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Introduction 
Supramolecular chemistry exploits non-covalent interactions between modular molecular 
building blocks to construct functional assemblies. One area within the field is molecular 
recognition, in which a receptor binds a target analyte selectively through complementary 
non-covalent interactions. Recognition of chiral analytes (molecules that exist as non-
superimposable mirror images) is among the more challenging instances, with relevance to 
pharmaceutical analysis1, agrochemistry2,3, biomedical diagnostics4 and food safety5, where 
the two enantiomers of a compound can differ substantially in biological activity and sensory 
properties such as taste and odour. The development of chiral receptors that are both 
synthetically accessible and structurally tunable is therefore an active area of research. 

One approach to chiral recognition is supramolecular chirogenesis, in which chirality is 
transferred from one binding partner to another through non-covalent interaction. If the 
partner is a chromophore, the chirality transfer becomes directly detectable as an induced 
circular-dichroism signal, providing a sensitive optical reporter for the recognition event. 
Porphyrins serve this purpose well, with their intense Soret-band absorption, structural 
versatility, and the Lewis-acid behaviour of their central metal ion. 
Cyclohexanohemicucurbit[n]urils (cycHC[n]) are a family of enantiopure macrocyclic hosts 
whose outward-pointing carbonyl oxygens act as Lewis-base donors to the metalloporphyrin 
centre. The first demonstration that enantiopure cycHC[n] induce circular dichroism in achiral 
zinc porphyrins through external M···O coordination established a chirogenesis platform built 
from synthetically simple components.6 The scope and limits of this platform, however, had 
not been systematically mapped at the start of this work. The generality of the external M···O 
binding mode across structurally diverse metalloporphyrins, the solid-state organisation of 
the resulting complexes, the behaviour of bis-porphyrin hosts capable of more complex 
binding modes, and the potential of these adducts as enantioselective sensing materials all 
remained unexplored. 

This dissertation begins with a literature overview covering the supramolecular concepts 
on which the work is built (non-covalent interactions, binding evaluation, and the principles 
of induced chirality), followed by a section on porphyrins and macrocyclic hosts, with 
emphasis on metalloporphyrin coordination chemistry. The overview concludes with a 
section on supramolecular sensing, introducing quartz crystal microbalances and the use of 
sensor arrays for chiral analyte recognition. 

The results presented in this thesis explore the scope of cycHC[n]·metalloporphyrin self-
assembly across solution and the solid state and apply the resulting adducts as 
enantioselective sensing materials. The first part examines a library of nine achiral 
metalloporphyrins, varying in peripheral substituents, core planarity, and metal centre, and 
characterises their complexes with cycHC[6] and cycHC[8] by UV-vis and nuclear magnetic 
resonance (NMR) titrations, ECD spectroscopy in solution and the solid state, and single-
crystal X-ray diffraction (Publication I). The second part extends the study to bis(zinc 
octaethylporphyrin), a bis-porphyrin host known to form tweezer complexes with bidentate 
guests, and characterises its qualitatively different binding modes with cycHC[6] and cycHC[8] 
by NMR, UV-vis, fluorescence, and circular dichroism spectroscopy (Publication II). The third 
part translates four cycHC[8]·metalloporphyrin adducts into thin-film sensing materials on 
quartz crystal microbalances and introduces a normalisation protocol based on virtual 
racemic references that enables enantiorecognition of volatile chiral analytes at unknown 
concentration by arrays of enantioselective sensors (Publication III). 
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Abbreviations 
AIM Atoms-in-molecules  
BINAP 2,2′-bis(diphenylphosphino)-1,1′-binaphthalene 
bis-ZnOEP bis(Zinc(II) octaethylporphyrin) 
BNSH 1,1′-binaphthalene-2,2′-dithiol 
CB Circular birefringence 
CB[n] Cucurbit[n]uril 
CD Circular dichroism 
CPL Circularly polarised luminescence 
DACH 1,2-diaminocyclohexane 
DCM Dichloromethane 
DMSO Dimethyl sulfoxide 
DORI Density overlap regions indicator 
Et Ethyl 
FDCD Fluorescence-detected circular dichroism 
H₂TPP Free-base meso-tetraphenylporphyrin 
HC[n] Hemicucurbit[n]uril 
HOMO Highest occupied molecular orbital 
HSAB Hard–Soft Acid–Base (principle) 
ICD Induced circular dichroism 
IR Infrared (region) 
IRI Interaction region indicator 
ITC Isothermal titration calorimetry 
KBr Potassium bromide 
LB Linear birefringence 
LD Linear dichroism 
LDA Linear discriminant analysis 
LUMO Lowest unoccupied molecular orbital 
MgTPP Magnesium(II) meso-tetraphenylporphyrin 
MOF Metal–organic framework 
NBO Natural bond orbital 
NCI Non-covalent interaction  
NMR Nuclear Magnetic Resonance 
ORD Optical rotatory dispersion 
PCA Principal component analysis 
Ph Phenyl 
QMB Quartz crystal microbalance 
RDG Reduced density gradient 
RFU Relative Fluorescence Units 
ROA Raman optical activity 
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SAPT Symmetry-adapted perturbation theory 
tCB[n] Twisted cucurbit[n]uril 
THF Tetrahydrofuran 
VCD Vibrational circular dichroism 
vdW Van der Waals 
VOC Volatile organic compound 
ZnOEP Zinc(II) octaethylporphyrin 
ZnTPP Zinc(II) meso-tetraphenylporphyrin 
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Symbols 
ρ Electron density (equation 1) 
r Coordinate vector (equation 1)  
λ₂ Second largest eigenvalue of the electron-density Hessian 
Kₐ Association (binding) constant (equation 2) 
ΔG° Standard Gibbs free energy of binding 
R Universal gas constant 
T Absolute temperature 
ε Molar absorption (extinction) coefficient 
δ Chemical shift (NMR) 
P, M Plus / Minus (Helical screw configurations) 
g Dissymmetry factor (= ΔA/A or Δε/ε) (equation 5) 
ΔA Differential absorbance (CD signal) 
A Absorbance 
gₗᵤₘ Luminescence dissymmetry factor 
ΔT Change in temperature (sensor transduction) 
Δm Change in mass 
Δσ Change in conductivity 
ΔΦ Change in work function 
Δn Change in refractive index 
Δε Change in permittivity (sensor context) 
ΔC Change in capacitance 
ΔL Change in inductance 
ΔR Change in resistance 
Δf Change in frequency (7) 
f0 Fundamental resonance frequency of the quartz (7) 
Aq Surface area of the quartz (7) 
μq Shear modulus of the quartz (7) 
ρq Density of the quartz (7) 
Δm Adsorbed mass (7) 
σₚ Hammett substituent constant (para) 
λₘₐₓ Wavelength of absorption maximum 
λₑₓ Excitation wavelength 
θ Ellipticity 
Eᴿ, Eᴸ Electric-field magnitudes of right- and left-circularly polarised light 
R�ᵣₐc Virtual racemic reference response 
RR, RS Responses of (R,R)- and (S,S)-sensors 
R�Rn, R�Sn Normalised responses of (R,R)- and (S,S)-sensors 
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1 Literature overview 

1.1 Supramolecular Chemistry 

1.1.1 Definition and evolution of supramolecular chemistry 
Supramolecular chemistry is broadly defined as "chemistry beyond the molecule": a 
discipline that investigates how molecules organise and assemble through non-covalent 
interactions such as hydrogen bonding, π–π stacking, electrostatic forces, hydrophobic 
effects, and van der Waals forces.7 

Jean-Marie Lehn coined the term "supramolecular chemistry" and defined it as the 
"chemistry of the intermolecular bond, covering the structures and functions of entities 
formed through the association of two or more chemical species".8,9 However, the 
intellectual foundations of the field trace back much further. One of the first synthetic 
coordination compounds, Prussian Blue (Fe₄[Fe(CN)₆]₃·xH₂O), was accidentally 
discovered around 1706 by Diesbach and Dippel in Berlin,10 representing an early 
example of extended molecular assembly. Alfred Werner's pioneering work on 
coordination chemistry in 189311 established fundamental principles of how molecules 
organise around metal centres. Similarly, Johannes Diderik van der Waals' description of 
intermolecular forces in 187312 provided a theoretical framework for understanding non-
covalent interactions. Emil Fischer's "lock-and-key" concept introduced in 1894 
articulated the principle of molecular complementarity — now recognised as the 
cornerstone of supramolecular recognition.13 

The modern era of supramolecular chemistry emerged decisively in the late 1960s and 
early 1970s. Charles J. Pedersen's unintentional discovery of crown ethers (Figure 1 A) 
and their remarkable selectivity for alkali metal cations14 demonstrated that synthetic 
hosts could rival biological receptors in their recognition capabilities. Jean-Marie Lehn 
extended these ideas through the development of three-dimensional cryptands (Figure 
1 B),8 which exhibited even greater binding selectivity due to their preorganized, three-
dimensional cavities. Donald J. Cram systematically explored the principles governing 
host–guest chemistry, introducing concepts such as complementarity, preorganization, 
and the importance of cavity shape and size (Figure 1 C).15 These foundational 
contributions were recognised with the 1987 Nobel Prize in Chemistry,16 establishing 
supramolecular chemistry as an independent discipline spanning organic, inorganic, 
physical, biological, and materials chemistry. 
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Figure 1 Structures of representative early supramolecular hosts: (A) crown ether (Pedersen), (B) 
cryptand (Lehn), and (C) spherand (Cram).16  

After this recognition, the field expanded from discrete host–guest complexes to 
dynamic assemblies, mechanically interlocked molecules, and systems capable of 
controlled motion. Jean-Pierre Sauvage pioneered the template synthesis of catenanes 
and molecular knots,17 J. Fraser Stoddart developed rotaxanes and molecular shuttles 
based on donor-acceptor interactions,18 and Ben Feringa created light-driven molecular 
motors.19 This progress toward functional molecular machines was honoured with the 
2016 Nobel Prize in Chemistry.20 More recently, the impact of supramolecular principles 
on materials science was recognised by the 2025 Nobel Prize in Chemistry awarded to 
Kitagawa, Robson, and Yaghi for their pioneering work on metal–organic frameworks 
(MOFs),21–24 demonstrating how modular supramolecular design can yield functional 
porous materials with applications in gas storage, separation, and catalysis. 

Today, supramolecular chemistry is applied in molecular sensing, drug delivery, 
catalysis, separation science, adaptive materials, and nanotechnology.25 

1.1.2 Types of noncovalent interactions  
Non-covalent interactions collectively define the energetic landscape of supramolecular 
chemistry, providing the means by which molecules recognise one another and assemble 
into higher-order structures. While it is convenient to categorise these interactions into 
distinct classes (hydrogen bonding, π–π stacking, van der Waals forces, metal–ligand 
coordination, ion–dipole interactions, and others), this differentiation is somewhat 
artificial.26 Typical interaction types and energy ranges are listed in Table 1. In reality, 
supramolecular systems are governed by several interactions acting simultaneously. 
Their relative contributions depend on molecular geometry, electronic properties, and 
environmental context such as solvation and ion pairing.26 A holistic understanding of 
these forces, their relative energies, and the trade-offs between them is essential for 
designing functional supramolecular assemblies.27 
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Table 1 Noncovalent interaction types, typical binding energies and key characteristics.28–33 

Interaction Type Typical Energy 
Range (kJ mol⁻¹) 

Key Characteristics 

Ion–Ion 100–350 Strong, long-range; highly dependent on 
dielectric constant 

Metal–Ligand 
Coordination 

60–210 Directional, tunable strength; 
covalent/ionic character 

Hydrogen Bonding 4–120 Highly directional; strength varies with D–
H···A geometry 

Halogen Bonding 10–150 Directional σ-hole interaction; I > Br > Cl > F 
Ion–Dipole 50–200 Important in solvation and host–guest 

chemistry 
Cation–π 5–80 Electrostatic attraction between cations 

and π-systems 
Anion–π 20–50 Interaction with electron-deficient 

aromatic structures 
π–π Stacking 0–50 Geometry-dependent; key in aromatic 

assemblies 
Dipole–Dipole 4–50 Orientation-dependent electrostatic 

interaction 
C–H···π 2–20 Weak but common in organic systems 
Van der Waals 
(Dispersion) 

0.4–4 (per 
contact) 

Ubiquitous; cumulative over large surfaces 

 
The interactions listed in Table 1 are predominantly attractive in nature. Exchange-

repulsion (Pauli repulsion) arises at short range when molecular wavefunctions overlap: 
electrons become free to move over both molecules, lowering their energy, but electrons 
of the same spin cannot occupy the same space, which costs energy and dominates 
overall, resulting in a net repulsive effect.34 

Among these diverse interaction types, metal–ligand coordination, van der Waals 
forces, and halogen bonding are particularly relevant to the research topics that this 
thesis is based on. 

Metal–ligand coordination is among the strongest and most directional noncovalent 
interactions exploited in supramolecular chemistry, with bond energies in the range of 
60–210 kJ mol⁻¹.31 It arises from the donation of electron density from an electron-rich 
ligand to an electron-deficient metal centre, producing bonds with mixed ionic and 
covalent  character that impose well-defined coordination geometries.35,36 The selectivity 
and stability of these interactions are well rationalised by Pearson's Hard–Soft Acid–Base 
(HSAB) principle: hard metal ions (e.g., Mg²⁺, Al³⁺, lanthanides) preferentially bind hard 
donors such as oxygen and fluorine, while soft metal ions (e.g., Cu⁺, Pd²⁺, Pt²⁺) favour 
softer donors including sulfur, phosphorus, and carbon. Borderline metals such as Zn²⁺ 
and Fe²⁺ bind both nitrogen and oxygen donors.37,38 The coordination number and 
geometry are dictated by the metal's electronic configuration, ionic radius, and ligand 
field. Common geometries range from linear (coordination number 2, e.g. Au⁺, Ag⁺) 
through tetrahedral or square planar (4), trigonal bipyramidal or square pyramidal (5), to 
octahedral (6) and higher for lanthanides.36  
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Van der Waals forces, which include London dispersion (induced dipole–induced 
dipole), Debye (permanent dipole–induced dipole), and Keesom (permanent dipole–
permanent dipole) interactions, are individually weak (0.4–4 kJ mol⁻¹ per contact) but 
collectively significant when summed over extended molecular surfaces.39 In 
supramolecular systems, they contribute substantially to crystal packing, inclusion 
complex stability, and host–guest complementarity, often acting synergistically with 
stronger directional interactions to fine-tune assembly geometry.28 Their role is 
particularly pronounced in weakly competitive solvents such as chloroform and 
dichloromethane, where the absence of strong solvent–solute hydrogen bonding allows 
even modest dispersive contacts between host and guest to contribute meaningfully to 
overall binding affinity.26,29  

Halogen bonding arises from the interaction between the σ-hole (an electropositive 
region on a covalently bound halogen atom along the extension of the R–X bond) and a 
nucleophilic site such as a lone pair, π-system, or anion.32,35 The interaction is strongly 
directional, with R–X···Nu angles approaching 180°. Bond strengths follow the trend I > 
Br > Cl ≫ F and can be enhanced by electron-withdrawing substituents on the halogen 
donor.32 Halogen bonding can coexist with hydrogen bonding without mutual 
interference, allowing both to be exploited simultaneously, and has found applications 
in crystal engineering, anion recognition, and organocatalysis.32  

1.1.3 Characterization and visualization of noncovalent interactions 
While experimental techniques such as X-ray crystallography and NMR spectroscopy 
reveal the geometries of supramolecular complexes, the underlying non-covalent 
interactions that stabilise them are not directly observable, and computational analysis 
is required to identify and visualise them. Several approaches are available, including 
atoms-in-molecules (AIM) analysis based on the topology of the electron density,40 
natural bond orbital (NBO) analysis of donor–acceptor interactions,41 symmetry-adapted 
perturbation theory (SAPT) for energetic decomposition,42 and Hirshfeld surface analysis 
for the visualisation of intermolecular contacts in crystal structures.43 Among these, the 
non-covalent interaction (NCI) index introduced by Johnson and co-workers has become 
particularly widely used. It operates directly on the electron density, is computationally 
cheap, and produces visually intuitive maps that reveal both the location and nature of 
non-covalent contacts.44 The approach relies on the reduced density gradient (RDG), a 
dimensionless quantity derived from the electron density and its first derivative. The RDG 
is defined by equation (1), where ρ is the electron density and r is the coordinate vector. 
Regions where the RDG approaches zero at low density correspond to non-covalent 
interactions. 

