These groups specify symmetry operations, such as rotations, 

reflections, inversions, and screw axes, that correspond to the lattice parameters of the crystal.2 

The International Tables for Crystallography documented 230 unique space groups in three-

dimensions, each vital for analyzing crystal structures and determining their physical properties.2 

Space group symbols always begin with a letter indicating the type of lattice (e.g., P for primitive), 

followed by symbols that represent viewing directions.2 

 

1.4.2 Conglomerate crystallizations 
When a racemic mixture crystallizes, the chiral molecules can form either racemic or 

conglomerate crystals (Figure 1.10). Racemic crystals contain both enantiomers in an ordered 

arrangement within the crystal lattice at an equimolar ratio. Whereas conglomerates crystals have 

only one enantiomer within each individual crystal. Conglomerate crystallization is also known as 

spontaneous resolution because the racemic mixture separates into a physical mixture of 

enantiomorphic crystals.33 
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Figure 1.10. Enantiomers from racemic solution can either crystallize as racemic crystals or 
conglomerate crystals.36 L = L-enantiomer; D = D-enantiomer 

 

Within the various symmetry operations (refer to section 1.4.1), the 230 crystallographic space 

groups can be divided into two sets: (i) 165 space groups that generate achiral crystal structures 

and (ii) 65 space groups that generate chiral crystal structures.37 These 65 space groups are called 

non-centrosymmetric Sohncke space groups, which lack mirror or glide planes, and inversion 

centers. The Sohncke space groups are further divided into two subgroups: (i) 22 space groups (11 

enantiomorphic pairs), where each space group in the pair represents one of two possible chiral 

forms (e.g. P41 is enantiomorphic with P43) and (ii) 43 achiral space groups that still result in 

chiral crystals because they do not have a mirror plane or inversion center (e.g., P21).37 Notably, 

conglomerate crystals must crystallize in one of these 65 space groups. Statical analyses have 

shown that only about 5-10% of racemates crystallize as conglomerates, yet these conglomerates 

are particularly suitable for the resolution of enantiomers into enantiopure solid phases.33,38 

One of the earliest documented examples of conglomerate crystallization involved sodium 

ammonium tartrate tetrahydrate, achiral molecule known for forming chiral conglomerate crystals. 

These crystals belong to the orthorhombic Sohncke space group, P2₁2₁2.39 In 1848, Louis Pasteur 

pioneered the separation of enantiomers by manually sorting these asymmetric crystals under a 



 16 

microscope. He identified the enantiomers by observing a small hemihedral (h) facet on the 

crystals (Figure 1.11) that were asymmetric, and selectively separated them with tweezers based 

on their handedness.40–42 This meticulous process marked the first documented resolution of a 

racemic mixture, thereby setting a precedent for chiral resolution. 

 

Figure 1.11. Sodium ammonium tartrate tetrahydrate enantiomorphic crystals. The hemihedral 
facets are labeled with h.42 

 

In 1898, Kipping and Pope demonstrated the overall stochastic chiral crystallization sodium 

chlorate (NaClO3).43 Although NaClO3 is achiral in solution, it crystallizes into homochiral l- or 

d-crystals belonging to the P213 space group (another Sohncke space group).44 By introducing 

chiral seed crystals into saturated solutions, Kipping and Pope demonstrated that subsequent 

crystal growth occurs through secondary nucleation, leading to the formation of crystals that 

exhibit the handedness of the seed crystals.43 

Relevant to our research, Petrova and Swift demonstrated that the statistical distribution of 

NaClO3 crystals could be significantly biased from the expected racemic distribution when grown 

in agarose gel media. They obtained 95 l-enantiomorphic crystals and 159 d-enantiomorphic 

crystals when growing crystals in 6 ºC aqueous agarose gels (0.5 %wt/wt). As illustrated in Fig. 

1.5 a, agarose, a major component of agar, consists of repeating units of chiral sugars (β-D-
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galactose and α-L-anhydro-galactose) that confer chirality to its structure. This inherent chirality 

of the agarose is believed to influence the orientation and alignment of the crystallizing NaClO3, 

favoring the formation of d-NaClO3 over l-NaClO3. 45 This symmetry breaking illustrates how the 

characteristics of the medium, can significantly influence chiral outcomes in crystal growth. 

Among the twenty proteinogenic amino acids, four exhibit the property of forming 

conglomerates upon crystallization, including aspartic acid (Asp)38,46, glutamic acid (Glu)36,38, 

asparagine monohydrate (Asn•H2O)36 , and threonine (Thr)36,47 (Figure 1.12). Additionally, certain 

amino acid salts demonstrate the ability to be resolved via crystallization. For example, Glu readily 

forms conglomerates with NH4+, Mg2+, Zn2+, and HCl salts, while proline does so with lithium and 

zinc salts.36 Asn and Thr can naturally crystallize as conglomerates,36 Asp is noted for forming 

conglomerates as 2-methylaspartic acid,36 and phenylalanine has been reported to form 

conglomerates with 2,5-xylenesulfonic acid.48 

 

Figure 1.12. Four amino acids that crystallize as conglomerates. 

 

Aspartic acid was chosen for this study due to its versatile coordination capabilities as 

demonstrated by Imaz et al.49 and Wu et al.50. Asp possesses three potential donor sites (one amine 
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and two carboxyl groups), that allow it to act as a mono-, bi-, or tri-dentate bridging ligand with 

metal ions across various pH ranges.51,52 Specifically, the α- and β-carboxylic acid moieties have 

a pKa of 2.09 and 3.86, respectively. This pKa configuration suggests that both carboxyl groups 

are fully deprotonated and available for metal binding in the environments with a pH > 4.0, 

facilitating Asp coordinating as a tridentate ligand.51 Even at lower pH values, the amine group, 

with a pKa of 9.82, can participate in coordination due to its strong electron-donor character and 

the stability imparted by the formation of chelate rings. The influence of pH on the available 

coordination sites of Asp is outlined in Fig. 1.13. 

 

Figure 1.13. pH-dependent coordination behavior of Aspartic acid. (a) in strong acid (pH < 1), 
the net charge is +1, (b) around pH 3, the net charge is 0, (c) between pH 6 to 8, the net charge is 
-1, and (d) in strong alkali (pH > 11), the net charge is -2. Figure adapted from [51]. 

 

1.4.3. Coordination polymers 
1.4.3.1 A brief history of coordination polymers 
The journey of coordination polymers (CPs) began serendipitously in the 18th century when 

Heinrich Diesbach, a German colormaker, accidentally discovered a method for making the blue 

pigment known as Prussian Blue.53 The structural complexity of this pigment puzzled scientists 

for nearly two centuries54 until it was discovered to be a CP featuring a 3D cubic lattice constructed 

from heterometallic centers and cyanide ligands, forming a mixed-valence polycyanide compound 

(Fig. 1.14) distinguished by its strong blue color.55,56 This example highlights the challenges faced 
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by crystal engineers in predicting structures resulting from the supramolecular assembly of metal 

ions and/or organic molecules. 

 

Figure 1.14. Idealized structure of Prussian Blue where octahedral sites of Fe(II) and Fe(III) ions 
are interconnected by cyanide ligands, forming a 3D cubic array. Figure adapted from [56]. 

 

A significant breakthrough in understanding and designing CPs emerged in the 1980s. Prof. 

Lehn who introduced Supramolecular Chemistry,57 along with subsequent studies by Prof. 

Desiraju58 and Prof. Etter59 on molecular organization via hydrogen bonds, laid the groundwork 

for predicting CP structures. Prof. Wells further refined the approach by describing crystal 

structures as networks composed of points with specific geometries like octahedra and tetrahedra, 

connected by lines.60 Building on Wells’ foundational work, in 1989, Robson et al. applied this 

network approach to the design of CPs.61 They demonstrated that CPs could be constructed by 

linking metal ions with specific valencies, such as tetrahedral or octahedral, using rod-like organic 

ligands as connectors.62 This method allowed for the deliberate engineering of materials with 

unique properties, including porosity and catalytic activity,62 thereby pioneering new possibilities 

in chemistry, materials science, and nanotechnology. 
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1.4.3.2 What defines a coordination polymer? 
Coordination polymers are versatile metal-ligand compounds that form infinite arrays along 

one-, two-, or three-dimensions (1D, 2D or 3D) through coordination bonds (Fig.1.15).63,64 These 

polymers are synthesized using a variety of techniques including hydro-/solvo-thermal 

methods,65,66 microwave-assisted synthesis,67 mechanochemistry,68 sonochemistry,69 and gel 

growth.24 Transition metals, which are commonly used in CP synthesis, exhibit predictable 

coordination geometries typically ranging from two to six coordinate points (Fig. 1.16),70 while 

rare earth metals can accommodate up to ten.71 

 

Figure 1.15. Schematic representation of the assembly of CPs showing 1D, 2D, and 3D 
structures.64 
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Figure 1.16. Typical coordination geometries of transition metals (ranging from two- to six-
coordinate) and their bond angles. Figure adapted from [70]. 

 

The architecture of a CP is determined by the coordination geometry of metal ions, the ligand 

selection, and the binding mode(s) of the ligand. Other factors such as hydrogen bonds, van der 

Waals interactions, and π-π stacking interactions also play crucial roles in defining the final 

structures of CPs. This methodological diversity, coupled with the vast array of possible 

combinations of metal coordination geometries and organic ligands allows for the creation of vast 

array of CPs with varying compositions and topologies. These range from simple and common 1D 

linear structure49,50 to complex 3D constructs (e.g., metal-organic frameworks (MOFs)). 

MOFs are distinguished as a subclass of CPs, noted for their highly ordered, porous structures 

that can be meticulously tuned to specific pore sizes and functionalities. These frameworks are 

capable of hosting guest molecules within their cavities, with surface areas that can reach up to 
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6000 m2/g.64,72 The ability to finely control pore characteristics enhances their utility in application 

such as gas storage and separation, and in catalysis, where high surface area is required.64,73,74 

Building on the structural advantages of MOFs, the incorporation of luminescent lanthanide 

ions (Ln3+) into these frameworks introduces additional functional capabilities. Ln-based MOFs 

employ chromophoric ligands to act as antennae, effectively sensitizing the Ln3+ excited state 

through energy transfer processes.75 This results in functional systems with their prolonged 

emission from the UV-Vis to NIR ranges, enhancing their application potential.76,77  

The remarkable versatility of CPs opens up extensive possibilities for designing materials that 

integrate multiple properties, making them ideally suited for diverse applications, including 

sensing,64 gas storage,73 luminescence,78 catalysis,74 magnetism,79 and drug delivery.80 

1.4.3.3 Amino acid-based coordination polymers 
As mentioned above, the selection of the organic ligand is very important to determine the final 

characteristics, properties, and applications of CPs. Conventional coordination polymerizations 

often employ rigid ligands that contain carboxylate, imidazolate, or pyridyl moieties, and 

frequently coupled with aromatic groups or polyaromatic spacers.72 Although these rigid aromatic 

ligands are effective in engineering the desired structural properties, they may pose environmental 

and health risks due to their potential toxicity.63 

In recent years, the focus of CP research has evolved towards green chemistry approaches, 

particularly through the use of naturally-occurring biomolecules, including amino acids, 

nucleobases, and carbohydrates.81 Employing these biomolecules in the construction of CPs offers 

several advantages: (1) they are cost-effective and readily accessible, (2) they are inherently chiral, 

(3) their diverse structures and metal-binding sites enhance the flexibility and rigidity, influencing 
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the functional properties and structural diversity of CPs, (4) they possess intrinsic self-assembly 

properties that facilitate structural and functional control,49,50,82 and (5) they are environmental-

friendly and biocompatible.83 

Amino acids, as biodegradable and naturally occurring molecules, offer an alternative to 

traditional synthetic ligands. The integration of amino acids into CPs not only aligns with 

environmental sustainability goals but also opens up new pathways for creating biocompatible 

materials.63,81 These amino acid-based CPs harness the intrinsic properties of amino acids, to 

develop materials that are potentially more functional due to the unique interactions of amino acid 

side chains with metal ions. 

In general, amino acids form a five-membered glycinate chelate ring involving the carboxyl (O) 

and amino (N) groups, which facilitate the formation of metal-amino acid chelates (Fig. 1.17 b).84 

Additionally, the side chain R groups of amino acids introduce further metal-binding capabilities. 

For example, the β-carboxylate groups of aspartic and glutamic acids, the imidazole group of 

histidine, the phenyl ring of tyrosine, the thiol of cysteine, or the thioether group of methionine 

(Fig. 1.17 c), serve as additional metal-binding sites, promoting the bridging of metal ions and 

enhancing the dimensionality of metal-amino acid-based CPs.84,85 Although these binding groups 

can lead to more complex structures, amino acids predominantly form 1D CPs due to the 

coordination numbers directing growth along one dimension.49,50,86,87 
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Figure 1.17. Schematic representation of (a) the common structure of a natural amino acid, (b) the 
potential coordination modes that metal ions can adopt with the amino group and carboxyl group, 
and (c) various side chain R groups that amino acids can exhibit. ‘µ’ denotes the bridging ligand, 
with the subscript number ‘x’ after µ indicating the ligand coordination with ‘x’ central atoms (µx). 
Figure adapted from [85]. 

 

By selecting chiral amino acids as building blocks, researchers can tailor the chirality of 

coordination polymers, leading to the formation of materials with specific molecular orientations 

and functionalities. For instance, Imaz et al.49 demonstrated the diffusion controlled growth of 1D 

CuAsp nanofibers by slowly adding an aqueous solution of Cu(NO3)2•6H2O to an ethanol/water 

mixture containing deprotonated L- or D-Asp (Fig. 1.18 a and b). These nanofibers formed at the 

liquid-liquid interface, range between 100 – 200 nm in diameter and extend up to 1 cm in lengths 

(Fig. 1.18 c and d). Conversely, rapidly adding Cu(NO3)2•6H2O to the deprotonated L- or D-Asp 

solutions under stirring yielded shorter nanofibers. At higher concentrations of 70 mM, a blue 

aqueous gel formed, consisting of long, intertwined nanofibers that maintained structural stability 
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(Fig. 1.19). The chirality of L- and D-CuAsp nanofibers was analyzed using solid-state CD, where 

the L-form exhibited a positive Cotton effect and the D-form showed a negative Cotton effect at 

ca. 745 nm, with both showing opposite Cotton effects at a crossing wavelength of 637 nm, near 

the absorption band of Cu(II) complexes (Fig. 1.18 e). 

 

Figure 1.18. (a) Schematic representation of the coordination polymerization of CuAsp nanofibers. 
(b) Sequential images showing the diffusion process and formation of the nanofibers. (c) Optical 
microscope and (d) TEM images of the nanofibers. (e) Solid-state CD spectra of L-CuAsp (blue 
line) and D-CuAsp (red line) nanofibers. Figure adapted from [49]. 

 

 

Figure 1.19. (a) Photograph of the CuAsp gel formed at 70 mM of Cu(NO3)2•6H2O and 
deprotonated L- or D-Asp. (b) FESEM image of the CuAsp gel. Figure adapted from [49]. 
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Glutamic acid, another amino acid with a β-carboxylate side chain, has also been shown to form 

CPs with Cu2+ ions in aqueous solutions at room temperature. Pu et al.87 demonstrated that 

nanofibers could be generated through the self-assembly of DL-Glu with various copper salts, 

including Cu(NO3)2, CuSO4 or CuCl2 (Fig. 1.20 b, e, and h). These nanofibers range between 50 

– 80 nm in diameters and up to several micrometers in length. While nanofibers formed 

consistently across different anions (NO3-, SO42-, and Cl-), those formed in the presence of SO42- 

were notably wider, likely due to the larger ionic radius and divalent nature of SO42-. Interestingly, 

when Cu2+ was mixed with homochiral Glu, nanoparticles of various morphologies were produced 

(Fig. 1.20), highlighting the chirality of Glu plays a crucial role in guiding the assembly of the 

final products. These CuGlu nanofibers have shown significant efficacy in removing anionic dyes 

from water and exhibiting antibacterial properties, underscoring their potential environmental and 

biomedical applications. 

 

Figure 1.20. SEM images demonstrating the coordination of L-Glu, DL-Glu, and D-Glu with 
copper salts: CuCl2 (A, B, C), Cu(NO3)2 (D, E, F), and CuSO4 (G, H, I). Figure adapted from [87]. 
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In 2015, Wu et al.50 explored the impact of stereochemistry on the self-assembly rates of CuAsp, 

CuGlu, and copper aminoadipate (CuAmi). These 1D nanofibers were formed through 

coordination between copper sulfate and Asp, Glu, and 2-aminoadipic acid (Ami). At a low 

reactant concentration (14 mM), nanofibers were obtained from the coordination of Cu2+ with 

homochiral Asp and Ami, as well as DL-Glu. When the concentrations of Cu2+ and DL-Glu were 

increased to 35 mM, the self-assembly evolved from 1D nanofibers into 2D microsheets. At an 

even higher concentration (70 mM), homochiral CuAsp gels formed more rapidly than the DL-

CuAsp gel (Fig 1.21 a and b). Meanwhile, at 280 mM, DL-CuGlu formed an aqueous gel (Fig. 1.21 

d and e), although this gel was less stable than CuAsp gels and easily disassembled upon agitation 

due to insufficient bridging between the microsheets. Notably, no gelation occurred with either 

homochiral or racemic Ami (Fig. 1.21 g and h), which was attributed to the inability of the short 

nanofibers to bridge effectively. These observations highlight how both chirality and the carbon 

chain length of the amino acid (Fig. 1.21) significantly influence the assembly process. 
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Figure 1.21. Self-assembly of 70 mM CuSO4 with L-, D-, and DL-Asp (a1, a2, a3), and 280 mM 
Cu2+ with L-, D-, and DL-Glu (d1, d2, d3), and L-, D-, and DL-Ami (g1, g2, g3), respectively. (b, e, 
h) show the time-dependent conversion rates of the assemblies at reactant concentrations of 14 
mM for Asp and 280 mM for Glu and Ami. The corresponding 1D polymeric structures of (c) L-
CuAsp, (f) L-CuGlu, and (i) L-CuAmi. Figure adapted from [50]. 