 
RDG(r)=

1

2·(3π2)1/3

|∇ρ(r)|
[ρ(r)]4/3 (1) 

The nature of these interactions is classified using the sign of the second largest 
eigenvalue (λ₂) of the electron-density Hessian. Here the Hessian is computed with 
respect to real-space electron density coordinates on a grid rather than atomic 
coordinates, making it computationally inexpensive. λ₂ < 0 indicates attractive 
interactions, λ₂ > 0 corresponds to steric repulsion, and values near zero represent van 
der Waals contacts. The second eigenvalue λ₂ changes sign between attractive and 
repulsive interactions, providing the most diagnostic classification, while λ₁ is negative in 
all bonding regions and λ₃ is always positive. Plotting the product sign(λ₂)ρ on RDG 
isosurfaces produces a map that is conventionally colour-coded (blue for strong 
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attraction, green for weak dispersion, and red for steric clashes) to visualise the 
interaction landscape (Figure 2).44 

Figure 2 NCI maps of representative systems highlighting noncovalent interactions. a) Guanine-
cytosine base pair adsorbed on circumcoronene, mainly showing H-bonds (blue) and π-π stacking 
(green). b) NaNO3 molecule, illustrating ionic interactions (blue) and steric effects (red). c) axial-
axial conformer of 1,2-dicyclohexylethyne molecule, primarily depicting vdW interactions (green). 
The colour bar indicates the sign(λ2)ρ values, with blue representing prominent attractive 
interactions, red indicating prominent repulsive interactions in the regions with steric effect, and 
green exhibiting very weak interactions. Reproduced from reference45. 

The method can be evaluated using promolecular densities (superpositions of 
spherically averaged free-atom densities), making it computationally efficient and 
applicable to large systems including proteins. The method is implemented in the 
NCIPLOT program and in Multiwfn.45,46 
A limitation of the RDG-based NCI analysis is that it cannot clearly display covalent 
bonding regions and weak interaction regions at the same time. Lu and Chen addressed 
this by proposing the interaction region indicator (IRI), which replaces the fixed 4/3 
exponent in the density gradient term of RDG with an adjustable parameter a (2), 
allowing both chemical bonds and weak interactions to be visualised simultaneously on 
a single isosurface.47  

IRI(r)=
|∇ρ(r)|
[ρ(r)]a  (2) 

where a=1.1 is adopted as the standard value. 
Compared to the density overlap regions indicator (DORI), which measures electron 

density overlap through a fundamentally different equation, IRI has a simpler 
formulation and lower computational cost. The same authors also introduced IRI-π, a 
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variant dedicated to revealing π-electron interactions, which can distinguish types of π-
interactions and exhibit their relative strength. Both IRI and IRI-π are implemented in the 
freely available Multiwfn wavefunction analysis program.47 

1.1.4 Binding evaluation in supramolecular systems 
The fundamental quantity describing a host–guest interaction is the association (or 

binding) constant Kₐ, defined as the equilibrium constant for the reversible formation of 
the complex from its free components. For a 1:1 system: 
 

H + G ⇌ HG 𝐾𝐾𝑎𝑎 =
[HG]

[H][G] (3) 

where [H], [G], and [HG] are the equilibrium concentrations of free host, free guest, and 
complex, respectively. For a 1:1 complex, Kₐ has units of M⁻¹ and is related to the 
standard Gibbs free energy of binding through ΔG° = −RT ln Kₐ, providing a direct 
thermodynamic measure of complex stability. 

When more than one host or guest can participate, higher order stoichiometries arise. 
The first binding step is identical to equation (3) (now denoted K₁), followed by a second 
step whose form depends on the stoichiometry: for 1:2 (host:guest) systems a second 
guest binds the existing complex: 

HG + G ⇌ HG2 𝐾𝐾2 =
[HG2]

[HG][G] (4) 

while for 2:1 systems, a second host binds instead: 

HG + H ⇌ H2G 𝐾𝐾2 =
[H2G]

[HG][H] (5) 

The interpretation of these stepwise constants must account for both the underlying 
thermodynamics and the statistical degeneracy of the binding sites. The most common 
approach for quantifying host–guest interactions in supramolecular chemistry is a 
titration experiment in which increasing amounts of a guest are added to a solution of 
the host while monitoring changes in a spectroscopic property such as UV-Vis absorption, 
fluorescence emission, or NMR chemical shift.48 The resulting binding isotherm (a plot of 
the observed spectral change against guest concentration, shown in Figure 3) is then 
fitted to a stoichiometric binding model to extract the association constant (Kₐ). In 
addition to spectroscopic techniques, potentiometric titration can be employed when 
binding changes the activity of an electrode-detectable species in solution, most 
commonly the proton activity measured by pH electrodes. Calorimetric titration, most 
commonly isothermal titration calorimetry (ITC), directly measures the heat released or 
absorbed upon complex formation. It enables simultaneous determination of binding 
stoichiometry, Kₐ, and thermodynamic parameters such as enthalpy and entropy, 
without requiring an optical probe.28 

The choice of analytical technique depends on the concentration, binding strength 
and the nature of the spectral response. UV-Vis and fluorescence methods are suited to 
micromolar host concentrations, where signal changes are often large and readily 
quantified, while NMR titrations operate in the millimolar range and provide atom-level 
information about the binding geometry through chemical shift perturbations.48 In all 
cases, the selection of an appropriate binding model (1:1, 1:2, 2:1, or higher 
stoichiometries) is critical and should be guided by systematic comparison of residuals 
across models rather than by assumption. The pattern of residuals is itself diagnostic: 
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randomly scattered residuals indicate an appropriate model, whereas systematic, non-
random trends (for example, sinusoidal deviations) signal that the chosen model fails to 
describe the data, regardless of the apparent quality of the isotherm fit (Figure 3). A 
persistent bias in the supramolecular chemistry literature toward 1:1 binding models 
often leads to the neglect of higher-order aggregates. Fitting a 1:2 system to a 1:1 model 
can yield physically meaningless apparent association constants that deviate by an order 
of magnitude or more from the true values.49 

 
Figure 3 Examples of fitting by the online tool Bindfit (supramolecular.org) using a 2:1 binding 
model for trifluoroacetic acid titrated by cycHC[6] at different concentrations. Upper graphs show 
experimental points (black crosses) and fitted binding isotherm (red dashed line); lower graphs 
show residuals (distance between the experimental value and fitted isotherm). A) 2 mM 
trifluoroacetic acid, authors obtained a good fit and K1obs = 928 ± 17 M−1 and K2obs = 501 ± 38 M−1. 
However, for (B) 18 mM trifluoroacetic acid, authors obtained a poor fit reflecting the inappropriate 
binding model (K1obs = 0.04 ± 0.01 M−1, K2obs = 228544 ± 21727 M−1). Reproduced from reference50 
under CC BY 4.0. 

A key methodological requirement is the use of non-linear regression rather than 
linearised methods such as the Benesi–Hildebrand or Scatchard plots, which introduce 
distorted error distributions through data transformation and can yield unreliable 
constants.28 Global analysis (the simultaneous fitting of multiple datasets from a single 
titration, e.g., absorbance at several wavelengths) reduces parameter uncertainty and 
increases the likelihood of identifying the true best-fit solution.48 

Hibbert and Thordarson subsequently demonstrated that the Job plot (continuous 
variation method), long used to determine binding stoichiometry, is inappropriate for 
most problems in host–guest chemistry, and recommended instead the systematic fitting 
and testing of all reasonable binding models as the preferred approach for stoichiometry 
determination.51 The same authors developed a set of best-practice protocols for data 
analysis in supramolecular chemistry, including rigorous uncertainty estimation and 
transparency in methodology, and introduced the open-access web platform 
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supramolecular.org (BindFit) to standardise the fitting of titration data across the 
community.48,51 

When a host contains multiple binding sites, the observed binding behaviour must be 
interpreted in terms of cooperativity: the extent to which occupation of one site 
influences the affinity of subsequent sites. Hunter and Anderson provided a foundational 
framework for analysing cooperativity in supramolecular systems, highlighting that the 
chelate effect is a major origin of positive cooperativity in self-assembled structures and 
that its importance had often been underestimated.52 Apparent changes in stepwise 
binding constants must be evaluated against a statistical (non-cooperative) reference 
state. In a purely statistical system with identical independent binding sites, the ratio of 
successive binding constants is governed solely by degeneracy factors rather than 
intrinsic changes in affinity. For example, a host with two identical independent sites 
exhibits K₁/K₂ = 4 for purely statistical reasons. Deviations from this ratio indicate positive 
cooperativity (K₁/K₂ < 4) or negative cooperativity (K₁/K₂ > 4).52 

Von Krbek, Schalley, and Thordarson subsequently proposed a systematic 
classification of cooperativity in supramolecular systems into four categories: 
cooperative aggregation (e.g., supramolecular polymerisation), intermolecular 
(allosteric) cooperativity, intramolecular (chelate) cooperativity quantified via effective 
molarity, and interannular cooperativity in multiring or cage architectures.53 Each type 
can be analysed thermodynamically by comparing experimentally determined stepwise 
binding constants with those predicted by the statistical model, yielding quantitative 
cooperativity factors. The same review emphasises that ITC remains underutilised in 
supramolecular chemistry despite its particular power for dissecting cooperative 
phenomena through direct measurement of enthalpic and entropic contributions.53 

1.2 Chirality in Supramolecular Systems 

1.2.1 Fundamentals of molecular and supramolecular chirality 
Chirality, derived from the Greek word cheir meaning hand, describes the geometric 
property of an object that is non-superimposable on its mirror image. Enantiomers are 
identical in all scalar physical properties, yet they interact differently with polarised light 
and biological receptors. This distinction has practical consequences in pharmacology1,54 
and in food science, where the enantiomers of carvone, for example, are perceived as 
entirely different odours.55 Similar claims have been made for limonene, although in 
some studies the reported differences were attributed partly to trace impurities.56 
Molecular chirality takes several distinct forms. Central chirality arises from a tetrahedral 
stereogenic atom bearing four distinct substituents, as in alanine (Figure 4 panel A) and 
ibuprofen, whose enantiomers differ significantly in pharmacological activity. Axial 
chirality occurs when groups on either side of a stereogenic axis cannot interconvert by 
rotation, as in the BINAP scaffold57 (Figure 4 panel B) and chiral allenes58. Planar chirality 
is exhibited by molecules in which a substituent pattern on a planar unit cannot be 
superimposed on its mirror image due to restricted interconversion of the two faces, 
exemplified by cyclophanes59 (Figure 4 panel C) and ferrocenes60. Helical chirality 
describes molecules such as [n]helicenes61 (Figure 4 panel D) and chiral polyisocyanates62 
that adopt P or M screw configurations. 

https://livettu.sharepoint.com/sites/Riinasgroup2-Groupfiles/Shared%20Documents/Group%20files/Monthly%20reports/Marko/Thesis/supramolecular.org
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Figure 4 Representative examples of molecular chirality arising from different structural features: 
(A) central chirality in L-alanine, (B) axial chirality in (R)-BINAP, (C) planar chirality in (Sp)-4-
amino[2.2]paracyclophane, and (D) helicity-based chirality in (P)-[6]helicene. 

Supramolecular chirality arises from the non-covalent assembly of molecules into 
larger structures that can exhibit chirality even when the individual components are 
achiral. A key feature is amplification: small chiral biases, or spontaneous symmetry 
breaking in initially achiral systems, are reinforced through cooperative interactions, 
leading to strongly chiral architectures at larger length scales.63 Helical aggregates are 
among the most studied manifestations. Meijer and co-workers demonstrated in 
oligo(phenylene vinylene) systems that small quantities of a chiral monomer bias the 
helical sense of an entire achiral aggregate, the "sergeant-and-soldiers" effect.64 Chiral 
self-assembly encompasses larger architectures such as cages: Fujita and co-workers 
showed that achiral Pd(II) ions and bis-pyridine ligands self-assembled into chiral Pd30L60 
spheres.65 At the mesoscale, Feringa and co-workers demonstrated that molecular motor 
dopants reversibly switch the handedness of cholesteric liquid crystal phases through 
light-driven conformational change.66 

1.2.2 Experimental characterization methods 
Chiroptical spectroscopy comprises a family of techniques that measure how chiral 
molecules interact differently with right- and left-circularly polarised light, giving direct 
access to stereochemical information that conventional spectroscopy cannot provide. 
Historically, the field began with optical rotatory dispersion (ORD), which measures the 
wavelength dependence of optical rotation. ORD was developed into a practical 
structural tool for organic stereochemistry by Djerassi and co-workers in the 1950s–
60s.67 ORD was largely superseded by electronic circular dichroism (ECD), which 
measures the differential absorption of left- and right-circularly polarised light across 
electronic transitions in the UV-visible range. A chiral molecule, or an achiral molecule in 
a chiral environment, generates a Cotton effect (a single peak or bisignate feature) at 
each electronic transition.68 When two chromophores are held in close proximity within 
a chiral framework, their transition dipole moments interact through space in a 
phenomenon called exciton coupling. This produces a characteristic bisignate Cotton 
effect whose zero crossing coincides with the absorption maximum of the coupled 
transitions. The sign of the couplet directly encodes the absolute configuration of the 
governing chiral element, as formalised by Harada and Nakanishi (Figure 5).69  
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Figure 5 (A) Schematic illustration of an exciton couplet exhibiting a negative first and positive 
second Cotton effect (negative couplet), where the zero crossing coincides with the absorption 
maximum. (B) Orientation of the Soret band electronic transitions (B∥ and B⊥) in a left-handed 
screw arrangement, showing how the coupling of split B∥ and B⊥ transitions gives rise to the 
negative first and positive second Cotton effects. B panel adapted with permission from reference70. 
Copyright 2004 American Chemical Society. 

The quantitative measure of chiroptical efficiency is the dissymmetry factor (equation 
(6), where "∆A" is difference in absorbance between left- and right-circularly polarised 
light and “A” is the total absorbance) introduced by Kuhn, which is dimensionless and 
concentration-independent, making it the standard metric for comparing chiroptical 
responses across systems.71 CD spectrometers measure ellipticity (θ) directly in 
millidegrees (mdeg), which is related to ΔA by ΔA = θ/32980; the two are directly 
proportional and interconvertible. 

 
g=

∆A
A

=
∆ε
ε

 (6) 

ECD is most commonly performed in solution, although solid-state measurements on 
KBr pellets or thin films can enhance signals through aggregation and intermolecular 
exciton coupling. Solid-state ECD is particularly valuable for systems whose chiroptical 
properties are intrinsic to the assembled state, such as chiral aggregates, coordination 
polymers, and films, and that cannot be fully reconstructed from solution measurements. 
The KBr pellet technique, in which the sample is finely ground and pressed with 
potassium bromide into a transparent disc, is the most common preparation method 
because the resulting matrix randomises crystallite orientation and minimises 
macroscopic anisotropy.72 However, solid-state samples are intrinsically anisotropic. In 
oriented or scattering samples, three additional optical phenomena can mix into the 
measured signal and mimic genuine CD (circular dichroism): linear dichroism (LD, the 
differential absorption along perpendicular sample axes), linear birefringence (LB, the 
corresponding differential refractive index), and circular birefringence (CB, equivalent to 
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optical rotation). Shindo and Nishio demonstrated that solid-state CD spectra of Congo 
red dye bound to regenerated cellulose were dominated by linear dichroism artifacts 
rather than genuine circular dichroism.73 Subsequent work showed that simultaneous 
measurement of linear dichroism, linear birefringence, and circular birefringence is 
necessary to ensure artifact-free solid-state CD.72,74,75 

Vibrational circular dichroism (VCD) is the infrared analogue of ECD. It probes local 
bond geometries and connectivities rather than delocalised electronic transitions, 
providing structural information that is highly complementary to ECD. Combined with 
quantum-chemical calculations, VCD is particularly powerful for determining absolute 
configurations.76 In supramolecular systems, VCD can independently monitor specific 
functional groups within a complex, allowing the spatial extent of chirality transfer to be 
mapped across the assembly. VCD spectra reflect the conformational distribution of the 
sample, so conformationally restricted complexes give cleaner and more easily 
interpreted spectra than flexible molecules.77 Raman optical activity (ROA), the Raman 
analogue of VCD, provides further complementary structural information though it 
remains less commonly applied in supramolecular chemistry.78 Although applications of 
VCD to supramolecular complexes remain less developed than those of ECD, the 
technique has been successfully used to characterise chiral porphyrin conformers, chiral 
porphyrin aggregates, and host–guest assemblies based on chiral porphyrin cages. Like 
ECD, VCD can be measured in the solid state from KBr pellets, where rigidification of the 
assembly often produces sharper, more intense bands than the corresponding solution 
spectra.79–81 

Circularly polarised luminescence (CPL), which probes excited-state geometry through 
differential emission of circularly polarised light, has found growing application in 
helicene-based emissive materials82 as well as supramolecular chiroptical sensing83. Its 
quantitative metric, the luminescence dissymmetry factor glum, is the emission analogue 
of the ECD g-factor and is similarly dimensionless and concentration-independent. 

1.2.3 Induced chirality in non-chiral chromophores 
Induced circular dichroism (ICD) refers to the emergence of CD signals in an achiral 
chromophore upon interaction with a chiral entity through non-covalent forces. The 
phenomenon was first reported in the 1960s, when it was observed that achiral 
molecules dissolved in chiral solvents displayed CD signals at their achiral UV-vis 
absorption bands.84,85 These early observations showed that chirality can be 
communicated to an achiral chromophore through its immediate molecular 
environment, without any covalent modification. 

The theoretical framework for interpreting such signals was subsequently developed 
by Harada and Nakanishi through the exciton chirality method, which provided a rigorous 
basis for relating the sign and shape of bisignate ECD signals to the spatial arrangement 
of interacting chromophores and the absolute configuration of the governing chiral 
element.69 Borovkov, Inoue and co-workers systematically developed ICD into a practical 
supramolecular tool using metalloporphyrins. They showed that enantiopure chiral 
guests bound to achiral zinc bisporphyrins through axial coordination induce strong, 
reproducible ECD signals via conformational restriction and interporphyrin exciton 
coupling. This work introduced the term supramolecular chirogenesis.86 The general 
design principles governing such host–guest chiroptical responses were comprehensively 
reviewed by Hembury, Borovkov and Inoue.87 
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The scope of supramolecular chirogenesis extends well beyond porphyrin systems. 
Xie, Würthner and co-workers demonstrated that atropo-enantiomeric perylene 
bisimides form chiral J-aggregates with intense bisignate ECD signals, with the aggregate 
handedness templated by the axial chirality of the perylene core.88 Matile, Berova, 
Nakanishi and co-workers showed that porphyrin chromophores attached to steroids as 
bichromophoric reporters produced reliable exciton-coupled ECD signals for absolute 
configuration determination at remote stereocentres.89 They subsequently showed that 
porphyrins positioned at the termini of dimeric steroids and brevetoxin B can sustain 
exciton coupling over interchromophoric distances of up to ~50 Å.90  More recently, 
Sasafuchi, Yoshizawa and co-workers demonstrated remote chirality transfer via helical 
polyaromatic capsules, where encapsulation of achiral guests induced ECD signals 
propagated through the capsule framework.91 Similarly, Benchimol, Clever, 
Gunnlaugsson and co-workers reported ICD on encapsulated fullerenes C₆₀ and C₇₀ 
within chiral Pd₂L₄ cages.92 

1.3 Porphyrins and Macrocyclic Hosts in Supramolecular Chemistry 

1.3.1 Porphyrins and Metalloporphyrins 
Porphyrins, often called the "pigments of life," are widespread in nature, occurring in 
organisms from bacteria to plants and animals. The name "porphyrin" is derived from 
the Greek word porphyra, meaning purple, a reference to the intense colour associated 
with these compounds. They are fundamental to life: the porphyrin ligand binds iron to 
form heme, the active site of haemoglobin responsible for oxygen transport in blood, 
and binds magnesium to form chlorophyll, the primary driver of photosynthesis in plants. 
The tetrapyrrolic family extends beyond heme and chlorophyll: vitamin B12 (a corrin 
containing cobalt, essential for carbon-skeleton rearrangements and methylation 
reactions) and cofactor F430 (a corphin containing nickel, the active cofactor in 
methanogenesis).93–95  

From a structural perspective, porphyrins are aromatic tetrapyrrolic macrocycles 
composed of four pyrrole subunits linked at their α-positions by methine bridges to form 
a highly conjugated, planar macrocyclic framework (Figure 6). Their aromatic character 
arises from an 18 π-electron conjugation pathway satisfying Hückel's (4n + 2) rule (n = 4). 
Vogel94,96 articulated a unifying conceptual framework recognising porphyrin as a 
diaza[18]annulene, which underpins the entire family of porphyrinoid macrocycles. 

 
Figure 6 Structure of the free-base porphine (porphyrin) macrocycle, with the meso- and β-pyrrolic 
positions indicated. 
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The optical properties of porphyrins are governed by transitions within the delocalised 
π system and are well described by the four-orbital model introduced by Gouterman (see 
section 1.3.2).97,98 

The porphyrin macrocycle contains four inwardly directed nitrogen atoms arranged in 
a square-planar N₄ cavity capable of coordinating a broad range of metal ions through 
displacement of the two inner N–H protons.99 Most metals across the periodic table can 
be inserted into porphyrins, as illustrated by the "periodic table of metalloporphyrins" 
(Figure 7). Metallation preserves the aromatic character of the macrocycle whilst 
introducing coordination and redox properties dictated by the electronic configuration 
and oxidation state of the central metal, establishing metalloporphyrins as building 
blocks in supramolecular chemistry, catalysis, and sensing. 98–102 

This work is concerned principally with the magnesium(II) and zinc(II) complexes of 
meso-tetraphenylporphyrin, MgTPP and ZnTPP. MgTPP is the simplest fully synthetic 
analogue of the magnesium-centred tetrapyrrolic coordination unit found in chlorophyll. 
ZnTPP is not naturally occurring either, but it has become one of the most extensively 
studied metalloporphyrins because of its chemical stability, synthetic accessibility, and 
favourable photophysical and electrochemical properties.104 Both metals have closed-
shell electron configurations: Mg²⁺ has [Ne] and Zn²⁺ has [Ar]3d¹⁰. Their complexes are 
therefore diamagnetic and easier to study than paramagnetic (open-shell) systems, in 
which the unpaired electrons cause line broadening in NMR and quench fluorescence. 

Despite their differing d-electron counts, Mg²⁺ (d⁰) and Zn²⁺ (d¹⁰) exhibit closely 
related coordination behaviour in the porphyrin environment. Neither configuration 
carries an electronic preference for five-coordination, yet both ions are large enough to 
be displaced from the N₄ mean-plane, giving rise to C₄ᵥ square-pyramidal monoadducts 
with a single axial ligand; Hoard has argued that this geometry is imposed by the 
dimensional constraints of the porphinato core rather than favoured electronically.105 
Solution equilibrium studies are consistent with this picture: the first pyridine ligand 
binds with log K₁ ≈ 3.6 to both MgTPP and ZnTPP in DCM106,107 but binding of a second 
axial ligand (which would require the metal to move back into the porphyrin plane) is 
thermodynamically unfavourable. For ZnTPP, no six-coordinate adduct is detected with 
pyridine,107 whilst for MgTPP a weak second binding is still measurable (K₂ ≈ 0.2 M⁻¹ for 
pyridine).103,106 The five-coordinate geometry also stabilises the axial bond itself: in five-
coordinate MgTPP·pyridine the Mg–N(py) distance is approximately 2.14 Å, whereas in 
the six-coordinate bis(pyridine) adduct the Mg moves back towards the porphyrin plane 
and the axial bond elongates to 2.34 Å, reflecting the geometric cost of accommodating 
two axial ligands simultaneously.105 

Li            B   

Na Mg           Al Si  

K Ca Sc Ti V Cr Mn Fe Co Ni Cu Zn Ga Ge As 
Rb Sr Y Zr Nb Mo Tc Ru Rh Pd Ag Cd In Sn Sb 
Cs Ba La Hf Ta W Re Os Ir Pt Au Hg Tl Pb Bi 

     Pr Eu Yb         
   Th            

Figure 7 The periodic table of metals that form metalloporphyrins (Metals which are inserted by 
Nature are coloured green). Adapted from reference103. 
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The two metals differ markedly in their affinity for oxygen donors. Mg²⁺ ranks 
considerably more oxophilic than Zn²⁺ (0.6 vs 0.2 on Kepp's quantitative scale)108, and 
this is confirmed experimentally — MgTPP readily coordinates water, alcohols, and 
carbonyl oxygens, crystallising as an aquo adduct under ambient conditions,106 whereas 
ZnTPP binds methanol only weakly (K ≈ 7.3 M⁻¹ in chloroform109; K ≈ 10.7 M⁻¹ in DCM,  
Publication I). 

The porphyrin ring system offers two peripheral sites for functionalisation, the meso 
positions and the β-pyrrolic positions (Figure 6), allowing systematic tuning of solubility, 
electronic properties, and binding affinity.94,110 Peripheral substituents at the meso and 
β-pyrrolic positions perturb the energies of the frontier molecular orbitals, with the 
nature and position of the substituent governing the direction and magnitude of the 
resulting shifts in the Soret and Q bands.97 Sterically demanding β-pyrrolic substituents 
can distort the macrocycle from planarity through nonplanar deformation modes 
(saddling, ruffling, and doming), each modifying the optical and redox properties in 
characteristic ways.111,112 

1.3.2 Structural and spectroscopic features of porphyrins 
The characteristic visible absorption of metalloporphyrins arises from their frontier 
molecular orbital structure, described by Gouterman's four-orbital model:97 two nearly 
degenerate HOMOs of a₁ᵤ and a₂ᵤ symmetry and two degenerate LUMOs of eᵍ symmetry. 
Mixing of these configurations between the two resulting excited states produces two 
observable transitions of markedly different intensity: a strongly allowed transition 
giving rise to the intense Soret (B) band near 400 nm with molar absorption coefficients 
exceeding 10⁵ M⁻¹ cm⁻¹, and a weakly allowed transition producing the Q bands in the 
500–700 nm region, whose low intensity reflects near-complete cancellation of the 
contributing transition dipole moments.97 The Soret band is named after Jacques Louis 
Soret, who first described it in 1883; the B and Q band notation was introduced by Platt 
in 1949.113 

Free-base porphyrins possess D₂ₕ symmetry imposed by the two inner N–H protons, 
which differentiates the x and y molecular axes (the two N–H–bearing pyrroles versus 
the two imine pyrroles), lifts the degeneracy of the eᵍ LUMOs, and generates four distinct 
Q bands designated Qₓ(0,0), Qₓ(1,0), Qy(0,0), and Qy(1,0).97 Upon metallation, the inner 
protons are displaced, all four pyrroles become equivalent, and the symmetry rises to 
D₄ₕ. The two LUMO components become degenerate, and the Q-band manifold collapses 
to two transitions, Q(0,0) and Q(1,0), accompanied by a characteristic increase in Soret 
band intensity and a red shift in its position.97,98 This collapse from four to two Q bands 
is routinely used to confirm metal insertion and to assess metalloporphyrin purity, and is 
well illustrated in the comparative spectra reported by Gouterman97 and in numerous 
subsequent studies across the porphyrin literature.114 

Metalloporphyrins are also fluorescent, with emission typically from the S1 state in the 
600–700 nm region. Several metalloporphyrins, including ZnTPP and MgTPP, additionally 
exhibit emission from the S2 state, which is unusual as most molecules relax non-
radiatively from higher excited states to S1 before emission occurs.114,115 
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Figure 8 Room-temperature absorption (blue) and emission (red, dashed) spectra of H₂TPP (A) and 
ZnTPP (B) in toluene. The 450–700 nm region of the absorption spectra is shown ×25 vertically 
expanded; emission spectra are normalised to the strongest band. The lower (D₂ₕ) symmetry of 
free-base H₂TPP gives rise to four Q-bands — Qx(0,0), Qx(1,0), Qy(0,0), Qy(1,0) — while the D₄ₕ 
symmetry of ZnTPP yields only two, Q(0,0) and Q(1,0). Molecular axes (x, y) for H₂TPP are indicated. 
Adapted from reference114. Copyright (2021), with permission from Elsevier.  