 

In their characterization of these metal-biomolecule nanofibers, Wu et al. performed X-ray 

photoelectron spectroscopy (XPS), thermogravimetric analysis (TGA), Fourier transform infrared 

spectroscopy (FTIR), PXRD, and solid-state CD. The XPS analysis (Fig. 1.22 a) and TGA revealed 

a stoichiometric 1:1 ratio of nitrogen to copper, indicating precise coordination between Cu2+ ions 

and amino groups in the amino acids. The FTIR spectra (Fig. 1.22 b) showed distinct asymmetric 

and symmetric COO- stretching bands at 1620/1580 cm-1 and 1400 cm-1, respectively, along with 

N-H and -OH stretching bands in the 2500-3700 cm-1 region, indicative of hydrogen bonding. 

These results suggest that the nanofibers evolved from the 1D [Cu(II)(amino acid)]n polymer 

chains into short nanofibrils through inter-ligand hydrogen interactions.49,87 PXRD (Fig. 1.22 c) 
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confirmed the crystallinity of these structures, while solid-state CD (Fig. 1.22 d) displayed the 

chiral nature of the nanofibers, with both L- and D-forms exhibiting opposite Cotton effects.50 

 

Figure 1.22. (a)XPS spectra, (b) FTIR spectra, (c) X-ray powder diffraction patterns and (d) solid-
state CD spectra of L- and D-CuAsp, DL-CuGlu, and L- and D-CuAmi nanofibers. Figure adapted 
from [50]. 

 

Ma et al. demonstrated a simple precipitation-assisted method for synthesizing L- or D-terbium 

aspartate (TbAsp) nanocrystals, which form tetrahedral structures with a planar hexagonal 

network.76 This study highlighted distinct luminescent responses from Tb3+ ions when coordinated 

with  L- and D-Asp (Fig. 1.23 c). Surprisingly, the D-Asp formed a more stable coordination 

polymer with Tb3+ ions, characterized by higher absorption, longer luminescence lifetime, and 

increased quantum yields. The authors observed that replacing D-Asp with by L-Asp distorted the 

D-TbAsp tetrahedron, enlarging the lattice spacing from 0.66 nm to 0.70 nm, as depicted in Fig. 

1.23 a and b. This alteration led to a decreased in structural stability of the TbAsp coordination 

polymers. 
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Figure 1.23. Schematic illustrations showing and the structural differences between (a) D-TbAsp 
and (b) L-TbAsp nanocrystals. (c) Emission spectra of D-TbAsp and L-TbAsp at 378 nm excitation. 
Inset: Fluorescence of D-TbAsp and L-TbAsp nanocrystals under UV light. Figure adapted from 
[76]. 

 

Li et al.86 investigated the self-assembly of Ag(I)-cysteine (Cys) complexes using L-, D- and 

DL-Cys. When Ag(I) coordinated with L-Cys, it resulted in the formation of right-handed helical 

nanobelts (Fig. 1.24 a), while D-Cys produced left-handed helices (Fig. 1.24 d). These nanobelts 

were 10 µm in length with a helical pitch of 2.2 µm (Fig. 1.24 b and e) and varied in width from 

100 – 200 nm across their twisted and stretched segments (Fig. 1.24 c and f). CD spectra revealed 

distinct Cotton effects at 352 nm and 424 nm for Ag(I)/L-Cys nanobelts, indicating chiral properties, 

while Ag(I)/D-Cys exhibited mirror-image optical properties (Fig. 1.24 g). However, when DL-Cys 

was used, it led to the formation of 2D nanosheets (Fig. 1.24 h), with the CD spectrum showing 

no chiral signal, suggesting an equimolar ratio of L- and D-Cys. Density functional theory 

simulation supported these findings by showing that homochiral Cys breaks the translation 

equivalence in the Ag(I)/Cys lattice, leading to specific twist accumulation and the formation of 

asymmetric Ag-S bonds that discriminate between the intralayer directions. Conversely, DL-Cys 
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facilitated the formation of uniform Ag-S bonds, resulting in 2D networks devoid of intralayer 

asymmetry and twist accumulation. These “flat” Ag-S slabs were then interconnected through 

weak interlayer O–H•••O hydrogen bonds to form final structures. This study highlights the critical 

role of amino acid chirality in directing the structural assembly and morphological characteristics 

of metal-amino acid CPs. 

 

Figure 1.24. Self-assembly of Ag(I)-Cys nanostructures. (a, b, c) SEM images at various 
magnifications of Ag(I)/L-Cys nanobelts showing right-handed helical structures. (d, e, f) SEM 
images at similar scales of Ag(I)/D-Cys nanobelts illustrating left-handed helical structures. (h) 
SEM image of the 2D nanosheets formed by Ag(I)/DL-Cys. CD spectra (g) display distinct Cotton 
effects at 352 nm and 424 nm for Ag(I)/L-Cys (black line) and Ag(I)/D-Cys (red line) nanobelts. 
In contrast, the CD spectrum (i) of Ag(I)/DL-Cys nanosheets shows an absence of Cotton effects. 
Figures adapted from [86]. 
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1.4.4 Revisiting chiral resolution: Preferential crystallization with the ‘rule of reversal’ 
Chiral coordination polymers play a pivotal as additives in the resolution of enantiomers 

through crystallization. Despite significant advances in asymmetric synthesis, preferential 

crystallization (PC) remains an economically viable method for obtaining high-purity 

enantiomers.88 This technique takes advantage of differences in crystallization kinetics between 

enantiomers and is commonly applied to conglomerate-forming systems.89–91 

In the 1960s, Harada et al.92,93 successfully resolved DL-Asp using homochiral amino acid–

copper complexes, including L-Glu, L-Pro, L- and D-Ala. This approach enabled the crystallization 

of D-CuAsp in the presence of L-amino acid-copper complexes (Fig. 1.25 a), and vice versa.93 

Harada et al. invoked this phenomenon as the stereoselective ligand exchange.92 The resolution 

process was significantly influenced by both the concentration of reactants and the mole ratio of 

homochiral amino acid to DL-Asp.When the mole ratio of the chiral amino acid to DL-Asp was less 

than 1, the second crop of crystals remained the same configuration as the first crop. However, 

when the mole ratio was equal or greater than 1, the configuration of the second crop reverses 

relative to the first crop.93 

This crystallization method, later termed preferential crystallization with ‘rule of reversal’ by 

Addadi et al., utilizes tailor-made additives (TMAs) that structurally resemble the crystallizing 

parent molecule.89 As shown in Fig. 1.25 b, L’ additives selectively adsorb on the surface of L-

enantiomer crystals, influencing their nucleation and growth. Addadi et al. demonstrated the 

effectiveness of TMAs in controlling crystal morphology, facilitating the kinetic resolution of 

racemates, and guiding self-assembly processes at the air-water interface.89,94,95 For example, 

crystals grown from (RS)-Glu•HCl with 1-3% wt/wt of S-lysine additive form as plate-like (R)-

Glu•HCl crystals covered by a crystalline powder of (S)-Glu•HCl. In addition, kinetic resolution 
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of the (RS)-Glu•HCl was induced by higher concentrations of S-lysine additive (up to 10% wt/wt) 

by inhibiting the growth of (S)-Glu•HCl and promotes the preferential crystallization of (R)-

Glu•HCl. This technique was applied similarly to other racemic systems, such as (RS)-Asn•H2O 

and (RS)-threonine.95 

 

Figure 1.25. (a) Preliminary mechanism of resolving DL-Asp conglomerates in the presence of L-
amino acid-copper complex.52 (b) Schematic describing preferential crystallization with ‘rule of 
reversal’ - (left) without additives, (right) with L’ additives. 

 

1.5 Characterization techniques 

1.5.1 X-Ray diffraction (XRD) 
X-ray Diffraction (XRD) is non-destructive analytical technique widely used to characterize 

crystalline materials. The technique involves directing X-rays towards a material and analyzing 

the intensity and angles of the X-rays scattered by the internal structure of the material.96 The 
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fundamental principle governing XRD is Bragg’s Law, which described the conditions for 

constructive interference of X-rays scattered by parallel atomic planes within a crystal,96,97 

expressed as: 

𝑛𝜆 = 2𝑑	𝑠𝑖𝑛𝜃 (1.6) 

where n is an integer, 𝜆 is the wavelength of the X-rays, d is the spacing between the crystal planes, 

and 𝜃 is the angle of incidence. This law is essential for interpreting XRD patterns, which are 

instrumental in determining the atomic or molecular structure of the material.97 

The interaction of X-rays with the atomic planes in a crystal generates constructive and 

destructive interference. Constructive interference occurs when X-rays scattered from successive 

atomic planes are in phase, reinforcing one another and producing high-intensity peaks known as 

Bragg peaks. These peaks provide essential information about the spacing between crystal planes 

and the crystallographic orientation of the sample. Conversely, destructive interference arises when 

scattered X-rays are out of phase, leading to a reduction or cancellation of intensity, which is 

typically seen in the valleys between the Bragg peaks in the XRD pattern.97,98 The interplay 

between these interferences allows researchers to deduce the ordered atomic arrangement 

characteristic of crystalline materials, thus providing insights into the properties and behaviors of 

the materials. 

Single-crystal X-ray diffraction (SCXRD) is used to obtain detailed atomic structures from 

single crystals, typically ranged from 100 µm to 200 µm.99 Powder X-ray diffraction (PXRD) is 

used when the sample is only available in powdered form or when it is difficult to grow a large 

single crystal, with crystalline size between 0.1 µm and 1.0 µm.99 
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XRD has a wide range of applications, including the comparison of Bragg peak positions and 

intensities to the standard reference patterns from databases such as Cambridge Crystallographic 

Data Centre (CCDC). The Scherrer equation is also commonly applied to estimate particle sizes 

from peak broadening observed in the diffraction patterns; a decrease in crystallite size can result 

in peak broadening.97 For polycrystalline materials, crystallographic orientation is significant, as 

preferred orientation can influence material properties. When crystals are not randomly oriented, 

certain planes may not meet the diffraction condition, resulting in fewer reflections and affecting 

the intensity of Bragg peaks.96,97,99 

1.5.2 Solid-state circular dichroism (CD) 
Solid-state circular dichroism is a powerful tool for studying the optical and chiral properties 

of materials in solid forms. This methos measures the difference in absorption of left- and right-

circularly polarized light, revealing molecular asymmetry and chiral configurations within the 

sample. A fundamental phenomenon observed in CD spectroscopy is the Cotton effect, named after 

Aimé Auguste Cotton in the late 19th century.100,101 This effect is characterized by the simultaneous 

appearance of circular dichroism (and ellipticity) alongside an optical rotation dispersion curve 

within the absorption region of an optically active compound.102 Each Cotton effect curve 

comprises two extremes: a geometric maximum termed a “peak” and a geometric minimum called 

a “trough,” with the zero crossing point denoting the maximum absorption. For instance, the 

positive Cotton effect manifests when optical rotation increases as the wavelength decreases, 

placing the peak at the longer wavelength (Fig. 1.26). In contrast, the negative Cotton effect is 

noted by its trough appearing at the longer wavelength.102 
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Figure 1.26. CD spectrum showing positive Cotton effect, featured by the peak (P) appears at 
longer a wavelength. The red “x” marks the zero crossing point, indicating the maximum 
absorption. ‘T’ and ‘a’ denote the trough and amplitude, respectively. Figure adapted from [102]. 

Two main techniques for analyzing sample in solid-state CD are the Nujol mull and the KBr 

pellet method. Both approaches present unique advantages and limitations often influenced by 

factors such as absorption flattening,103 light scattering, 103 turbidity,104 and sample 

inhomogeneity.104 Variations in absorption and shifts in absorption peaks, commonly observed 

during CD spectrum acquisition, are attributed to light scattering and reflections due to varied in 

size distribution of crystals.104 Minimizing these challenges can be achieved by optimizing sample 

preparation and concentration, repeating experiments, and positioning the sample closer to the 

detector to reduce light scattering.105 

The Nujol mull method is advantageous for its rapid sample preparation and typically generates 

lower HT (photomultiplier) voltage owing to the transparency and homogeneity of the sample. 

However, reproducing spectra can be challenging.106 Practice is required to achieve a 

homogeneous sample with a uniform crystal size distribution and reproducible thickness between 

quartz windows. 
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Conversely, the KBr pellet method generally performs well across most systems, especially 

when transparent pellets are obtained.105 Moreover, the crystal size distribution tends to be 

consistent with the KBr matrix as the powder mixture is ground together. Nevertheless, KBr is 

hygroscopic which can lead to rapid clouding upon exposure to air, thereby increasing light 

scattering. Inhomogeneity within KBr pellets also poses challenges, as achieving a homogeneous 

mixture of solids is difficult and can result in signal variations. 

 

1.6 Scope of thesis 
 

This thesis explores the coordination polymerization of homochiral (L- and D-) and racemic 

(DL-) copper aspartate (CuAsp) within a reaction-diffusion framework (RDF) and investigates the 

spatiotemporal resolution of DL-aspartate using homochiral proline (Pro)-copper complexes as 

tailor-made additives (TMAs). The research aims to understand the self-organization mechanisms, 

crystallization patterns, and chiral resolution processes of copper-based coordination polymers 

(CPs) in agar gel under far-from-equilibrium conditions. Through these investigations, the study 

contributes to a broader understanding of hierarchical crystallization in coordination systems and 

proposes innovative strategies for enantioselective separation. 

Chapter 1 provides an overview of the theoretical foundation for the research. It introduces the 

key concepts of self-organization and pattern formation, with a focus on the Liesegang 

phenomenon and reaction-diffusion systems. The role of hydrogels in crystallization and the 

importance of chirality in chemistry are also discussed. Special attention is given to chiral 

resolution through preferential crystallization with the ‘rule of reversal,’ which forms the 

experimental basis for the research. 
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Chapter 2 focuses on the coordination polymerization of L-, D-, and DL- CuAsp in 1D and 2D 

agar gel systems via reaction-diffusion system. The research explores how supersaturation 

gradients in agar gel environments drive self-organization, influencing nucleation, growth, and the 

hierarchical pattern formation. Characterization methods such as circular dichroism (CD) 

spectroscopy, powder X-ray diffraction (PXRD), and scanning electron microscopy (SEM) are 

employed to characterize the resulting coordination polymers. A key focus is on achieving chiral 

resolution of DL-aspartate in 1D and 2D agar gel systems by applying homochiral Pro-copper 

complexes as TMAs. The study explores how the chiral additives, in accordance with the ‘rule of 

reversal,’ guide the formation of enantiomeric CuAsp polymers and influence spatial 

crystallization patterns across concentration gradients. The interaction between chiral additives 

and the gel matrix are analyzed to understand the chirality-switching behavior. 

Chapter 3 summarizes the research findings and provides recommendations for future work, 

including further exploration of different gel matrices, applying the RDF to other amino acid-metal 

complexes, and conducting the conglomerate crystallization of L-, D-, and DL-CuAsp by applying 

electric field. 
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 Chapter 2 
2.1 Introduction 
 

Coordination polymers (CPs) encompass a versatile class of metal-ligand coordination 

compounds capable of forming one-, two-, or three-dimensional structures.63,107 The inherent 

flexibility of CPs to integrate a variety of metals and ligands allows for the creation of materials 

with a wide range of applications, including magnetic,79 gas adsorption,73 catalysis,74 

luminescence,78 and drug delivery.80 Recent advancements have focused on the design and 

construction of chiral CPs, not only for their complex architectures, which offer new insights into 

chiral topology, but also for their potential in applications such as enantioselective separation and 

asymmetric catalysis.63,108 However, the ideal enantiopure ligand should be readily accessible, 

inexpensive, environmentally friendly, and exhibit versatile coordination behaviour.63 Thus, the 

strategic design and selection of chiral ligands are critical for developing multifunctional chiral 

CPs. 

Biomolecules such as amino acids, nucleobases, and saccharides present considerable potential 

as eco-friendly organic ligands.81 Employing these biomolecules in the construction of CPs offers 

several advantages: (1) they are cost-effective and readily accessible, (2) they are inherently chiral, 

(3) their diverse structures and metal-binding sites enhance the flexibility and rigidity, influencing 

the functional properties and structural diversity of CPs, (4) they possess intrinsic self-assembly 

properties that facilitate structural and functional control,49,50,82 and (5) they are biodegradable and 

biocompatible.83 Amino acids, in particular, have garnered significant attention due to their 

efficient self-assembly with metal ions.49,50,82 Their characteristic amino, carboxylate, and 

functional group-containing side chains render them ideal for complexation with metal ions.65,84 

Several research groups have demonstrated the fabrication of a series of 1D nanostructures such 
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as nanofibers,49,50,109 nanowires,110 nanobelts,86 and nanorods82 from metal-amino acid assemblies. 

For example, Imaz et al. successfully prepared CuAsp nanofibers by mixing a Cu2+ solution with 

a water/ethanol mixture containing deprotonated L- or D-Asp. Similarly, Pu et al. and Wu et al. 

demonstrated the self-assembly of CuGlu,50,87 CuAsp,50 and CuAmi50 at room temperature. Their 

studies revealed that crystallization is driven by coordination between deprotonated amino acid 

and Cu2+ metal ions in a proposed square planar coordination geometry. Furthermore, amino acid 

chirality clearly influences supramolecular self-assembly.50,87 

Chiral resolution remains a critical requirement in the pharmaceutical and food industries, 

where enantiopure products are essential.111 Various techniques have been developed to achieve 

resolution of conglomerate crystalline systems,90,112–115 with preferential crystallization (PC) being 

particularly notable for its ability to separate racemic mixtures in a single step by seeding the 

preferred enantiomer into a supersaturated solution.91 Pioneering work by Kaoru Harada 

demonstrated the successful separation of DL-Asp, DL-Glu, and DL-Asn using homochiral amino 

acid-copper complexes.92,93,116,117 However, the mechanism of resolution remained unclear until 

the 1980s when Addadi and colleagues proposed a concept called the "rule of reversal",89 which 

clarified that enantiomers crystallize preferentially in an opposite configuration using TMAs. The 

TMAs are structurally similar to solute molecules, enabling selective adsorption and binding to 

specific growth sites and thus influencing nucleation and crystal growth.89,90,118,119 This rule 

provides a framework for understanding Harada's works. More recently, Kongsamai et al. explored 

the effects of D-Asp and D-Glu on resolving DL-Asn•H2O,120 while Gou et al. and Zou et al. 

obtained higher product yields and purity of (S)-mandelic acid and L-norvaline, respectively, with 

PC using TMAs.121,122 It is important to note that, to date, these studies have been exclusively 

conducted in solution. 
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The RDF incorporates diffusion, crystal nucleation, and growth, resulting in self-organized 

spatiotemporal patterns.24 Within RDF, precipitates form as the outer electrolyte solution (reactant 