The Soret band position is sensitive to the identity of the coordinated metal and the 
nature of peripheral substituents. Electron-donating metal centres shift the Soret band 
bathochromically (red shift) relative to the free base, whilst strongly electron-
withdrawing centres produce hypsochromic shifts (blue shift), reflecting changes in the 
HOMO–LUMO gap.97 Axial ligand coordination to zinc(II) or magnesium(II) 
metalloporphyrins induces further red shifts of both the Soret and Q bands, typically of 
2–5 nm. These shifts are routinely used to determine association constants by 
spectrophotometric titration in porphyrin-based host–guest chemistry.98,99 

Porphyrins are also strong chromophores for circular dichroism (CD) spectroscopy, an 
area developed by Nakanishi, Berova, and co-workers.89,98 When two porphyrin units are 
held in a chiral arrangement, either through covalent linkage or non-covalent host–guest 
assembly, the intense Soret band gives rise to a bisignate exciton-coupled CD couplet. 
The amplitude of this couplet scales with the square of the molar absorption coefficient 
and with the interchromophoric distance, making porphyrins among the most sensitive 
reporter groups for CD-based structural analysis; reliable measurements have been 
reported at concentrations as low as 10⁻⁸ M by conventional CD and 10⁻¹⁰ M by 
fluorescence-detected CD (FDCD).98 The sign of the couplet, defined by the first Cotton 
effect at longer wavelength, reflects the sense of helical twist between the electric 
transition dipole moments of the two porphyrin chromophores and allows non-empirical 
assignment of absolute configuration without reference to model compounds.98  

Finally, ¹H NMR spectroscopy provides complementary structural information through 
the large diamagnetic ring current of the aromatic porphyrin macrocycle. This shifts 
protons located above or below the macrocycle plane strongly to lower frequency 
(typically –2 to –4 ppm for the inner NH protons of free-base porphyrins) and peripheral 
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β-pyrrolic and meso protons to higher frequency (typically 8–10 ppm).99,103 This effect is 
diagnostically sensitive to π–π stacking interactions between porphyrin units and to the 
binding of guests within porphyrin cavities, and has been used to confirm intramolecular 
porphyrin–porphyrin stacking in bis-porphyrin derivatives through the characteristic 
splitting of aromatic ¹H NMR signals.70 

1.3.3 Bisporphyrins 
Bisporphyrins (also called diporphyrins) consist of two porphyrin macrocycles held within 
a single molecular entity, and are commonly classified by how the two cores are 
connected. In directly linked systems the two macrocycles share one or more covalent 
bonds between their peripheral atoms: meso–meso singly-linked, doubly (meso–β), or 
fully fused "porphyrin tape" arrays, an area studied by Osuka and co-workers.70,116 In 
linker-connected systems the two porphyrins are tethered through an external spacer. 
Rigid aromatic scaffolds such as anthracene, xanthene, dibenzofuran, or biphenyl 
enforce cofacial "face-to-face" or "Pacman" geometries, while flexible aliphatic tethers 
and alkyne/butadiyne bridges allow conformational freedom.70,117,118 In supramolecular 
bisporphyrins the two units are not covalently joined but held together by non-covalent 
forces such as hydrogen bonding, π-stacking, or metal–ligand coordination.118,119 
Bisporphyrins are also useful reporters for the exciton chirality method.69 The intense 
Soret (B) transition of each porphyrin (ε ≈ 10⁵ M⁻¹ cm⁻¹) gives strong through-space 
exciton coupling whenever the two macrocycles adopt a non-coplanar, chiral 
arrangement.89,118 The classic system here is the ethane-linked bis(zinc(II) 
octaethylporphyrin), hereafter bis-ZnOEP, developed by Borovkov, Inoue and co-workers 
as a flexible "tweezer" host whose two zinc centres bind guest ligands and translate their 
point chirality into a CD-active twist between the two porphyrin planes.70,86 
 

 
Figure 9 Conformations of the bis(zinc octaethylporphyrin) (bis-ZnOEP) host: the syn (closed) form, 
the tweezer form induced by coordination of a binodentate ligand (L), and the fully opened anti 
form stabilised by binding of two ligands (2L). Adapted with permission from reference70. Copyright 
2004 American Chemical Society. 
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1.3.4 Cucurbiturils and hemicucurbiturils 
Cucurbit[n]urils (CB[n]) are a family of barrel-shaped macrocyclic hosts composed of 
glycoluril units linked by pairs of methylene bridges, with two identical carbonyl-lined 
portals and a hydrophobic inner cavity. The parent CB[6] (Figure 10) was first obtained 
by Behrend in 1905,120 but its structure remained unresolved until Mock's reinvestigation 
in 1981,121 and the homologous series CB[5]–CB[8] was reported by Kim et al. around the 
turn of the millennium.122 The family has since been extended to CB[10] and to the larger 
twisted homologues tCB[13], tCB[14], and tCB[15], which adopt figure-of-eight 
geometries rather than the conventional barrel.123–125 CB[n]s bind cations and neutral 
guests with high affinities in aqueous media, with association constants reaching 10¹⁵ M⁻¹ 
for CB[7] complexes,126 through a combination of ion–dipole interactions at the carbonyl 
portals and hydrophobic encapsulation inside the cavity. CB[n]s have since become 
central to supramolecular catalysis, drug delivery, and sensing.127 

Hemicucurbit[n]urils (HC[n]) differ from CB[n]s in a single but consequential structural 
feature: only one methylene bridge connects adjacent urea moieties instead of two. As 
a result, neighbouring urea units are forced into opposite orientations around the 
macrocyclic belt, with their carbonyl groups pointing alternately up and down. The first 
hemicucurbituril, HC[6] (Figure 10), was reported by Miyahara in 2004,128 and the family 
has since been extended by Sindelar's bambus[n]urils129 and related single-belt 
architectures. Unlike CB[n]s, hemicucurbiturils bind anions rather than cations, with 
selectivity governed by anion size, shape, and charge distribution rather than simple 
hydrophobic fit.130 

 
Figure 10 Structures of cucurbit[6]uril, hemicucurbit[6]uril, and (R,R)-cyclohexanohemi-
cucurbit[6]uril, illustrating the structural relationship between the parent and its analogues. 

A limitation of the parent CB[n] and HC[n] families is that they are achiral. Introducing 
inherent chirality has proved challenging. Enantiopure variants remained rare until Aav 
and co-workers developed the template-controlled synthesis of 
cyclohexanohemicucurbit[n]urils (cycHC[n]), in which each urea-based monomer is fused 
to a (R,R)- or (S,S)-cyclohexane ring. The ring size is controlled by the templating anion 
employed during macrocyclisation: chloride templates favour cycHC[6] (Figure 10),131 
larger anions such as hexafluorophosphate direct the assembly towards cycHC[8].132 
Both cycHC[6] and cycHC[8] have a height of approximately 1 nm, with outer diameters 
of 1.4 and 1.7 nm respectively, and present six or eight outward-pointing carbonyl 
oxygens in the equatorial region that can participate in external binding. 

The binding behaviour of cycHC[n]s is strongly solvent-dependent. In protic media 
such as water and methanol, cycHC[6] and cycHC[8] act as anion receptors, encapsulating 
halides, oxoanions, and related species inside the hydrophobic cavity with selectivity 
governed by size and charge complementarity.133 They also form inclusion complexes 
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with polar organic guests50 and electron-rich heterocycles, the latter enabling selective 
extraction of sulfur compounds from water.134 In non-protic solvents such as 
dichloromethane, however, the cavity remains unoccupied and the outward-facing 
carbonyl oxygens become the dominant binding sites, forming external interactions with 
Brønsted and Lewis acids.50,135 This external binding mode is directly relevant to the 
present work: the electron-rich carbonyl groups of cycHC[n]s are well positioned to 
coordinate to the Lewis acidic metal centres of metalloporphyrins, enabling 
supramolecular self-assembly in which chirality is transferred from the enantiopure host 
to the inherently achiral porphyrin guest.6 Ustrnul and co-workers demonstrated this 
principle in 2019, showing that (R,R)- and (S,S)-cycHC[n]s induce mirror-image ECD 
signals in the Soret region of ZnOEP and ZnTPP through Zn···O=C coordination,6 and 
subsequent work extended the concept. These porphyrin–cycHC[n] systems form the 
supramolecular platform explored throughout this thesis. 

1.4 Supramolecular Sensing and Material Design 

1.4.1 General principles of sensor and supramolecular sensing  
Chemical sensors are analytical devices that detect and quantify chemical species by 
converting chemical information into a measurable signal. They consist of a sensing 
material (receptor), which interacts with the analyte, and a transducer that converts this 
interaction into an electrical or optical output.102 These devices enable rapid, real-time, 
and on-site monitoring of chemical compounds in applications such as environmental 
control, healthcare, and food safety.136 The sensing mechanism relies on changes in 
physical properties of the sensing material upon analyte interaction. In optical sensors, 
these include variations in absorbance, fluorescence or emission, as well as other optical 
parameters such as refractive index and reflectivity, while other sensor types may 
measure changes in conductivity, mass, or electrochemical properties.137,138 An 
additional advantage of optical sensing is that the transducer and sensing element can 
be physically separated. 
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Figure 11 Logical structure of a chemical sensor. Analytes interact with the sensing material and 
change one or more of its physical properties (such as temperature ΔT, mass Δm, conductivity Δσ, 
work function ΔΦ, refractive index Δn, or permittivity Δε). The transducer is an electronic device 
that converts the changed property into a variation of one of its electrical parameters (here 
capacitance ΔC, inductance ΔL, or resistance ΔR). The connected electronics then produce the final 
electrical signal, which can be measured as a current or voltage in terms of magnitude, frequency, 
or phase. Reproduced with permission from reference102. Copyright © 2016 American Chemical 
Society. 

Two key performance parameters are sensitivity and selectivity. Sensitivity refers to 
how strongly the sensor signal changes with analyte concentration, determining the 
detection limit, while selectivity describes the ability to distinguish a target analyte from 
interfering species in complex mixtures.102 For quantitative applications, a well-defined 
and reproducible relationship between signal and concentration is additionally required. 
Achieving high sensitivity and selectivity depends on the properties of the sensing 
material. Among these, porphyrins are widely used in chemical sensors because of their 
structural and optical properties. They possess a large π-conjugated aromatic system and 
can undergo reversible binding interactions, catalytic processes, and optical or 
electrochemical changes upon analyte interaction.102 Their optical properties, including 
intense, spectrally narrow light absorption and fluorescence, enable high sensitivity, 
while their chemical structure can be easily modified to tune selectivity toward specific 
analytes.137 Furthermore, porphyrins can coordinate metal ions and interact with 
analytes through various mechanisms such as π–π interactions or axial coordination, 
enhancing their versatility in sensing applications.102,137 

An advanced extension of chemical sensing is chiral sensing, which focuses on the 
discrimination of enantiomers. Because enantiomers have nearly identical physical 
properties in achiral environments, their differentiation requires a chiral recognition 
element that forms distinct interactions with each enantiomer, often through non-
covalent forces, creating different binding affinities.139 This molecular recognition must 
be coupled to a transduction mechanism that converts these differences into measurable 
signals. Several transduction approaches, including optical, electrochemical, and mass-
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sensitive techniques such as quartz crystal microbalance (QMB), have been developed 
for this purpose.139 

1.4.2 Quartz crystal microbalance (QMB) 
Quartz crystal microbalances (QMBs) are highly sensitive mass-based sensors that 
operate on the principle of piezoelectricity, enabling the detection of extremely small 
mass changes at surfaces. A typical QMB consists of an AT-cut quartz crystal disc placed 
between two metal electrodes (commonly gold). When an alternating electric field is 
applied, the quartz crystal itself oscillates at a fundamental resonance frequency f₀.140 In 
practice the crystal forms the frequency-determining element of an oscillator circuit, and 
its resonance frequency is read continuously with a frequency counter. The fundamental 
frequency f₀ is a fixed property of the crystal and is not calibrated against an external 
mass standard; instead, the bare crystal is measured before coating to establish a 
baseline, and the analytically meaningful quantity is the shift Δf relative to that baseline. 

 

 
Figure 12 Left: typical quartz crystal microbalance (QMB) used in chemical and biosensing 
applications. Right: schematic of the procedure for estimating the amount of porphyrin deposited 
on the QMB. Adapted from reference141. Copyright (2020), with permission from Elsevier. 

Adsorption of molecules onto the sensor surface increases the oscillating mass, 
causing a proportional decrease in the resonance frequency, a relationship described by 
the Sauerbrey equation (7), forming the basis for quantitative sensing.140,142  

 ∆𝑓𝑓 = −
2𝑓𝑓02

𝐴𝐴𝑞𝑞 ∙ �𝜇𝜇𝑞𝑞𝜌𝜌𝑞𝑞
∙ ∆𝑚𝑚 (7) 

where, Δf is the frequency shift, f0 is the fundamental resonance frequency of the quartz, 
Aq is the quartz surface area, μq is the quartz shear modulus, and ρq is the quartz density. 
The Sauerbrey relation holds if the deposited film is thin, rigid and evenly distributed, 
with a mass small compared with that of the crystal. This direct relationship between 
mass loading and frequency shift allows QMBs to detect nanogram or even sub-
nanogram changes in real time, making them powerful tools for chemical and biological 
sensing.140 The sensing performance is determined by the functional coating applied to 
the electrode surface, which interacts selectively with analytes and translates molecular 
recognition events into measurable frequency shifts. In operation, exposure to an 
analyte vapour shifts the frequency away from baseline; when the analyte flow is 
replaced by clean carrier gas the adsorbed molecules desorb and the frequency returns 
to its pre-exposure baseline. The shift between the baseline and the exposure plateau is 
recorded as the sensor signal. 
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The functional coating can be deposited by several established techniques, described 
in detail by Zhou et al.143 Solvent-based methods dissolve the sensing material in a 
volatile solvent and apply it to the electrode before the solvent evaporates, and include 
drop-casting, dip-coating, spray-coating and spin-coating. Self-assembly approaches 
such as layer-by-layer deposition, chemical vapour deposition and electrochemical 
deposition instead build the film through specific interactions at the surface. In each case 
the deposited mass is small enough to be followed directly from the frequency shift 
through the Sauerbrey relation. The films in this work were prepared by drop-casting and 
spin-coating. In drop-casting the solution is applied to the electrode with a micropipette 
and left to dry, which needs no specialised equipment but lets the solvent evaporate 
unevenly, leaving clustered material and coffee-ring deposits at the droplet edge. In spin-
coating the substrate is mounted on the rotating plate of a spin-coater and the solution 
is dispensed onto it while the plate spins at a set speed, spreading the solution into a 
thin, uniform layer of a thickness governed by the rotation speed. This produces films 
free of the drop-casting artefacts, so spin-coating was preferred where film homogeneity 
mattered for the optical measurements. 

The application of QMBs to chiral sensing dates back to the mid-1990s. One of the 
earliest demonstrations was reported by Ide et al. (1995)144, who showed that quartz-
resonator gas sensors coated with cyclodextrins could discriminate between optical 
isomers of aromatic compounds through differences in frequency shifts arising from 
enantioselective adsorption. Shortly thereafter, May et al. (1997)145  demonstrated 
statistically significant discrimination of monoterpene enantiomers (e.g., α- and β-
pinene) using cyclodextrin-coated QMBs, confirming that preferential host–guest 
interactions lead to measurable differences in frequency response. In the same period, 
Bodenhöfer et al. (1997)146 further advanced the concept by combining mass-sensitive 
quartz resonators with chiral polymer coatings, showing that enantioselective sorption 
leads to distinct and reversible frequency shifts, enabling real-time monitoring of 
enantiomeric composition. Later work, such as that by Fietzek et al. (2001)147, refined 
these approaches by employing sensor arrays and advanced data analysis methods (e.g., 
artificial neural networks) to improve the discrimination of enantiomers like limonene in 
the gas phase. These early studies demonstrated the fundamental principle that chiral 
recognition at the sensor surface can be directly transduced into a measurable mass 
signal. 

A major conceptual advance in QMB-based chiral sensing was the introduction of 
enantiomeric sensor materials, where both enantiomers of the sensing layer are 
employed to form a mirror-symmetric sensing system. As already demonstrated by 
Bodenhöfer et al. (1997)146, the use of enantiomeric polymer coatings ((R)- and (S)-octyl-
Chirasil-Val) enables preferential sorption of matching analyte enantiomers, with 
switching of the analyte leading to a characteristic cross-wise inversion of the sensor 
signals. This dual-sensor strategy improves reliability by enabling differential comparison 
of responses rather than relying solely on absolute signal magnitude. Later work moved 
from polymers to structurally well-defined molecular systems. Self-assembled 
monolayers of the atropisomeric compound 1,1′-binaphthalene-2,2′-dithiol (BNSH) were 
immobilised on gold-coated QMB crystals, forming ordered mirror-image chiral surfaces 
for the (R)- and (S)-enantiomers.148 These monolayers showed enantioselective 
adsorption of amino acids such as phenylalanine, with the QMB response falling into two 
distinct kinetic classes depending on whether analyte and surface chirality matched.148 
Monolayers gave finer control over surface chirality than polymers and more 
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reproducible host–guest interactions. Modern chiral QMB sensors build directly on this 
enantiomeric-pair principle. 