A) diffuses into a gel medium containing the inner electrolyte (reactant B). The concentration of 

the outer electrolyte is significantly higher than that of the inner, establishing a concentration 

gradient that dictates pattern formation.5 As a result, smaller crystals are formed near the liquid-

gel interface due to high supersaturation, whereas larger crystals are obtained at the diffusion front 

because the crystal growth is dominating.24 Typically, the gel used for crystal growth is a hydrogel, 

consisting of up to 97% water. The gels are formed by loosely interconnected polymers that create 

a three-dimensional network with high porosity.123 This network prevents crystal sedimentation 

and suppresses convection, thus effectively trapping crystals at the site of reaction.24 

 

Figure 2.1. Schematic diagrams of reaction-diffusion framework for CuAsp coordination 
polymers. (a) 1D system – Illustration of a higher concentration copper solution diffusing into a 
gel containing a lower concentration of deprotonated DL-Asp, leading to the formation of periodic 
precipitation of CuAsp spherulites. (b) 2D system – Depicts a Petri dish coupled with a customized 
2D reactor, where a copper solution is added through a central tube onto an evenly spread gel. The 
thickness of the gel is adjustable using three screws. 
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Inspired by Imaz’s49 and Harada's work93 and the intricacies of RDF, we explored the chiral 

resolution of DL-Asp using homochiral Pro in both 1D (test tubes) and 2D (Petri dish) agar gel 

systems (Fig. 2.1). By diffusing a higher concentration of homochiral Pro-copper solution into a 

gel containing a lower concentration of deprotonated DL-Asp, a periodic precipitation of CuAsp 

polymers was observed. The resulting CuAsp polymers displayed a size gradient across different 

zones, a result of uniform diffusion, nucleation, and crystal growth processes. Furthermore, the 

CuAsp polymers exhibited spherulitic morphology, a phenomenon typically associated with the 

crystallization of sparingly soluble salts from highly supersaturated solutions in gel media.122 

Solid-state CD and PXRD analyses confirmed the chirality and crystallinity of the CuAsp 

coordination polymers, respectively. Overall, we established a method that aligns with the "rule of 

reversal" which can provide valuable insights into the spatiotemporal resolution of CuAsp 

enantiomers. 

2.2 Experimental section 

2.2.1 Materials 
All chemical reagents, L-aspartic acid (from Aldrich Chemical Company), D-aspartic acid (from 

Alfa Aesar), DL-aspartic acid, L-proline, D-proline (from TCI America), BD™ Difco™ Agar (from 

Fisher Scientific), sodium hydroxide (from BDH Reagents and Chemicals), and copper nitrate 

trihydrate (from Thermo Scientific Chemicals), were used without further purification. All 

electrolyte solutions and hydrogels were freshly prepared using Millipore water (18.2 mΩ). Glass 

test tubes with 20 mm × 125 mm and Petri dishes with 150 mm × 15 mm were used. 
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2.2.2 Preparation procedures 
2.2.2.1 Coordination polymerization of homochiral and racemic CuAsp in agar gels in 1D 
system 
CuAsp coordination polymers were synthesized in test tubes containing both inner and outer 

electrolytes. Initially, the inner gel solution was prepared by dissolving 0.6 g (1% wt/wt) agar 

powder in 54 mL of water, heating, and stirring until completely dissolved. The agar gel was then 

cooled to 60 ºC. Concurrently, a solution of deprotonated L-, D-, or DL-Asp was prepared by 

dissolving 0.3993 g (3 mmol) of Asp and 0.24 g (6 mmol) of NaOH in water (6 mL). This solution 

was then added to the cooled agar gel and stirred for 5 minutes. The mixture was carefully 

transferred to test tubes, covered, and left to solidify fully. The final concentration of the inner 

electrolyte was 50 mM Asp and 100 mM NaOH, filling each tube with a total gel volume of 18 

mL. The outer electrolyte, composed of copper nitrate trihydrate (Cu(NO3)2•3H2O) 1.4496 g (6 

mmol, 300 mM), was dissolved in water (20 mL) and carefully layered over the gel using a glass 

Pasteur pipette. The test tubes were sealed with parafilm and left undisturbed to facilitate the 

controlled diffusion of electrolytes and the formation of distinctive blue spherulitic crystals. 

The CuAsp spherulites were collected after the diffusion process was completed. The agar gel was 

carefully extracted and segmented into different zones using a spatula. Each zone underwent 3-5 

washes in hot water to effectively separate the spherulites from the agar gel matrix. The spherulites 

were then transferred to Corning® 15 mL centrifuge tubes and isolated by centrifugation at 450 xg  

for 5 minutes, using IEC clinical CL bench-model centrifuge equipped with a Rotor 809 (radius = 

12.7 cm). Finally, the spherulites were dried overnight in a 60 ºC oven. 

 

2.2.2.2 Chiral separation of racemic Asp using homochiral Pro-copper complexes in 1D system 
The inner electrolyte, consisting of 1% wt/wt agar and deprotonated DL-Asp, was prepared as 

described in section 2.2.2.1. The outer electrolyte was then prepared by dissolving 0.2303 g (2 
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mmol, 100 mM), and 0.4605 g (4 mmol, 200 mM) of L- or D-Pro in water (20 mL), followed by 

the addition of 0.08 g (2 mmol, 100 mM), and 0.16 g (4 mmol, 200 mM) of NaOH for 

deprotonation. Subsequently, 1.4496 g (6 mmol, 300 mM) of Cu(NO3)2•3H2O was added to the 

deprotonated Pro solution with continuous stirring for 5 minutes until fully dissolved. This outer 

electrolyte was then gently layered over the gel using a glass Pasteur pipette. The test tubes were 

sealed and left undisturbed. After two weeks, the gels were extracted, and the spherulites were 

isolated as outlined previously. 

 

2.2.2.3 Coordination polymerization of homochiral and racemic CuAsp in 2D system 
Overall preparation in a Petri dish is similar to in a 1D system, except that the resulting solutions 

were poured into the dish through a customized 2D reactor. 60 mL of the inner electrolyte, 

consisting of 1% wt/wt agar, 50 mM of L-, D-, and DL-Asp, and 100 mM of NaOH, was prepared 

as described in section 2.2.2.1. The mixture was then carefully poured into a Petri dish through the 

central tube of the 2D reactor, ensuring it spread smoothly and evenly into a thin layer between the 

plates, avoiding bubble formation. Once the gel solidified, 10 mL of 300 mM Cu(NO3)2•3H2O 

solution was slowly added to the central tube using a glass Pasteur pipette. The central tube was 

covered and left undisturbed. After one week, the CuAsp spherulites were ready for collection. 

 

2.2.2.4 Chiral separation of racemic Asp using homochiral Pro-copper complexes in 2D system 
60 mL of the inner electrolyte, consisting of 1% wt/wt agar and deprotonated DL-Asp, was prepared 

as described in section 2.2.2.1. Then, the mixture was subsequently poured into a Petri dish through 

the central tube of the 2D reactor and left undisturbed until it solidified. The outer electrolyte was 

prepared by dissolving 0.2303 g (2 mmol, 100 mM), 0.3454 g (3 mmol, 150 mM), and 0.4605 g 
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(4 mmol, 200 mM) of L- or D-Pro in water (20 mL), followed by the addition of 0.08 g (2 mmol, 

100 mM), 0.12 g (3 mmol, 150 mM), and 0.16 g (4 mmol, 200 mM) of NaOH, respectively for 

deprotonation. Subsequently, 1.4496 g (6 mmol, 300 mM) of Cu(NO3)2•3H2O was added to the 

deprotonated Pro solutions with continuous stirring for 5 minutes until fully dissolved. Finally, 10 

mL of outer electrolyte was carefully layered on top of the gels. After two weeks, the gels were 

extracted, and the spherulites were collected as described above. 

 

2.2.3 Sample characterization 
2.2.3.1 Solid-state circular dichroism 
CD spectra were recorded in the range of 400 to 800 nm using a Jasco J-710 spectropolarimeter. 

The spectra were obtained with a resolution of 5 points/nm, and each curve represents the 

accumulation of 5 scans at a scan rate of 100 nm/min. A binomial filter with a convolution width 

of 99 points was applied. Solid-state samples were prepared as Nujol mulls by grinding the samples 

(2.0 – 2.8 mg) from each zone in a mortar and pestle in Nujol mineral oil to achieve a homogeneous 

mixture (30-35% wt/wt). This mixture was then sandwiched between two quartz discs (22.5 mm 

diameter, 1 mm thick), and the sample assembly was mounted using a circular cell holder. 

 

2.2.3.2 Powder X-ray diffraction 
PXRD patterns were collected on a Rigaku MiniFlex 6G X-ray diffractometer equipped with Cu-

Ka radiation (l = 1.54059 Å) and a sealed-tube X-ray source operating at 40 kV and 15 mA. 

Samples were smeared onto a zero-diffraction silicon wafer and measured between the 2θ of 3-50 

in 0.01º step with a scan rate of 10º/min. 
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2.2.3.3 Scanning electron microscopy imaging 
Scanning electron microscopy (SEM) images were acquired using a Tescan Mira instrument with 

an accelerating voltage of 15 kV. SEM samples were coated with a thin layer of platinum prior to 

imaging. 