1.4.3 The Electronic Nose Concept and Chemometric Analysis 
Achieving high selectivity with a single chemical sensor is intrinsically difficult, because 
most receptors respond to a range of analytes rather than to one specific target. 
Biological olfaction overcomes this limitation through combinatorial coding: many 
olfactory receptors respond to multiple odorants with different affinities, and 
discrimination among thousands of distinct odorants emerges from the global pattern of 
activation across many receptors rather than from individual receptor specificity.149 
Artificial olfaction systems (commonly called electronic noses) apply the same principle. 
They use arrays of partially selective sensors whose combined responses constitute a 
chemical fingerprint for each analyte.150 

The response patterns produced by sensor arrays are multidimensional and therefore 
require chemometric methods for interpretation. Linear discriminant analysis (LDA) is a 
supervised dimensionality-reduction and classification method that uses samples with 
known class labels to construct linear discriminant functions. The basic function of LDA 
is to reduce the distances present within-class while increasing the distances between 
different classes. In this way, the original sensor responses are projected into a lower-
dimensional discriminant space where class separation is maximised and within-class 
spread is minimised. In a problem with k classes, LDA can reduce the data to at most k − 
1 discriminant dimensions, and the resulting discriminant functions or canonical 
variables can be visualised in scatter plots to assess class separation. The trained model 
can then be used to classify unknown samples. LDA formally assumes approximately 
normal class distributions and comparable covariance structures, so its performance 
should be evaluated by validation rather than by visual separation alone.151–153 

Porphyrin-based sensor arrays have been widely used to discriminate complex volatile 
organic compound (VOC) mixtures, exploiting the structural tunability of the porphyrin 
macrocycle to generate partially overlapping selectivity profiles.102 Extending this 
approach to chiral analytes is more demanding, because individual sensors show only a 
small difference in response between enantiomers. The array approach, combined with 
suitable normalisation, can recover chiral information from these small differences; this 
is the idea developed in Publication III. 
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2 Motivation and aims for work 
Cyclohexanohemicucurbit[n]urils (cycHC[n]) are a family of enantiopure macrocycles 
whose outward-pointing carbonyl oxygens act as Lewis-base donors to the 
metalloporphyrin centre. Enantiopure cycHC[n] were first shown to transfer chirality to 
achiral zinc porphyrins through external M···O coordination, producing induced circular 
dichroism in the porphyrin Soret region. This established a chirogenesis platform built 
from synthetically simple, modular components. The scope of the chirogenesis, however, 
remains insufficiently mapped. It is not known how robustly the external M···O binding 
mode survives variation of the porphyrin periphery, core planarity, or metal centre, nor 
how the resulting complexes organise in the solid state. The interaction of cycHC[n] with 
bis-porphyrin hosts capable of tweezer-type encapsulation is even less explored. Finally, 
although solid-state chiroptical enhancement makes cycHC[n]·metalloporphyrin films an 
appealing class of functional materials, no chiral sensor based on these adducts had been 
reported at the start of this work. Enantioselective sensing is relevant across 
pharmaceutical quality control, food and fragrance analysis, and environmental 
monitoring, yet existing chiral sensors typically require lengthy synthesis of highly 
specific receptors. The modular cycHC[n]·metalloporphyrin platform offers a low-effort 
route to practical and portable chiral detection devices. 

The specific aims of the current work were: 
• to investigate the scope of cycHC[n]·metalloporphyrin self-assembly across a 

library of nine achiral metalloporphyrins varying in peripheral substituents, core 
planarity, and metal centre, by measuring association constants in solution and 
obtaining single-crystal X-ray structures of the resulting complexes 

• to characterise the chiroptical response of the complexes by electronic circular 
dichroism in solution and in the solid state, and to rationalise the differences in 
binding strength and solid-state architecture observed across the porphyrin 
library 

• to extend the study to bis(zinc octaethylporphyrin) (a bis-porphyrin host known 
for its strong chirogenic response upon forming tweezer complexes with 
bidentate guests), and to determine the binding mode, stoichiometry, and 
induced CD signal with cycHC[6] and cycHC[8] 

• to exploit cycHC[8]·metalloporphyrin adducts as chiral coatings on quartz crystal 
microbalances, and to develop a normalisation protocol based on virtual 
racemic references that enables enantiorecognition of volatile chiral analytes 
by arrays of enantioselective sensors at unknown concentration 
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3 Results and discussion 
This section presents the results of three interconnected studies. Section 3.1 (publication 
I) maps the scope of cycHC[n]·metalloporphyrin self-assembly across a library of 
porphyrins, establishing the binding modes, crystal structures, and chiroptical properties 
of 1:1 complexes. Section 3.2 (publication II) extends this to bis-ZnOEP, a tweezer-type 
host capable of encapsulating chiral guests, revealing time-dependent and size-selective 
binding behaviour. Section 3.3 (publication III) translates the solid-state chiroptical 
properties of cycHC[n]·metalloporphyrin films into a functional enantioselective sensor 
array, demonstrating chiral recognition of volatile analytes through a novel virtual 
racemic normalisation strategy. 

3.1 Solution and Solid-State Self-Assembly of a Library of 
Metalloporphyrins with Chiral Cyclohexanohemicucurbit[n]urils 
(Publication I) 
Mapping the scope of a supramolecular chirogenesis platform requires systematic 
variation of both binding partners across a deliberately broad range of structures. In 2019 
Ustrnul et al. showed that enantiopure cycHC[n] macrocycles bind achiral zinc porphyrins 
externally through Lewis acid–base interactions between the porphyrin metal centre and 
the cycHC[n] urea oxygens, and that this interaction induces detectable circular 
dichroism in the porphyrin Soret band.6 Two questions left open by this earlier report 
motivated the broader study presented in this section. First, how general is this binding 
mode and can it be extended across the metalloporphyrin family with variations in 
peripheral electronic character, core planarity, and the metal cation itself? Second, what 
supramolecular assemblies does it produce in the solid state, and how do those 
architectures relate to the observed chirogenic behaviour? 

To address these questions, nine metalloporphyrins were studied: five Zn-porphyrins 
differing in the electron-donating or -withdrawing character of their peripheral 
substituents, a more extreme octahalogenated Zn-porphyrin in which the core is also 
significantly distorted from planarity, and three direct analogues to Zn-porphyrins in 
which the central Zn²⁺ was replaced by Mg²⁺, Fe³⁺, or Pd²⁺. Their interaction with both 
cycHC[6] and cycHC[8] was characterised in dichloromethane (DCM) solution and in the 
solid state, and the chiroptical response of the resulting complexes was probed in both 
phases. Single-crystal X-ray diffraction data were collected and refined by Dr Khai-Nghi 
Truong, Dr Jas S. Ward and Prof. Kari Rissanen (University of Jyväskylä); solid-state ECD 
measurements on KBr pellets were performed by Prof. Reiko Kuroda (Chubu University); 
and VCD measurements were performed by Nele Konrad (Tallinn University of 
Technology). 

3.1.1 Variability of binding strength in solution 
The structures of the nine metalloporphyrins examined are shown in Figure 13, together 
with those of (R,R)- and (S,S)-cycHC[6] and cycHC[8]. Five of the porphyrins (1–5) sample 
peripheral electronic variation in the Zn²⁺ series: zinc 2,3,7,8,12,13,17,18-
octaethylporphyrin, commonly known as ZnOEP (1) bearing weakly electron-donating 
ethyl groups at the β-positions; zinc 5,10,15,20-tetraphenylporphyrin, commonly known 
as ZnTPP (2); and three para-substituted Zn-tetraarylporphyrins (3, 4, 5) carrying fluoro, 
chloro, or trifluoromethyl groups, respectively. Porphyrin 6 combines β-octabromo 
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substitution with meso-pentafluorophenyl groups, producing both a strongly electron-
deficient metal centre and a non-planar core distorted by the β-halogenation.111,154 The 
remaining three (7, 8, 9) are direct 1 or 2 analogues in which Zn²⁺ has been replaced by 
Mg²⁺, Fe³⁺, or Pd²⁺, respectively. 
 

 
Figure 13 Structures of hemicucurbiturils and metalloporphyrins studied on the left, and 
electrostatic-potential-coloured molecular van der Waals surface of (S,S)-cycHC[8]·7 on the right. 
Blue corresponds to electron-donating and red to electron-accepting regions. The Hammett 
constant σₚ for para-substituents increases from porphyrins 1 to 6. Reproduced from Publication I 
under CC BY 4.0. 

Screening of various solvents was performed to explore influence of media on the 
binding,  confirming that nonpolar aprotic media support external M···O complexation in 
this family. All UV-vis titrations were performed by global fitting of absorbance changes 
at the Q(1,0) band of the uncomplexed porphyrin and the Q(1,0) and Q(0,0) bands of the 
complexed form. Titrations of 2 with (R,R)-cycHC[8] in toluene and chloroform gave first-
step association constants of K₁ = 1110 ± 40 M⁻¹ and K₁ = 1080 ± 40 M⁻¹, respectively, 
both lower than the K₁ = 2070 ± 40 M⁻¹ reported by Ustrnul et al. for the same complex 
in DCM.6 Oxygen-containing solvents capable of competing for the porphyrin metal, 
namely methanol, THF, and DMSO, suppressed the interaction entirely, and no binding 
was detectable for 2·cycHC[8] in either neat methanol or a 1:1 
methanol/dichloromethane mixture. Direct titration of 2 with methanol in 
dichloromethane gave a 1:1 association constant of K = 10.7 ± 0.5 M⁻¹ for ZnTPP–
methanol binding. This value is comparable to the K = 7.32 ± 0.21 M⁻¹ reported by 
Andreev et al. in chloroform for the same interaction,109 but differs by more than three 
orders of magnitude from the K = 0.002 M⁻¹ reported by Olsson et al.155 under similar 
conditions. The present result therefore supports the higher of the two literature values 
and explains the loss of cycHC[n] binding in protic media as direct competition by 
methanol at the porphyrin metal centre. DCM was used throughout the remainder of the 
study. Titrations were performed with both (R,R)- and (S,S)-enantiomers of cycHC[6] and 
cycHC[8] as parallel experiments, since binding strength is independent of host chirality 
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in achiral spectroscopy; the values reported in Table 2 are the means of the two 
corresponding measurements. Association constants were extracted using the Bindfit 
online tool (https://supramolecular.org)48,51 with a 2:1 statistical model for porphyrins 
1–6, and a 2:1 full model for the more strongly binding Mg-porphyrin 7, using the Soret 
band maximum of the uncomplexed porphyrin and the shifted Soret band maximum of 
the complex for fitting. The first-step association constant K₁, which corresponds to the 
formation of the 1:1 complex, is the most informative single measure across the series 
and is summarised in Table 2. 

Table 2 Association constants of the first step K1 for metalloporphyrin and cycHC[n] complexes 
obtained with Bindfit 2:1 statistical model (2:1 full model in case of 7) are listed in the table (choice 
of binding models and acquiring of constants is elaborated in the supporting information of 
publication I). 

a – constants from reference,6 b – apparent K in the presence of 10 equivalents of water. All 
constants were determined from at least two independent measurements with enantiomeric 
cycHC[n]s, uncomplexed porphyrin Soret band Maxima and complex maxima were used for fitting, 
deviations are standard deviation from independently measured K values. n.d. – not determined 
(No satisfactory fit could be obtained). Reproduced from Publication I under CC BY 4.0. 

For the planar core Zn-tetraarylporphyrins 2–5, K₁ with cycHC[8] increased 
consistently from 2.07 × 10³ M⁻¹ for the unsubstituted 2 to 3.34 × 10³ M⁻¹ for the 
trifluoromethyl-substituted 5, mirroring the order of Hammett σₚ values of the para-
substituents (H: 0.00, F: +0.06, Cl: +0.23, CF₃: +0.54),156 a measure of their electron-
withdrawing character. With cycHC[6], the same overall trend was followed, with the 
strongly electron-withdrawing 4 (p-Cl) and 5 (p-CF₃) again giving higher K₁ values than the 
unsubstituted 2, but the p-fluoro analogue 3 appeared as a small outlier with K₁ = 4.80 × 
10³ M⁻¹, slightly below the value of 2. Such deviations are not uncommon in Hammett 
correlations involving fluorine, where the small σₚ value and the comparable magnitudes 
of the inductive and resonance contributions can disrupt this trend in sensitive 
systems.157 The octaethyl-substituted 1, with weakly electron-donating peripheral 
groups, gave the lowest K₁ values across the Zn series (2.9 × 10³ M⁻¹ for cycHC[6], 0.69 × 
10³ M⁻¹ for cycHC[8]), consistent with the lower electrophilicity at the zinc centre. The 
β-octabromo, pentafluorophenyl-substituted 6 behaved as an extreme limit of the same 

Metallo-porphyrin 
𝑲𝑲𝟏𝟏 with cycHC[6], 

×103 M-1 

𝑲𝑲𝟏𝟏 with cycHC[8], 

×103 M-1 

1 2.9 ± 0.2 0.69 ± 0.01 

2 5.34 ± 0.06a 2.07 ± 0.02a 

3 4.8 ± 0.3 2.1 ± 0.3 

4 6.01 ± 0.07 2.87 ± 0.05 

5 7.4 ± 0.5 3.34 ± 0.02 

6 409 ± 4 n.d. 

7 1840 ± 70b 1040 ± 40b 

https://supramolecular.org/
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trend: K₁ with cycHC[6] reached 4.09 × 10⁵ M⁻¹, two orders of magnitude above the rest 
of the Zn series. The strong binding of 6 was directly visible in the titration; complete 
complexation was achieved with a 1000-fold lower excess of cycHC[n] than for 1–5. 

Variation of the metal cation produced larger effects than peripheral substitution. The 
Mg²⁺ porphyrin 7 bound cycHC[6] with K₁ = 1.84 × 10⁶ M⁻¹, three orders of magnitude 
stronger than the structurally identical Zn-porphyrin 2, and the strongest binding 
observed in the entire study. The corresponding K₁ with cycHC[8] was 1.04 × 10⁶ M⁻¹. This 
binding was determined as an apparent constant in the presence of approximately 10 
equivalents of water, since Mg²⁺-porphyrins are intrinsically oxophilic and retain 
coordinated water under ambient conditions. The high observed K₁ values indicate that 
cycHC[n] binds more strongly to Mg²⁺ than water does and is able to displace it from the 
coordination sphere. By contrast, the Fe³⁺ (8) and Pd²⁺ (9) analogues showed no 
measurable binding to cycHC[8]. For Pd²⁺, a soft metal centre with low affinity for hard 
oxygen donors such as urea carbonyls, this is consistent with the HSAB principle 
discussed in section 1.1.2. The absence of binding for Fe³⁺ is less straightforwardly 
rationalised and was not investigated further. The combination of peripheral electronic 
effects and metal-centre choice therefore spans the full association-constant range from 
690 M⁻¹ (1·cycHC[8]) to 1.84 × 10⁶ M⁻¹ (7·cycHC[6]), more than three orders of magnitude 
across a single supramolecular platform. Across all cases where binding was measurable, 
cycHC[6] consistently bound more strongly than cycHC[8], a trend that recurred in the 
solid-state structures discussed below. 