 

2.2.3.4 UV-Vis spectrophotometry 
UV-Vis absorbance spectra were recorded in the range of 200 to 900 nm using a Varian Cary 100 

Bio UV-Vis spectrophotometer. The following sample concentrations were prepared: (1) L- and D-

Pro solutions at 10 mg/mL (20 mg of Pro in 2 mL of Millipore water), (2) a 10-fold dilution of 300 

mM Cu(NO3)2•3H2O, 100 mM L- and D-Pro-copper complexes, and (3) a 20-fold dilution for the 

200 mM L- and D-Pro-copper complexes. Each solution sample was loaded in a quartz cuvette 

with an optical path of 2 mm for analysis. 

 

2.3 Results and Discussion 
 

2.3.1 Coordination polymerization and characterizations of L-, D-, and DL-CuAsp in 1D and 2D 
systems via RDF 
 Research on the coordination polymerization of CuAsp has traditionally focused on solution-

based self-assembly processes.49,50 However, to our knowledge, the coordination polymerization 

of CuAsp in hydrogels has not been previously documented. Taking advantage of the RDF, we 

have successfully achieved periodic precipitation of L-, D-, and DL-CuAsp coordination polymers 

in agar gel across both 1D and 2D systems (Fig. 2.2). The diffusion of Cu(NO3)2•3H2O solution, 

serving as the outer electrolyte into the gel containing deprotonated Asp, led to the formation of 

distinct blue spherulites. The evolution of this periodic precipitation is shown in Fig. 2.3. 
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Figure 2.2. Periodic precipitation of (a and d) L-, (b and e) D-, and (c and f) DL-CuAsp spherulites 
in 1D and 2D agar gel systems. Scale bars: 1 cm. 

 

A notable 6-fold higher concentration Cu2+ outer electrolyte was used to create a high level 

of supersaturation at the liquid-gel interface, facilitating rapid diffusion.24 This setup established a 

concentration gradient, where supersaturation decreased with increasing distance from the 

interface, consequently leading to a gradient in crystal size. Smaller crystals were formed near the 

interface due to the higher supersaturation and nucleation rates, while larger crystals developed 

near the diffusion front where the crystal growth dominates (Fig. 2.4). 
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Figure 2.3. Time-lapse images of D-CuAsp periodic precipitation in the (a) 1D and (b) 2D systems. 

 

The formation of spherulites is a common occurrence in gel growth, driven by diffusion-

controlled processes. High supersaturation significantly influences the formation of CuAsp 

enantiomers with spherulitic morphology, marked by enhanced rates of polycrystalline 

incorporation on the crystal surface.122 When Cu2+ ions coordinate with aspartate ions, the 

complexes develop into numerous 1D CuAsp nanofibrils, which subsequently aggregate into the 

nanofibers via weak interactions, such as hydrogen bonding and van der Waals forces.50,87 SEM 

images revealed that the CuAsp nanofibers were densely aggregated around the spherulite nuclei 

(Fig. 2.5 a-c). Interestingly, although the overall size of the spherulites increased, the diameters of 

the nanofibers decreased progressively down the reaction tube (Fig. 2.5 d-f), ranging from 100 nm 
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near the interface to 50 nm near the diffusion front, aligning closely with those reported by Imaz 

et al.49 

 

Figure 2.4. Slices of gels and histogram showing the diameter of D-CuAsp spherulites from 
different zones. 

 

When comparing the precipitation patterns of homochiral CuAsp against DL-CuAsp, notable 

differences were observed in both the 1D and 2D systems (Fig. 2.2). Homochiral CuAsp 

spherulites formed densely packed arrays, while the DL-CuAsp spherulites were more discretely 

dispersed. This dispersion in DL-CuAsp is due to the slower formation of coordination complexes, 

a result of the incompatibilities between L- and D-Asp in nanofiber formation. When DL-Asp is 

used as building blocks, the L- and D-CuAsp nanofibers form independently, highlighting the 

crucial role of chirality in directing the assembly of amino acid-coordinated structures.50 Research 

by Imaz et al. and Wu et al. demonstrated that mixing 70 mM of Cu2+ solution with 70 mM of 
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deprotonated L- or D-Asp results in rapid gelation, whereas a blue gel forms more slowly with DL-

Asp at the same concentration, suggesting faster assembly rates for homochiral CuAsp compared 

to DL-CuAsp.49,50 Furthermore, the discrepancy in crystallization patterns can also be attributed to 

the solubility differences between the compounds. DL-Asp, with a solubility of 7.78 mg/mL at 

25ºC, is twice as soluble as homochiral Asp, which has a solubility between 4 mg/mL to 5 mg/mL 

at 25ºC.46,124 

 

 

Figure 2.5. SEM images of a D-CuAsp spherulite cross-section. (a - c) The spherulite is made up 
of CuAsp nanofibers; (d - f) the diameter of D-CuAsp nanofibers near the liquid-gel interface, 
middle zone, and bottom zone in the reaction tube. Figures adapted from [125]. 
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Figure 2.6. PXRD patterns of L- (blue), D- (red), and DL- (black) CuAsp in the (a) 1D and (b) 2D 
systems. (c) Structural model of the CuAsp coordination complex featuring a square-planar 
geometry formed through one-dimensional polymeric chains.50 

 

PXRD performed on the CuAsp obtained from both systems confirmed their crystalline 

character. The PXRD data presented in Fig. 2.6 (a) for the 1D system is consistent with prior 

reports by Imaz et al.49, where both L- and D-CuAsp exhibit the same diffraction patterns, 

indicating that both forms share the same crystal packing, similarly to the samples near the 

interface in the 2D system. Intriguingly, our analysis of DL-CuAsp also revealed the same 

diffraction pattern as the homochiral CuAsp. However, the samples collected from the diffusion 

front in the 2D system (Fig. 2.6 b) lack the reflections around 10º observed in other samples, 

possibly due to preferred orientation.96,97,99 Unfortunately, a detailed analysis of the structural 
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connectivity was not feasible due to their sub-200 nm diameter nanofibers and the difficulty in 

obtaining large single crystals. Imaz and coworkers suggested that the CuAsp nanofibers were 

aligned in 1D [Cu(Asp)(H2O)x]n polymeric chains.49 While, Wu et al. proposed a CuAsp 

coordination complex exhibited a square-planar geometry, where the copper ion is bonded to the 

a-carboxylate oxygen and amino nitrogen of the Asp to form the typical five-membered glycinate 

chelate ring (Fig. 2.6 c).50 

 

Figure 2.7. (a) Solid-state CD spectra of L- (blue), D- (red), and DL-(black) CuAsp in Nujol. Solid 
and dash lines outlined the signal of CuAsp obtained in 1D and 2D systems, respectively. (b) Solid-
state CD spectra of individual DL-CuAsp spherulites. (c) DL-CuAsp spherulite is made up of 
individual homochiral nanofibers. 

 

Solid-state CD was employed to investigate the chirality of CuAsp polymers. As depicted in 

Fig. 2.7 (a), L-CuAsp exhibited a positive Cotton effect, whereas D-CuAsp showed a negative 



 53 

Cotton effect, with both crossing at a wavelength around 645 – 655 nm, indicating the presence of 

a chiral coordination sphere of the Cu2+ with chiral Asp.49 In contrast, DL-CuAsp showed no Cotton 

effect, nor did the individual DL-CuAsp spherulites (Fig. 2.7 b). Recall that the PXRD pattern for 

the DL-CuAsp was the same as the homochiral CuAsp. This appears to contradict the CD results 

of the individual spherulites of DL-CuAsp with no chiral signal. A possible explanation for this 

unexpected outcome is that the nanofibers within each spherulite are individually homochiral (Fig. 

2.7 c). However, they aggregate in such a way that they present racemic-like behavior in CD 

analysis, reconciling the observed PXRD data with the lack of chiral signal in the CD results. 

So far, these findings have demonstrated that the RDF method can successfully facilitate the 

periodic precipitation of L-, D-, and DL-CuAsp coordination polymers in agar gels. In addition, this 

study paves the way for further exploration into the nuances of chiral resolution of DL-CuAsp using 

homochiral amino acid additives. 

2.3.2 Chiral resolution of DL-Asp in the presence of homochiral Pro-copper complexes in the 1D 
and 2D systems 

In this section, we aimed to achieve chiral resolution of DL-Asp in gels using L- and D-Pro-

copper complexes in 1D and 2D systems. This approach was inspired by the pioneering work of 

Harada et al., who successfully resolved DL-Asp in solution using homochiral proline (Pro), 

alanine (Ala), and glutamic acid (Glu) copper complexes.93 Their findings revealed that the 

configuration of the first crop of crystals always opposed that of the introduced chiral amino acid, 

a phenomenon known in preferential crystallization as the ‘rule of reversal’.89 The configuration 

of the second crop of crystals was determined by the mole ratio of the amino acid additive to DL-

Asp. A critical factor for successful resolution by preferential crystallization is the ability of the 

racemic mixture to crystallize as a conglomerate,89,91 making CuAsp an ideal candidate for our 

experiments. The TMAs used—homochiral amino acid-copper complexes—must mirror the 
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stereochemistry of DL-Asp to ensure they are adsorbed at and occluded from specific crystalline 

facets, thus inhibiting the growth of the affected enantiomer, and precipitating the opposite 

configuration first. 

Prior to our experiments, we replicated Harada's work in solution by using a 1:1 mole ratio 

of L-Pro-copper complex to DL-Asp, following the procedures outlined in [93]. Notably, basic 

copper carbonate was used as the copper source, which differs from the Cu(NO3)2•3H2O employed 

in the gel experiments. As illustrated in Fig. 2.8, the initial precipitation occurred after 1 day, with 

subsequent precipitation emerging after 5 days. Solid-state CD analysis showed that the first crop 

of crystals displayed a negative Cotton effect, indicative of the preferred crystallization of D-

CuAsp, whereas the second crop exhibited a positive Cotton effect, confirming the crystallization 

of L-CuAsp. These observations are consistent with the results reported by Harada.93 
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Figure 2.8. (Top) Visualizations of chiral resolution of Asp with L-Pro-copper complex (1:1 mole 
ratio to DL-Asp) in solution-state. (Bottom) Solid-state CD spectra of corresponding crops. 

In our 1D gel-based experiments, we employed 100 mM or 200 mM of L- and D-Pro, with 

mole ratios of 2:3 and 4:3 to DL-Asp, respectively, to study the effects on crystallization. According 

to Harada et al., both the concentration of reactants and the mole ratio between the homochiral 

amino acid additives and DL-Asp, could affect the resolution process.93 In order to confirm proper 

complexation, UV-Vis absorption was performed, revealing an adsorption shift from 800 nm to 

approximately 725 nm, regardless the concentration of Pro, indicating the formation of Pro-Cu(II) 

complexes in solution (Fig. 2.9). 

 

Figure 2.9. UV-Vis spectra of the starting materials (L- and D-Pro, copper nitrate trihydrate) and 
copper complexes with 100 mM and 200 mM L- and D-Pro. 
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Figure 2.10. Periodic precipitation of chiral resolution of DL-Asp in the presence of 100 mM D-
Pro in 1D system. 

 

After diffusing Pro-copper complexes into DL-Asp gel, a spatiotemporal band formation of 

CuAsp polymers in the test tube was observed. The evolution of this periodic precipitation is 

shown in Fig. 2.10. The samples obtained near the interface consistently showed chirality opposite 

to that the introduced TMAs. Solid-state CD analysis reveals negative Cotton effect in the presence 

of L-Pro-copper complexes, suggesting predominance of D-CuAsp. In contrast, the presence of D-

Pro-copper complexes led to positive Cotton effects, indicating L-CuAsp formation (Fig. 2.11 and 

2.12). These results aligned with the ‘rule of reversal’. However, the overall chiral intensity 

showed a notable decreased when L- and D-Pro-copper complexes were introduced compared to 

the coordination without TMAs. This suggests that although these TMAs selectively attached on 

the nanofibers of the conglomerates, which possessed the same configuration, they only partially 

resolved the DL-Asp conglomerates. Notably, fewer precipitates formed at higher concentration of 

Pro-copper compared to lower concentration due to the slower coordination rate. 
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Figure 2.11. (Left) Visualizations of DL-CuAsp coordination complexes crystallized in the 
presence of 100 mM (a) L-Pro-copper complex and (b) D-Pro-copper complex in the 1D system. 
(Right) Solid-state CD spectra of each precipitation zone. 
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Figure 2.12. (Left) Visualizations of DL-CuAsp coordination complexes crystallized in the 
presence of 200 mM (a) L-Pro-copper complex and (b) D-Pro-copper complex in the 1D system. 
(Right) Solid-state CD spectra of each precipitation zone. 

 

During crystallizations involving L-Pro-copper additives, mainly negative Cotton effect was 

observed for all the zones (Fig 2.11 a and 2.12 a), indicating the predominance of D-CuAsp 

formations in these reactions. A lower chiral intensity was observed in the presence of 100 mM L-

Pro-copper compared to 200 mM L-Pro-copper, suggesting that a decrease in concentration of 
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additive resulted in a progressive decrease in altering the affected L-nanofibers.90 With 100 mM D-

Pro-copper additive, a gradual chiral switching from positive to negative Cotton effects was 

observed (Fig. 2.11 b), yet two chiral switching events occurred in the presence of 200 mM D-Pro 

(Fig. 2.12 b). This switching could be attributed to the local concentration varied along the reaction 

tube, influenced by diffusion gradients or local supersaturation levels. An additional variation is 

the composition of the agar gel, which primarily consisting of D-galactose. In the context of the 

‘rule of reversal’, the TMAs could be a slightly modified molecule with a stereochemistry 

resembling the host molecule.118 Therefore, it is plausible that the agar itself could act as a chiral 

competitor, diminishing the chiral influence of the D-Pro-copper additive, thus preventing the 

selective adsorption. 

 

Figure 2.13. Time-lapse images of chiral resolution of DL-Asp in the presence of 100 mM D-Pro-
copper complex in 2D system. 

 

In the 2D system, the evolution of ring formation of CuAsp polymers is depicted in Fig 2.13. 

The samples obtained near the interface exhibited chirality opposite to that the introduced TMAs 

in all conditions (Fig 2.14 – 2.16), which agreed with the ‘rule of reversal’. Samples obtained from 

zones 3 and 4 in the presence of 100 mM (Fig. 2.14 a) and zone 2 obtained when using 150 mM 

(Fig. 2.15 a) L-Pro-copper, showed relatively weak positive Cotton effect or nearly no Cotton effect, 
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likely due to the depletion of L-Pro-copper complex within those regions, until the concentrations 

were replenished, then a subsequent precipitate with negative Cotton effect reoccurred. However, 

in the presence of 200 mM L-Pro-copper, all three zones consistently showing negative Cotton 

effect (Fig. 2.16 a). 

 

 

Figure 2.14. (Left) Illustrations of DL-CuAsp coordination complexes crystallized in the presence 
of 100 mM (a) L-Pro-copper complex and (b) D-Pro-copper complex in the 2D system. (Right) 
Solid-state CD spectra of each precipitation zone. 
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Figure 2.15. (Left) Illustrations of DL-CuAsp coordination complexes crystallized in the presence 
of 150 mM (a) L-Pro-copper complex and (b) D-Pro-copper complex in the 2D system. (Right) 
Solid-state 

CD spectra of each precipitation zone. 
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Figure 2.16. (Left) Illustrations of DL-CuAsp coordination complexes crystallized in the presence 
of 200 mM (a) L-Pro-copper complex and (b) D-Pro-copper complex in the 2D system. (Right) 
Solid-state CD spectra of each precipitation zone. 

 

However, in the 2D system with 100 mM D-Pro, two chiral switching events were observed. 

This started with zones exhibiting a positive Cotton effect near the center, followed by a switching 

towards negative Cotton effect in zone 6, then a subsequent positive Cotton effect reoccurred in 

zone 7 (Fig. 2.14 b). Similar chiral switching was observed in the 1D system with 200 mM D-Pro, 

which is possibly due to the feedback mechanism of local concentrations of electrolytes. At higher 

concentrations of D-Pro, all zones exhibited consistently a positive Cotton effect (Fig. 2.15 b and 

2.16 b). PXRD analyses were performed on the samples near the interface and at the diffusion 
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front obtained from both 1D and 2D systems (Fig. 2.17), confirming the crystalline structure. 

Moreover, the partially resolved DL-CuAsp exhibited consistent phases of the to the DL-Asp 

conglomerates without TMAs. 

 

Figure 2.17. (a) PXRD pattern of DL-CuAsp, resulting samples obtained near the interface and at 
diffusion front, in the presence of 100 mM and 200 mM D-Pro-copper complex in the 1D system. 
(b) PXRD pattern of DL-CuAsp and the samples obtained near the interface and at diffusion front, 
with 100 mM L- and D-Pro-copper complex in the 2D system. 

 

2.4 Conclusions 
 

Herein, coordination polymerization of CuAsp and additive-assisted preferential crystallization 

of DL-Asp using L- or D-Pro-copper complexes were carried out via RDF in 1D and 2D agar gel 

systems. The supersaturation gradient induced across the diffusion flux resulted in CuAsp 

coordination polymers with spherulitic morphology, exhibiting gradients in crystal sizes. Solid-

state CD analysis revealed that L-CuAsp and D-CuAsp showed positive and negative Cotton effects, 

respectively, while DL-CuAsp showed no Cotton effect. However, PXRD analyses of these 
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polymers displayed the same diffraction patterns, indicating that DL-CuAsp crystallized as a 

conglomerate. 