3.1.2 Solid-state architectures from single-crystal X-ray diffraction 
Crystallisation of equimolar mixtures of seven of the achiral metalloporphyrins (1–7) with 
both enantiomers of cycHC[6] and cycHC[8] in DCM/MeOH or chlorobenzene/MeOH 
yielded 31 novel single-crystal structures (six with (R,R)-cycHC[6], seven with 
(S,S)-cycHC[6], ten with (R,R)-cycHC[8], and eight with (S,S)-cycHC[8]), all featuring direct 
M···O coordination between the porphyrin metal and a cycHC[n] urea oxygen as the 
dominant interaction. Crystal structures were deposited in the CCDC (deposition 
numbers 2444098–2444118, 2444120, 2444122–2444124, 2444126–2444131). 
Crystallisation experiments were not pursued for the Fe³⁺ porphyrin 8, for which no 
binding was detected by titration, or for the Pd²⁺ porphyrin 9, for which the binding was 
too weak to be quantified. Polymorphism was observed for cycHC[6] complexes with 
porphyrins 1, 2, and 3, and for cycHC[8] complexes with porphyrins 1, 2, 3, and 4, arising 
from both stoichiometric differences and connectivity variations under different 
crystallisation conditions. Across the structures characterised, the assembly topology 
varied systematically with the host, the porphyrin, the crystallisation temperature, and 
the solvent additive, ranging from discrete penta- or hexa-coordinated complexes 
through 1D coordination polymers to a 2D square-grid network and a chiral 1D helical 
polymer. The cycHC[6] complexes are illustrated in Figure 14 and the cycHC[8] complexes 
in Figure 15. 



40 

Figure 14 Molecular structures of cycHC[6] complexes with porphyrins 1 (A, B), 2 (C), 3 (D), 4 (E), 5 
(F), 6 (G), and 7 (H). Where multiple crystal forms were obtained for the same complex, letters in 
parentheses denote distinct polymorphic forms. In panels C, D, F, G, and H the crystals are 1D 
coordination polymers; the remaining structures are complexes with discrete host-guest ratios. The 
inset in panel E shows an NCI isosurface highlighting intermolecular C–H···Cl interactions between 
neighbouring porphyrins. Atom sites with minor occupancies and co-crystallised solvent molecules 
have been omitted for clarity. Atoms are coloured according to the CPK (Corey–Pauling–Koltun) 
code. Reproduced from Publication I under CC BY 4.0. 

The cycHC[6] complexes (Figure 14) split broadly into two architectural families. 
Discrete complexes were obtained with the octaethyl porphyrin 1 and, in some 
polymorphs, with 3 and 4, often featuring direct π–π stacking between adjacent 
porphyrin cores at distances of 3.3–3.4 Å. The remaining porphyrins (2, 5, 6, 7) gave 1D 
coordination polymers in which each cycHC[6] bridges two metalloporphyrins through 
opposite urea carbonyls, with the internal metal centres hexa-coordinated. Although 
solution equilibria disfavour extended coordination geometries, crystal packing forces 
can stabilise polymeric architectures in the solid state that would not persist in solution. 
Several complexes were polymorphic, with the discrete-complex/polymer outcome 
sensitive to crystallisation conditions: porphyrin 3 gave a 1D-chain polymer at ambient 
temperature with (R,R)-cycHC[6] but a discrete 2:2 complex with (S,S)-cycHC[6] at 3 °C, 
and porphyrin 4 formed a discrete 1:2 complex stabilised by intermolecular C–H···Cl 
contacts between neighbouring chloroaryl groups, which prevented polymerisation 
despite the otherwise comparable coordination geometry. The cycHC[8] complexes 
(Figure 15) showed greater architectural diversity: predominantly discrete 1:1 and 1:2 
complexes for porphyrins 1–5, but also a 2D square-grid coordination polymer for one 
polymorph of cycHC[8]·1 in which each cycHC[8] binds four porphyrins via alternating 
urea pairs. 
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Figure 15 Crystal structures of cycHC[8] complexes with porphyrins 1(a) (A), 1(b) (B), 2(a) (C), 3(a) 
(D), 4(a) (E), 5 (F), and 7 (G, H, I). Panel B is a 2D square-grid coordination polymer; panels G–I show 
a 1D helical coordination polymer, with H presenting the P-helix formed by (S,S)-cycHC[8] and I the 
M-helix formed by (R,R)-cycHC[8]. The structures in panels D and E are isostructural with one
another; the (S,S)-cycHC[8]·3 enantiomer (not shown) is also isostructural with D and E. The
remaining panels show discrete complexes. Atom sites with minor occupancies and co-crystallised 
solvent molecules have been omitted for clarity. Atoms are coloured according to the CPK code.
Reproduced from Publication I under CC BY 4.0.

The most unusual structural outcome was for the Mg-porphyrin 7, which crystallised 
exclusively as a 1D-chain polymer with cycHC[8]. The non-aligned arrangement of 
cycHC[8] urea carbonyls forces the polymer to adopt a helical conformation, with a pitch 
of approximately 61 Å containing four porphyrin and four cycHC[8] units per turn. The 
handedness of the helix is determined by the chirality of the macrocycle: (R,R)-cycHC[8] 
produces a P-helix and (S,S)-cycHC[8] an M-helix (Figure 15, panels H and I). This is the 
only example in the entire structure set in which the chirality of the host is transferred 
into a long-range chiral architecture, rather than only into the local geometry around 
each porphyrin. 

Across porphyrins 1–6, the M···O distances clustered tightly around 2.38 Å for hexa-
coordinated Zn²⁺ centres and 2.18 Å for penta-coordinated Zn²⁺ centres, in agreement 
with literature values for analogous complexes. Mg···O distances in the 7 complexes were 
0.1–0.2 Å shorter than the corresponding hexa-coordinated Zn···O distances, consistent 
with the stronger Mg–O interaction shown by solution titrations. A general structural 
pattern emerged from the combined data: cycHC[6] preferentially gives 1D coordination 
polymers across most porphyrins, with discrete complexes appearing only when 
temperature, intermolecular C–H···X contacts, or other secondary interactions disfavour 
polymerisation. cycHC[8] shows the opposite tendency, predominantly giving discrete 
1:1 or 1:2 complexes and forming extended networks only under specific conditions: a 
2D square grid templated by chlorobenzene inclusion in cycHC[8]·1, and a 1D helical 
polymer driven by the strong oxophilicity and hexa-coordination preference of Mg²⁺ in 
cycHC[8]·7. 
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3.1.3 Noncovalent interaction analysis 
To rationalise the contrasting binding strengths and crystallisation behaviours observed 
between the Zn and Mg porphyrins, the noncovalent contributions to complex 
stabilisation were examined by NCI and IRI analyses on the crystallographic geometries. 
Two complexes were compared in detail: (S,S)-cycHC[8]·2 as the Zn-tetraarylporphyrin 
reference, and (S,S)-cycHC[8]·7 as the Mg analogue (Figure 16). 

Figure 16 IRI isosurfaces and corresponding scatter graphs for the porphyrin–cycHC[8] interaction 
region in (S,S)-cycHC[8]·2 (A–C) and (S,S)-cycHC[8]·7 (D–F). Isosurfaces were calculated using 
a = 1.1 (2). The grid was selected between one porphyrin and the cycHC[8] face directly opposite to 
it. Panels A and E show the full IRI isosurfaces; B and D show enlarged views of the Zn···O and Mg···O 
coordination regions, respectively; C and F show the corresponding scatter graphs of IRI versus 
sign(λ₂)ρ. Colour scale: blue, attractive interactions; green, van der Waals contacts; red, repulsive 
forces. Reproduced from Publication I under CC BY 4.0. 

In both complexes, the dominant attractive feature corresponds to coordination 
between the porphyrin metal and a cycHC[8] urea oxygen, but the two metals organise 
this coordination differently. In the Zn complex (Figure 16 panel B), the attraction 
appears as a discrete blue disc localised between the Zn and O atoms, consistent with a 
strongly directional Zn–O coordination bond. In the Mg complex (Figure 16 panel D), the 
contact is more spatially extended and predominantly green with a blue tint, indicating 
a genuine attractive interaction layered on a broader van der Waals contact rather than 
a single sharp coordination. This diffuse character is consistent with the additional weak 
Mg···O contacts previously reported in magnesium–carboxylate complexes.158 This 
bluish-green Mg···O signature is clearly distinguishable from the pure-green halos 
elsewhere in the panels, which mark dispersion-only contacts between the porphyrin 
face and the cycHC[8] exterior. The corresponding IRI scatter plots (Figure 16) place the 
M···O bond-critical-point feature at sign(λ₂)ρ ≈ −0.033 a.u. for Zn but at the less attractive 
sign(λ₂)ρ ≈ −0.023 a.u. for Mg. The further-left feature at sign(λ₂)ρ ≈ −0.042 a.u. visible 
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only in the Mg plot corresponds to Mg···N coordination within the porphyrin core and is 
intrinsic to the Mg-porphyrin scaffold rather than to the cycHC[n] binding event. 

This contrast helps to rationalise the much stronger solution binding of 7 relative to 2, 
which exceeds two orders of magnitude across both cycHC[n] hosts. Although the per-
contact Lewis acidities of Zn²⁺ and Mg²⁺ are comparable (Zn2+ =  0.33–0.50, Mg2+ = 0.334) 
on the bond-valence scale,159,160 the Mg complex draws on a more spatially extended 
interaction with the urea oxygen, supplemented by the broader vdW contribution visible 
in the IRI map. The IRI alone does not fully account for the magnitude of the difference, 
which likely also involves solvation effects and the strong oxophilicity of Mg²⁺ noted in 
3.1.1. The pure-green vdW regions, while individually weaker than the metal–oxygen 
coordination, span a substantial surface area and contribute meaningfully to the overall 
stabilisation.  

3.1.4 Chiroptical properties in solution and the solid state 
The chiroptical response of the cycHC[n]·metalloporphyrin complexes was examined by 
electronic circular dichroism (ECD) in DCM solution and in KBr pellets (made from 
crushed crystals of the discrete 1:2 complexes of cycHC[8]·2 and the helical 1D polymers 
of cycHC[8]·7), and by vibrational circular dichroism (VCD) in the IR region. The 
dissymmetry factor g = Δε/ε was used to quantify the chirogenic intensity in a manner 
comparable across phases and concentrations. 

In DCM solution, all 1:1 complexes of porphyrins 1–7 with either cycHC[6] or cycHC[8] 
gave mirror-image ECD signals in the Soret region between (R,R)- and (S,S)-cycHC[n] 
enantiomers (Figure 17 and Table 3), confirming chirality transfer from the cycHC 
macrocycle to the achiral porphyrin chromophore. Free metalloporphyrins are CD silent, 
and cycHC[n] macrocycles are transparent in the visible range, confirming that all 
observed signals arise from the chiral complex. The shape of the induced ECD differed 
across the porphyrin library according to the orientational freedom of the meso-aryl 
substituents. Porphyrin 1, which carries no meso-aryl groups, gave a monosignate ICD 
with λₘₐₓ near 409 nm. The planar tetraarylporphyrins 2–5, in which the meso-aryls are 
free to rotate, produced bisignate signals near 418 nm. The chirally biased aryl 
orientation splits the otherwise-degenerate Soret transitions, and the two split 
components with opposite CD signs give rise to the bisignate Cotton effect.161,162 The β-
halogenated porphyrin 6 displays a red-shifted, broader Soret band compared to 2–5, 
both features intrinsic to the free porphyrin arising from β-halogenation-induced core 
distortion. Upon complexation, 6 gave a monosignate ICD profile rather than the 
bisignate signature of 2–5: the bulky pentafluorophenyl groups are sterically locked in 
place by the surrounding β-octabromo substituents, eliminating the rotational freedom 
that gives rise to the bisignate signal in the unrestricted tetraarylporphyrins. Despite 
these differences in spectral shape, the g-factors (average of absolute values at the ECD 
maximum for complexes with both cycHC[n] enantiomers, calculated according to 
Equation 6) of the planar Zn-tetraarylporphyrins 2–5 clustered tightly around 3.5 × 10⁻⁵, 
the β-halogenated 6 gave roughly twofold this value, and the strongly binding Mg-
porphyrin 7 gave a g-factor of 4.5 × 10⁻⁵, only marginally larger than the Zn analogues. 
Across three orders of magnitude in K₁, the chirogenic intensity varies only modestly. 
Binding strength and the magnitude of induced CD are therefore decoupled in solution, 
and the spectral shape (mono- vs bisignate) is determined by porphyrin substituent 
geometry rather than by the strength of the host–guest interaction. 
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Figure 17 ECD spectra of enantiomeric 1:1 complexes of cycHC[6] (dashed lines) and cycHC[8] (solid 
lines) with 1 (A), 2 (B), 6 (D), and 7 (E) in DCM. ECD spectra of porphyrins 3, 4, and 5 which were 
analogous to 2 can be found in SI of publication I. Panels C and F show solid-state ECD spectra of 
KBr pellets prepared from microcrystals of cycHC[8]·2 (C) and cycHC[8]·7 (F) together with their 
corresponding UV-vis absorption spectra. Blue lines: complexes with (R,R)-cycHC[n]; orange lines: 
complexes with (S,S)-cycHC[n]. Reproduced from Publication I under CC BY 4.0. 
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Table 3 The UV-vis λmax, ECD λmax and g-factors at ECD λmax values for porphyrin-cycHC[n] 1:1 
complexes in DCM. + and – Cotton effects are assigned for complexes with (R,R)-cycHC[n] while g-
factor is average of porphyrin complexes with both enantiomers of cycHC[n]. Reproduced from 
Publication I under CC BY 4.0. 

No Complex 
free porphyrin/complex  

UV-vis λmax, nm 
ECD λmax of complex, 

nm 
|g|-factor, 

10-5 
1 1∙cycHC[8] 401/408 407 (+) 3.9 
2 1∙cycHC[6] 401/409 407 (+) 3.8 

3 2∙cycHC[8] 418/424 422 (+)/429 (-) 3.5/2.3 

4 2∙cycHC[6] 418/425 423 (+)/430 (-) 2.8/2.3 

5 3∙cycHC[8] 418/424 422 (+)/429 (-) 3.5/3.6 

6 3∙cycHC[6] 418/425 422 (+)/429 (-) 3.8/3.1 

7 4∙cycHC[8] 420/426 424 (+)/433 (-) 3.4/3.8 

8 4∙cycHC[6] 420/426 424 (+)/432 (-) 3.3/3.6 

9 5∙cycHC[8] 418/425 422 (+)/429 (-) 3.7/3.4 

10 5∙cycHC[6] 418/425 422 (+)/429 (-) 3.7/3.3 

11 6∙cycHC[8] 456/467 468 (+) 7.9 
12 6∙cycHC[6] 456/464 469 (+) 6.4 

13 7∙cycHC[8] 424/425 422 (+)/429 (-) 4.5/3.0 

14 7∙cycHC[6] 424/426 422 (+)/429 (-) 4.8/3.9 

 
The solid-state ECD spectra showed substantial enhancement (Figure 17 C, F) of 

lowest energy band. For both cycHC[8]·2 and cycHC[8]·7 in KBr pellets, the g-factor 
reached 26 × 10⁻⁵, approximately tenfold larger than in solution, accompanied by a 4–5 
nm red shift of the Soret maximum and a clear bisignate Cotton effect whose zero-
crossing closely matched the absorption maximum. The latter feature is a sign of exciton 
coupling between neighbouring porphyrin chromophores, which is suppressed in dilute 
solution but becomes operative when porphyrins are brought into proximity in the solid 
state. A pellet prepared from a precipitate of cycHC[8]·2 obtained by rotary evaporation 
of the same DCM/MeOH solution, which yields an amorphous or partially 
microcrystalline solid, gave a qualitatively identical bisignate Cotton effect with the same 
band positions and sign pattern but with a magnitude approximately half that of the 
crystalline sample (Figure 18, g-factor up to 16.9 × 10⁻⁵ at 437 nm versus 26 × 10⁻⁵ for 
the crystals). The enhancement is therefore reproducible across different solid forms of 
the same complex and is not specific to one crystalline phase. Linear dichroism, linear 
birefringence, and circular birefringence measurements on the same pellets confirmed 
that optical anisotropies remained at negligible levels and did not contribute to the 
observed signals. 