The introduction of chiral additives led to crystalline CuAsp near the liquid-gel interface 

adopting configurations opposite to those of the introduced additives. This aligned with the ‘rule 

of reversal’ in preferential crystallization. Further from the interface, CuAsp precipitates showed 

varied chirality due to the concentration gradients. Intriguingly, with L-Pro-copper complexes, a 

consistent negative Cotton effect was observed, suggesting that the composition of agar gel 

influenced the reaction outcomes. PXRD confirmed that the resolved CuAsp shared the same 

crystalline phases as DL-Asp conglomerates without additives. This research underscores the 

potential of additive-assisted preferential crystallization via RDF as an innovative approach for 

resolution of other racemic compounds, with implications for the pharmaceutical, food industries, 

as well as applications in material engineering.  
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 Chapter 3 
Conclusions 
 

The main objective of this study was to achieve (i) the conglomerate polymerization of L-, D-, 

and DL-CuAsp and (ii) the spatiotemporal resolution of DL-Asp in gel using homochiral Pro-copper 

complexes in agar gel. In part (i), the work was inspired by Imaz et al. who successfully prepared 

CuAsp nanofibers at the interface of a Cu2+ solution with a water/ethanol mixture containing 

deprotonated L or D-Asp.49 Building on this, we demonstrated the crystallization of CuAsp CPs 

with a spherulitic morphology via RDF in both 1D and 2D agar gel systems. By diffusing a higher 

concentration of Cu(NO3)2•H2O into the agar gel containing lower concentration of deprotonated 

Asp, generated a concentration gradient that drove the formation of Liesegang bands in 1D system 

and concentric rings in 2D system. Solid-state CD spectra of both L-CuAsp and D-CuAsp displayed 

opposite Cotton effects, confirming their chiral nature. To confirm conglomerate formation, 

detailed CD analysis of the bands and individual spherulites of DL-CuAsp indicated the formation 

of a racemic polymer. Based on our PXRD and CD results, we propose that individual homochiral 

nanofibers self-assemble into an overall racemic spherulite. While a detailed crystal structure 

analysis was not possible, we deduced that the CuAsp nanofibers were aligned in 1D 

[Cu(Asp)(H2O)x]n polymeric chain, and that the CuAsp coordination complex adopted a square 

planar geometry, as previously reported by Imaz et al.49 and Wu et al.50 

Chiral resolution remains crucial in the pharmaceutical and food industries to ensure the 

efficacy and safety of chiral compounds.111 In part (ii), we conducted the spatiotemporal resolution 

of DL-Asp in 1D and 2D agar gel systems, employing homochiral Pro-copper complexes as TMAs. 

Solid-state CD analysis was performed to study the chirality of the resolved CuAsp. Our CD results 

were consistent with the principles of preferential crystallization and the ‘rule of reversal’.89 We 
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observed that varying the concentrations of TMAs resulted in different resolution outcomes, 

highlighting the influence of TMA concentration on the process. Furthermore, the agar gel not only 

provided a diffusion environment for crystallization but also influenced the resolution outcomes 

due to the chiral nature of its composition. Furthermore, PXRD analysis confirmed that the 

resolved CuAsp shared the same crystalline phases as the DL-Asp conglomerates formed without 

additives. 

In conclusion, this research demonstrates the potential of preferential crystallization via RDF, 

using chiral amino acid-based coordination polymers, as an innovative approach for resolving 

other conglomerate compounds. This method offers a sustainable and cost-effective alternative, as 

it does not require hazardous solvents, and amino acids are inexpensive, biodegradable and 

biocompatible, with the versatile capabilities in coordinating with metal ions. 

Future work 
 

Several experiments could be conducted to further explore the resolution of conglomerates in 

agar gel systems. A promising direction for future research involves substituting the chiral agar gel 

with an achiral sodium metasilicate gel to investigate chiral resolution of DL-Asp using homochiral 

Pro-copper complexes. This experimental setup aims to determine whether the hierarchical 

chirality of the agar gel influences the resolution outcomes. Moreover, taking the advantage of the 

2D system, we can conduct the conglomerate crystallization of L-, D-, and DL-CuAsp by applying 

electric field (Fig. 3.1 a), to observe the effects on the pattern formation of precipitates. This 

approach is inspired by the work of Badr et al.10, who demonstrated the periodic precipitation of 

Co(OH)2 by layering the NH4OH onto the gelatin gel containing CoCl2•6H2O, with the application 

of a DC current under a potential difference of 4V. They observed narrow band spacing of Co(OH)2 
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ring patterns without applying electric field, whereas a larger spacing occurred in the presence of 

an electric field (Fig. 3.1 b). 

 

Figure 3.1. (a) Schematic illustration of the 2D RDF experiment with application of an electric 
field. (b) Co(OH)2 precipitate patterns in gelatin gel: field-free environment (left) and under a DC 
of 4V (right), highlighting the increase in band spacing when the electric field is applied.10 

Another interesting future work is the spatiotemporal resolution of sodium ammonium tartrate 

in agar gel via RDF. As discussed in Chapter 1, Louis Pasteur was the first to demonstrate the 

resolution of a racemic mixture of sodium ammonium tartrate tetrahydrate.40–42 This process was 

later revisited by Ostromisslensky in 1908,126 who successfully resolved sodium ammonium 

tartrate using additive-assisted preferential crystallization using malic acid or asparagine (Asn).89 

Building on these studies, we propose an experimental setup in which a homochiral Asn-sodium 

complex is diffused into an agar gel containing deprotonated DL-tartaric acid, neutralized by 

ammonium hydroxide. The aim of this setup is to resolve sodium ammonium tartrate conglomerate 
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crystals through preferential crystallization, following the ‘rule of reversal’. The agar gel would 

act as a diffusion-controlled matrix, slowing down nucleation, and thereby further enhancing the 

resolution efficiency. 
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Towards Spatiotemporal Resolution of Copper Aspartate in Gel 
Poh Ying Fong,a Sehrish Khan,a Hatem M. Titi,b Manal Ammar,c Fiorenzo Vetrone,d 
Mazen Al-Ghoul c* and Louis A. Cuccia a* 

Chiral resolution is essential in the pharmaceutical and food industries and materials science due to the unique properties 
of enantiomers. This study explores the coordination polymerization of homochiral (L- and D-) and racemic (DL-) copper 
aspartate (CuAsp) and spatiotemporal resolution of racemic aspartic acid (DL-Asp) using L- and D-proline (Pro)-copper 
complexes as tailor-made additives (TMAs). The research is conducted within the reaction-diffusion framework (RDF) in a 
quasi-one-dimensional (1D) agar gel system. RDF, a far-from-equilibrium process, drives self-organization by creating a 
supersaturation gradient, which translates into a gradient of crystal sizes and leads to the formation of CuAsp coordination 
polymers with spherulitic morphology. This spatial self-organization occurs across multiple scales, from the macroscopic 
crystal structures to the microscopic coordination polymers. Solid-state circular dichroism (CD) and powder X-ray diffraction 
(PXRD) analyses confirmed the chiral nature and crystalline phases of the CuAsp polymers, with DL-CuAsp crystallizing as a 
conglomerate. Inspired by Kaoru Harada’s seminal work on the resolution of DL-Asp in solution using L- and D-Pro-copper 
complexes, the preferential crystallization, following the ‘rule of reversal’, was observed. Crystalline CuAsp near the liquid-
gel interface exhibited the opposite configuration to that of the TMA. Variability in chirality was noted further from the 
interface due to concentration gradients, a characteristic feature of the RDF. These findings emphasize the utility of the RDF, 
combined with the rule of reversal, as an innovative approach for achieving chiral resolution in conglomerate crystalline 
systems, with potential implications for broader enantioselective separation strategies. 

Introduction 
Coordination polymers (CPs) are versatile metal-ligand 
compounds that can form one-, two- or three-dimensional 
structures.1,2 Their ability to incorporate various metals and 
ligands has led to a wide range of applications, including 
magnetism,3 gas adsorption,4 catalysis,5 luminescence,6 and drug 
delivery.7 Recent advancements have focused on chiral CPs due 
to their complex architectures and potential in enantioselective 
separation and asymmetric catalysis.2,8 The ideal enantiopure 
ligand should be accessible, cost-effective, environmentally 
friendly, and exhibit flexible coordination behavior.2 Strategic 
selection and design of chiral ligands are crucial for developing 
multifunctional chiral CPs. Amino acids, in particular, have 
garnered significant attention for their efficient coordination 
with metal ions.9–11 Their distinct amino, carboxylate, and side 
chain functional groups render them ideal for complexation.12,13 
Several research groups have demonstrated the fabrication of 1D 

nanostructures, such as nanofibers,9,10,14 nanowires,15 
nanobelts,16 and nanorods11 from metal-amino acid assemblies. 
For example, Imaz et al. successfully prepared CuAsp nanofibers 
at the interface of a Cu2+ solution with a water/ethanol mixture 
containing deprotonated L- or D-Asp. Similarly, Pu et al. and Wu 
et al. demonstrated the self-assembly of CuGlu,10,17 CuAsp,10 
and CuAmi10 at room temperature. Their studies revealed that 
crystallization is driven by coordination between deprotonated 
amino acids and Cu2+ metal ions in a proposed square planar 
coordination geometry. Furthermore, amino acid chirality 
influences supramolecular self-assembly.10,17 
Chiral resolution is crucial in the pharmaceutical and food 

industries, where enantiopure products are essential.18 Various 
techniques have been developed to resolve conglomerate 
crystalline systems,19–23 with preferential crystallization (PC) 
being particularly effective in resolving conglomerate crystals by 
seeding a supersaturated solution with the preferred 
enantiomer.20 Pioneering work by Kaoru Harada more than 50 
years ago demonstrated the successful separation of DL-Asp, DL-
Glu, and DL-Asn using homochiral amino acid-copper 
complexes.24–27 Addadi et al. later introduced the ‘rule of 
reversal’ to rationalize how the enantiomer with the opposite 
configuration crystallizes preferentially in the presence of 
homochiral tailor-made additives (TMAs).28 Homochiral TMAs 
share a similar structure with the solute molecules, allowing for 
enantioselective adsorption, which in turn hinders nucleation and 
crystal growth of one enantiomer.19,28–30 More recently, 
Kongsamai et al. explored the resolution of DL-Asn•H2O using 
D-Asp and D-Glu,31 while Gou et al. and Zou et al. reported 
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