46 

 
Figure 18 Solid-state ECD spectra (top) and corresponding UV-vis absorption spectra (bottom) of 
cycHC[8]·2 in KBr pellets, prepared from crushed crystals (A) and from a precipitate obtained by 
rotary evaporation of a DCM/MeOH solution (B). Blue lines: complexes with (R,R)-cycHC[8]; orange 
lines: complexes with (S,S)-cycHC[8]. Adapted from Publication I under CC BY 4.0. 

A second observation was the near-independence of the enhancement from the 
underlying solid-state architecture. CycHC[8]·7 forms a chiral 1D helical polymer in which 
the porphyrins are positioned in a unidirectional helical array (chapter 3.1.2), which on 
geometric grounds would be expected to amplify exciton coupling more strongly than a 
discrete 1:2 complex of cycHC[8]·2. Yet both gave g-factors of 26 × 10⁻⁵, with similar 
Cotton-effect signs and only minor differences in band positions. This also implies that 
exciton coupling does not extend through the cycHC[n] macrocycle itself. Together with 
the precipitate observation above, this points to a dominant amplification mechanism 
operating at the level of nearest-neighbour porphyrin pairs rather than at the level of 
long-range crystallographic or helical order: the macrocyclic host serves primarily to 
bring porphyrins into chiral proximity at short range, and once that proximity is 
established, neither the crystalline phase nor the helical organisation of the assembly 
significantly modifies the chiroptical response. This matters for sensor design: the solid-
state ECD enhancement does not require a specific architecture, which would be hard to 
control in a working sensor film. 

3.2 Self-Assembly of Bis(zinc octaethylporphyrin) with Chiral 
Cyclohexanohemicucurbit[n]urils (Publication II) 
Section 3.1 showed that mono-porphyrins of the cycHC[n]·metalloporphyrin family share 
a common external M···O binding mode across a wide range of peripheral substitutions 
and metal cations, with cycHC[6] consistently binding more strongly than cycHC[8], but 
with no qualitative difference in the binding mechanism between the two homologues. 
The work described in this section addresses a structurally distinct case within the same 
family: bis(zinc octaethylporphyrin) (bis–ZnOEP), a flexible bis-porphyrin in which two 
ZnOEP units are tethered by an ethane bridge (Figure 19). The presence of two porphyrin 
faces on a single molecule opens the possibility of binding modes inaccessible to mono-
porphyrins. The following subchapters utilise the sensitivity of the bis-porphyrin to report 
on the size, shape, and binding kinetics of cycHC[n] guests. All measurements were 
performed in DCM or its deuterated equivalent. 
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3.2.1 Binding properties of bis–ZnOEP with cycHC[6] and cycHC[8] 
In the absence of a guest, bis–ZnOEP adopts a stable face-to-face syn conformation 
(Figure 19). Upon ligand coordination to the Zn centres, the host can rearrange into 
different conformational states depending on the denticity and geometry of the guest.70 

 
Figure 19 Top: structures of bis–ZnOEP in syn, tweezer, and anti-conformations, with the meso-α 
and meso-β proton positions indicated; L denotes a coordinating ligand. Bottom: structures of (R,R)- 
and (S,S)-enantiomers of cycHC[6] and cycHC[8]. Reproduced from Publication II under CC BY 4.0. 

Monodentate ligands induce formation of extended anti 1:2 complexes in which the 
two porphyrin rings are spatially separated. Chiral monodentate guests can induce a 
screw distortion, producing induced CD signals that reflect both the guest chirality and 
the conformational response of the bis-porphyrin. Bidentate ligands, in contrast, can 
coordinate simultaneously to both Zn centres to form a 1:1 tweezer complex (Figure 19), 
in which the guest is held between the two porphyrin faces in a pincer-like geometry. 
The defined non-parallel arrangement of the porphyrin rings in the tweezer structure 
produces strong exciton coupling and intense bisignate CD signals. At higher ligand 
concentrations, the equilibrium may shift toward the anti 1:2 complex, although the 
tweezer complex is more stable (K1 > K2). The different conformational states therefore 
possess characteristic chiroptical signatures: tweezer complexes display the largest CD 
amplitudes, whereas anti complexes generally exhibit weaker and more ligand-
dependent optical activity. These conformational changes are also reflected in the UV–
vis spectra and in the chemical shifts of characteristic porphyrin proton resonances 
observed by NMR spectroscopy, providing complementary diagnostic handles for 
identifying the bound state of the host.86,163–165 

Stepwise addition of cycHC[n] (n=6,8) in DCM showed that bis–ZnOEP loses its 
symmetric syn arrangement on addition of either cycHC macrocycle. CycHC[6] produced 
much larger meso-β and meso-α 1H NMR shifts than cycHC[8] (0.69 vs. 0.17 ppm), and 
additionally reversed the meso-α shielding direction beyond ~2 equivalents, consistent 
with weaker association of the larger homologue (Figure 20). The splitting of the meso-
β signal upon cycHC[n] addition arises from the opening of bis-ZnOEP from the symmetric 
syn conformation, in which both porphyrin units are equivalent, to an unsymmetric form 
in which they become inequivalent.166 
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Figure 20 ¹H NMR titrations of bis–ZnOEP. Meso-α (A,C) and meso-β (B,D) proton signals upon 
addition of (R,R)-cycHC[6] in CD₂Cl₂ (A, B) and   upon addition of (R,R)-cycHC[8] in CH₂Cl₂ with 10% 
CDCl₃ (C, D). Equivalents of cycHC[n] added are shown beside each spectrum. Reproduced from 
Publication II under CC BY 4.0. 

UV-vis titrations confirmed and extended this picture (Figure 21 Panels A and B). The 
Soret band of bis–ZnOEP shifted bathochromically from 397 to 402 nm in the presence 
of cycHC[6], and additional red-shifted absorption bands appeared at 418 and 437 nm, 
the three-band pattern characteristic of a tweezer-type bis–ZnOEP complex previously 
reported for 1,2-diaminocyclohexane (Figure 21 panel C).167 With cycHC[8], by contrast, 
the band at 397 nm decreased in intensity and a single new transition emerged at 424 
nm, producing a spectrum of an entirely different shape at the same equivalents of guest. 
Apparent saturation was reached at approximately 1500 equivalents of cycHC[8], 
whereas more than 2000 equivalents of cycHC[6] were required; the interpretation of 
this difference is discussed in sections 3.2.2 and 3.2.4. The clean isosbestic point reflects 
the spectral similarity of the 1:1 and 1:2 complexes, which can produce essentially 
identical UV-vis profiles.163 



49 

 
Figure 21 UV-vis titration of bis–ZnOEP (3.2 ∙ 10⁻⁶ M in CH₂Cl₂, 296 K) with (A) (R,R)-cycHC[6] and 
(B) (R,R)-cycHC[8], both from 0 to 2000 equivalents. (C) Reference absorption spectra of bis–ZnOEP 
and its 1:1 tweezer complex with (R,R)- and (S,S)-1,2-diaminocyclohexane (DACH) in CH₂Cl₂ and in 
KBr, reported by Borovkov et al.167 Orange bars mark the band positions of the tweezer. Panels A 
and B reproduced from Publication II under CC BY 4.0.; panel C adapted with permission from 
reference167. Copyright 2002 American Chemical Society. 

Fitting of both NMR and UV-vis titration data using Bindfit gave a consistent picture 
for the cycHC[6] complex. Only a 1:2 binding model produced a satisfactory fit, yielding 
K₁ = 1650 ± 180 M⁻¹ and K₂ = 183 ± 2 M⁻¹ from NMR and K₁ = 4550 ± 470 M⁻¹ and K₂ = 92 
± 1 M⁻¹ from UV-vis. Although the K₁ values from NMR and UV-vis differ approximately 
threefold, both methods independently support the same 1:2 binding model with 
pronounced negative cooperativity.48 The negative cooperativity, with K₂ one to two 
orders of magnitude lower than K₁, is consistent with bis–ZnOEP first forming a 1:1 
tweezer-like complex that is subsequently driven by excess of guest into a 1:2 anti 
complex with the 1:2 form reaching only ~35% mole fraction even at 2000 equivalents of 
cycHC[6].163 The same fitting strategy did not work for cycHC[8]: the 1:2 model failed, 
and only a 1:1 model fitted to the millimolar-concentration NMR data gave a reasonable 
result (K₁ = 198 ± 5 M⁻¹). During subsequent ECD measurements of the same titration 
samples, the UV-vis spectra had visibly changed from those recorded at titration, 
pointing to a slow kinetic process accompanying the cycHC[8] interaction. This prompted 
a closer look at the time evolution of the complex. 

3.2.2 Time-dependent behaviour of the complexes 
To characterise the time-dependent behaviour of the cycHC[8] complex more 
systematically, UV-vis spectra were recorded immediately after a single addition of 
2000–3000 equivalents of cycHC macrocycle and compared with the final point of the 
corresponding titration, which was recorded approximately one hour after the first 
addition (Figure 21 and Figure 22). For cycHC[6], the two spectra were essentially 
identical, confirming that equilibrium was reached well within the timeframe of a 
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conventional titration. For cycHC[8], the single-addition spectrum at t = 0 was clearly 
different from the spectrum at 25 h (Figure 22). The spectral evolution proceeded in two 
regimes: a rapid initial change followed by a slower approach to the final shape, 
completed after 25 hours. The simultaneous failure of the 1:2 binding model and the 
time dependence of the spectra together pointed to two sequential processes: a primary 
binding event followed by a secondary, kinetically slower transformation. 

 
Figure 22 Time-dependent UV–vis absorption and CD spectra of bis–ZnOEP·cycHC[n] complexes in 
CH₂Cl₂ at 296 K. (A) UV–vis absorption spectra of free bis–ZnOEP (2.2 ∙ 10⁻⁶ M) and after single 
addition of 3000 equiv of (R,R)-cycHC[6] ((C) corresponding CD spectra). (B) UV–vis absorption 
spectra of free bis–ZnOEP (3.0 ∙ 10⁻⁶ M) and after single addition of 2200 equiv of (R,R)-cycHC[8] 
((D) corresponding CD spectra). Reproduced from Publication II under CC BY 4.0. 

CD and fluorescence spectra clarified the nature of these processes (Figure 22 and 
Figure 23). The cycHC[6] complex displayed three Cotton effects in the Soret region, 
mirroring the three-band UV-vis absorption pattern characteristic of the bis-ZnOEP 
tweezer complex and arising from exciton coupling between the split B∥ and B⊥ 
porphyrin transitions upon host opening.168 . The cycHC[8] complex showed weak 
monosignate ICD resembling that of monomeric ZnOEP·cycHC[n] reported earlier, 
indicating two nearly parallel porphyrin cores with chiral induction arising from local 
distortion of each porphyrin rather than from a unidirectional helical arrangement of the 
dimer. The fluorescence of the cycHC[8] complex was nearly unchanged immediately 
after mixing but transformed drastically over 25 h: the Q(0,0) band emerged at 585 nm 
and the Q(0,1) at 632 nm, producing an emission profile closely resembling that of 
monomeric ZnOEP (Figure 23 panel C) and consistent with the spatial separation of the 
two porphyrin cores in the anti-conformation. 
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Figure 23 Time-dependent fluorescence response of (A) (λex = 399 nm) of free bis–ZnOEP (2.2 ∙ 10−6 
M, DCM, 296 K) and after single addition of 3000 eq. of (R,R)-cycHC[6] (λex = 404 nm) recorded 
immediately after mixing (0 h) and after 47 h. (B) Fluorescence spectra of free bis–ZnOEP (3.0 ∙ 10−6 
M, DCM, 296 K) and after single addition of 2200 eq. of (R,R)-cycHC[8] (λex = 413 nm) recorded at 0 
h and after 25 h. (C) Fluorescence emission of monomeric ZnOEP (2.4 × 10⁻⁶ M, DCM, λex = 408 nm; 
purple) and after a single addition of 2167 eq. of (S,S)-cycHC[8], shown as a comparison. Adapted 
from Publication II under CC BY 4.0. 

Time-dependent ¹H NMR at higher (mM) concentration told a different story (Figure 
24). Spectra of bis–ZnOEP·cycHC[8] recorded immediately after mixing and after 21 hours 
(8 equivalents of guest) or 17 days (1 equivalent) showed no significant changes. The 
meso-β splitting indicating syn-opening was already complete at the first time point. The 
slow transformation observed at µM concentration by UV-vis, CD, and fluorescence was 
therefore not a consequence of slow conformational switching alone, since that step was 
fast on the NMR timescale. Instead, it pointed to a concentration-dependent secondary 
process. 

 
Figure 24 Spectrum of 1.0 ∙ 10-3 M bis-ZnOEP at time zero; spectrum of 1.0 ∙ 10-3 M (R,R)-cycHC[8] 
at time zero; spectrum of 1:1 ratio mixture of 1.0 ∙ 10-3 M bis-ZnOEP and (R,R)-cycHC[8] measured 
at time zero and re-measured after 17 days; spectrum of 1:8 ratio mixture of 1.0 ∙ 10-3 M bis-ZnOEP 
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and (R,R)-cycHC[8] measured at time zero and re-measured after 21 h. Samples were kept at room 
temperature. No changes in time were observed. Reproduced from supporting information of 
Publication II under CC BY 4.0. 

3.2.3 Variable-temperature NMR and fluorescence experiments 
Variable-temperature ¹H NMR (1.0 mM, 298 → 253 K) of 1:1 bis–ZnOEP·cycHC[n] 
mixtures showed reversible chemical-shift changes and progressive line broadening of 
the meso-β proton at 8.2 ppm, but no signals attributable to discrete aggregates. At µM 
concentration, by contrast, holding bis–ZnOEP·cycHC[8] samples at 248, 295, or 308 K for 
5 h and then re-measuring fluorescence at 295 K showed that higher hold temperatures 
accelerated the slow transformation of the emission profile (Figure 25). Together, the 
two experiments locate the detectable slow process at µM concentration and identify it 
as temperature-dependent aggregation rather than a conformational change on the bis-
ZnOEP itself, which is fast on the NMR timescale. 
 

 
Figure 25 Emission spectra (excited at 397 nm) of bis–ZnOEP (3 · 10−6 M) samples with 2000 
equivalents of cycHC[8] measured at 295 K immediately after preparation and then again after 
being kept for 5 h at different temperatures. Reproduced from Publication II under CC BY 4.0. 

3.2.4 Proposed self-assembly mechanisms 
The combined data support two distinct binding scenarios for the two homologous hosts 
(Figure 26). The interaction of bis–ZnOEP with cycHC[6] resembles that of small bidentate 
guests: a 1:1 tweezer complex is formed, in which the cycHC[6] is sandwiched between 
the two porphyrin rings and held by two Zn···O coordination bonds. Negative 
cooperativity disfavours binding of a second cycHC[6], but an excess of guest eventually 
drives the equilibrium to the 1:2 anti complex in which each porphyrin core coordinates 
one cycHC[6]. The strong, exciton-coupled bisignate ICD reflects the helical distortion of 
the bis-porphyrin imposed by this geometry. 
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Figure 26 The proposed binding mechanisms of bis–ZnOEP with (A) cycHC[6] described by obtained 
association constants and with (B) cycHC[8]. The 3D structures and diameters of cycHC[n]s are 
based on previously reported crystal structures.6 Colour coding: C—gray, H—light blue, O—red, and 
N—dark blue. Reproduced from Publication II under CC BY 4.0. 

The interaction with cycHC[8] proceeds along a different pathway. The first binding 
event is weak, and bis–ZnOEP appears to retain its syn conformation initially, as judged 
from the small spectroscopic changes immediately after mixing. Subsequent opening to 
the anti-conformation occurs via a kinetically slow process at µM concentration, after 
which the two porphyrin rings adopt a nearly parallel orientation, consistent with the 
absence of significant exciton coupling in the ICD spectra. At µM concentration this anti 
complex undergoes further aggregation, accounting for the slow time evolution 
observed in UV-vis, CD, and fluorescence but not in NMR, where the higher 
concentration and small (8 eq.) excess of cycHC[8] disfavour formation of the assembled 
species. 

The differing behaviour can be rationalised on geometric grounds. Measurements on 
the published crystal structures of bis–ZnOEP168–170 gave two characteristic diameters of 
the porphyrin face: 12.0 ± 0.1 Å measured between the β-carbons of the porphyrin core, 
and 14.7 ± 0.1 Å measured between the methylene carbons of the peripheral ethyl 
substituents that lie in the porphyrin mean plane. The two cycHC[n] hosts are similar in 
height (12.4 Å for cycHC[6] and 11.9 Å for cycHC[8]) but differ in diameter (14.2 Å for 
cycHC[6] and 16.9 Å for cycHC[8]).6 The cycHC[6] diameter is therefore an almost exact 
match to the ethyl-decorated face of bis–ZnOEP, and the cycHC[6] macrocycle can be 
accommodated cleanly between the two porphyrin cores in a tweezer geometry. The 
16.9 Å diameter of cycHC[8] exceeds the outer ethyl-defined diameter of a single 
porphyrin face by more than 2 Å, making the same tweezer arrangement sterically 
unfavourable. Coordination is therefore forced to proceed externally, and the additional 
binding sites available on the larger cycHC[8] macrocycle further enable the inter-
complex contacts that lead to aggregation. 

The qualitatively different binding behaviour of bis–ZnOEP with cycHC[6] and cycHC[8] 
thus stands in clear contrast to the smooth structural variation observed across the 
mono-porphyrin library in section 3.1, where both cycHC macrocycles produced 
architecturally similar M···O coordination modes that differed only in connectivity. 
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Adding a second porphyrin face to the receptor introduces a new binding regime, 
tweezer encapsulation, that is accessible only to one of the two cycHC macrocycles; the 
geometric mismatch with the larger cycHC[8] reroutes the interaction toward external 
coordination and aggregation. Whether bis-porphyrins with longer linkers could 
accommodate cycHC[8] in a proper tweezer geometry remains an open question for 
future work. This is useful for sensor design: bis–ZnOEP can in principle distinguish 
between cycHC[6] and cycHC[8] by their distinct chiroptical signatures (intense bisignate 
ICD versus weak monosignate ICD), a discrimination that is not available with mono-
porphyrins. 

3.3 Chiral Recognition of Volatile Enantiomers by 
Porphyrin·Cyclohexanohemicucurbit[8]uril-Functionalised Gravimetric 
Sensor Arrays (Publication III) 
Sections 3.1 and 3.2 demonstrated that cycHC[n] macrocycles transfer chirality to achiral 
metalloporphyrins through external M···O coordination, which operates across a broad 
range of mono-porphyrins and the bis-porphyrin host. Chirogenesis was shown to outlast 
the transition from solution to the solid state, and in the case of the mono-
porphyrin·cycHC[8] complexes the ECD dissymmetry factor is amplified roughly tenfold 
in the microcrystalline solid state relative to dilute solution (section 3.1.4). These 
observations suggested that thin films of cycHC[n]·metalloporphyrin adducts could be 
used as functional materials for chiral sensing. This section describes such an 
implementation. Four achiral metalloporphyrins (ZnOEP (1), ZnTPP (2), MgTPP (7), and 
bis-ZnOEP) were each combined with both enantiomers of cycHC[8] to produce eight 
chiral films, deposited on quartz crystal microbalances (QMB), and used to construct an 
enantioselective electronic nose array. A new normalisation protocol, based on virtual 
racemic references (introduced in section 3.3.3), is introduced to extract the 
enantioselective component of the sensor response from concentration-dominated raw 
data. 

3.3.1 Film preparation and chiroptical characterisation 
Sensing films were obtained by drop-casting or spin-coating DCM solutions of 
metalloporphyrin and cycHC[8] in a 2:1 molar ratio (0.4 mM porphyrin, 0.2 mM cycHC[8]) 
onto glass slides or gold QMB electrodes. In drop-casting, 50 μL of solution was deposited 
with a syringe onto the substrate and the solvent allowed to evaporate under ambient 
conditions; this is operationally simple but can produce inhomogeneous films with 
coffee-ring artefacts due to solvent flow during drying. In spin-coating, 10 μL aliquots of 
solution were repeatedly applied to a substrate rotating at 1500 rpm, where centrifugal 
force spreads the solution into a thin uniform layer as the solvent evaporates rapidly, 
giving more reproducible film morphology. Both methods gave essentially identical UV-
vis and ECD profiles, confirming that the chiroptical response is intrinsic to the adduct 
rather than a deposition artefact. Spin-coated films were preferred for chiroptical 
characterisation due to their greater uniformity, while drop-casting was retained for 
QMB sensor fabrication as it allows precise control of the deposited mass through 
iterative casting steps. The 2:1 stoichiometry was selected on the basis of the crystal 
structures reported in section 3.1.2, where one cycHC[8] molecule binds two porphyrins 
through external M···O coordination. 
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Figure 27 Structures of the four metalloporphyrins (1, 2, 7, bis-ZnOEP) and (R,R)- and (S,S)-cycHC[8] 
used to prepare the sensing films. Reproduced from Publication III under CC BY 4.0. 

In DCM solution at the concentrations used for film deposition (0.4 mM porphyrin, 0.2 
mM cycHC[8]), none of the eight mixtures showed any detectable ECD signal in the 
porphyrin absorption region. As discussed in section 3.1.4, an excess of cycHC[n] is 
normally required to populate the complex sufficiently for solution ECD detection at 
micromolar porphyrin concentrations. Upon solvent evaporation, however, all four 
porphyrin·cycHC[8] systems gave films with clear bisignate Cotton effects in the Soret 
region, with mirror-image profiles between (R,R)- and (S,S)-cycHC[8] (Figure 28). ECD 
signals appear in the solid state where the solutions were ECD silent. This is similar to the 
enhancement seen in section 3.1.4 for KBr pellets of cycHC[8]·2 and cycHC[8]·7. In both 
cases, solvent removal drives the equilibrium towards the complexation and brings the 
porphyrin chromophores close enough for exciton coupling to become observable. 
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Figure 28 UV-vis spectra of metalloporphyrin·cycHC[8] systems in DCM solution (red) and as spin-
coated films (black), with the Q-band region magnified. (B) ECD spectra of the films prepared with 
(R,R)- (blue) and (S,S)-cycHC[8] (red) enantiomers, CD intensities are expressed as dissymmetry 
factor g (×10⁻⁴); the corresponding solutions are ECD-silent. Reproduced from the Supporting 
Information of Publication III under CC BY 4.0. 

The UV-vis spectra of all four porphyrin·cycHC[8] films showed broadening and a 
bathochromic shift of both the Soret and Q-bands of 5–20 nm relative to DCM solution 
(Table 4), consistent with the formation of porphyrin aggregates on solvent 
evaporation.171 The ECD response of bis-ZnOEP·cycHC[8] was more complex than those 
of the mono-porphyrin films, reflecting the syn/anti conformational equilibrium 
discussed in section 3.2.4 and the resulting superposition of intra- and intermolecular 
exciton couplings. The chiroptical signature of the adduct is preserved across substrates 
and deposition geometries, unlike films of intrinsically chiral porphyrins, whose response 
is often highly sensitive to solvent, substrate, and deposition method.172 

Table 4 UV-vis absorption and ECD maxima of metalloporphyrin·cycHC[8] systems in DCM solution 
and in spin-coated films, with ECD crossover wavelengths. Reproduced from Publication III under 
CC BY 4.0. 

DCM solution Film on glass 
No Metalloporphyrine 

·cycHC[8] 
UV-Vis bands 
(nm) 

UV-Vis bands 
(nm) 

CD bands (nm), 
(crossover) 

1 ZnTPP 417, 547, 587 434, 558, 596 427, 440, (433) 
2 MgTPP 425, 563, 602 437, 567, 609 428, 441, (435) 
3 ZnOEP 410, 531, 568 415, 539, 575 409, 419, (416) 
4 bis–ZnOEP 398, 534 419, 562 446 
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3.3.2 Gravimetric sensor responses to chiral volatile analytes 
Films were deposited onto AT-cut quartz resonators oscillating at approximately 20 MHz, 
for which the theoretical mass sensitivity is 7.2 Hz ng⁻¹. QMBs were chosen for three 
reasons. First, they are chemically non-selective transducers whose response depends 
only on the mass adsorbed, so the enantioselectivity observed in the array can be 
attributed entirely to the chiral film. Second, the frequency shift between bare and 
coated QMB quantifies the amount of sensing material deposited, which is essential for 
the normalisation procedure introduced in section 3.3.3. Third, multiple QMB elements 
can be measured simultaneously as an array, enabling the combinatorial pattern 
recognition approach that underpins the enantioselective electronic nose concept. The 
complete array consisted of ten elements: eight chiral sensors from four 
metalloporphyrins combined with both cycHC[8] enantiomers, and two achiral reference 
sensors based on 2 and bis-ZnOEP. Each sensor was a separate piezoelectric device 
connected to a dedicated oscillator circuit, allowing all ten elements to be measured 
simultaneously under identical analyte exposure conditions. Each measurement 
consisted of a 5-minute gas exposure followed by a 20-minute carrier gas purge; 
responses were fully reversible. 

The array was exposed to vapours of three pairs of chiral analytes (Figure 29) 
representing different sorption regimes: (R)- and (S)-limonene, whose flexible linear 
structure and extra C=C bond facilitate diffusion into internal sites of the porphyrin 
aggregate matrix through π-interactions; (R)- and (S)-1-phenylethylamine, an aromatic 
amine capable of π-stacking with NH₂ coordination to the porphyrin metal centre; and 
(1R,5R)- and (1S,5S)-α-pinene, whose bicyclic structure and dimethylmethylene bridge 
create greater steric bulk, confining adsorption to accessible surface sites of the 
film.173,174 

 
Figure 29 Structures of the three chiral analytes used in sensor array evaluation, shown as (R)-
enantiomers in 2D (top) and 3D (bottom) representations. Both enantiomers of each analyte were 
tested. 
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Figure 30 Characteristic response curves of (R,R)- and (S,S)-cycHC[8]·2  sensor pairs (sensors 1 and 
2 of the 10-element array) to (R)- and (S)-limonene vapour at varying concentrations (left), with 
data distributions before (centre) and after normalisation (right). Reproduced from Publication III 
under CC BY 4.0. 

Sensor responses were linear in concentration over the ranges tested (40–160 ppm 
for limonene, 76–139 ppm for 1-phenylethylamine, 39–234 ppm for α-pinene). For 
limonene, almost all chiral sensors showed a systematic preference for one enantiomer. 
All Zn-porphyrin·(R,R)-cycHC[8] films preferred (R)-limonene, whereas the MgTPP·(R,R)-
cycHC[8] film preferred (S)-limonene. The (S,S)-cycHC[8] sensors gave mirror-image 
selectivities. The Zn/Mg inversion is consistent with the qualitative difference in 
coordination geometry identified by NCI analysis in section 3.1.3 between the more 
localised Zn···O and more spatially extended Mg···O interactions. For 1-
phenylethylamine, clear enantio-discrimination emerged only on the ZnOEP- and bis-
ZnOEP-based sensors and grew at higher concentrations. This concentration-dependent 
growth indicates that the amine penetrates into the film bulk rather than adsorbing only 
at the surface, presumably due to the axial coordination of its NH₂-group to the porphyrin 
metal. For α-pinene, no sensor gave statistically significant discrimination and overall 
responses were low, supporting the view that enantioselectivity requires diffusion of the 
analyte into the film bulk. As expected, the two achiral reference sensors gave no 
enantio-distinction towards any analyte. 

Control experiments on pure (R,R)- and (S,S)-cycHC[8] films, without porphyrin, gave 
no enantio-discrimination. Their response to water vapour, however, was approximately 
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fifty times higher than that of the porphyrin·cycHC[8] adducts. Together, these 
observations indicate that chiral recognition arises from the porphyrin·cycHC[8] adduct 
as a whole, rather than from either component alone, with the cycHC[8] enantiomer 
providing the chiral environment. Complexation also suppresses the water sensitivity of 
free cycHC[8], which is essential for stable operation in ambient atmosphere. 

Although the regression lines for the two enantiomers were clearly displaced for 
several sensor–analyte pairs, the response distributions across the full concentration 
range overlapped substantially (Figure 30, middle panels). A given frequency shift can 
equally be produced by a higher concentration of the less-preferred enantiomer or a 
lower concentration of the preferred one. Single-sensor discrimination is therefore 
impossible at unknown concentration, motivating the normalisation procedure 
described in the next section. 

3.3.3 Virtual racemic sensor normalisation 
A normalisation procedure was developed to extract the enantioselective component of 
the sensor response from the concentration-dominated raw signal. The procedure draws 
on an analogy with the ellipticity θ used to express CD signals in spectroscopy, defined 
by:  

 
tan(𝜃𝜃)=

(𝐸𝐸R − 𝐸𝐸L)
(𝐸𝐸R + 𝐸𝐸L)

 (8) 

where ER and EL are the electric-field magnitudes of right- and left-circularly polarised 
light. Here, the two enantiomeric receptors play the role of the two polarisations: their 
mean response represents the achiral, non-enantioselective component of mass uptake, 
while their difference reflects the chiral discrimination. 

For each metalloporphyrin·cycHC[8] enantiomer pair, a virtual racemic reference 𝑅𝑅𝑅�𝑟𝑟𝑟𝑟𝑟𝑟 
is defined as the arithmetic mean of the responses of the (R,R)- and (S,S)-sensors: 

 
𝑅𝑅𝑅�𝑟𝑟𝑟𝑟𝑟𝑟=

(𝑅𝑅𝑅𝑅 + 𝑅𝑅𝑆𝑆)
2

 (9) 

and the normalised responses are obtained by division: 
 

𝑅𝑅𝑅�Rn=
𝑅𝑅𝑅𝑅
𝑅𝑅𝑅�𝑟𝑟𝑟𝑟𝑟𝑟

 (10) 

 
𝑅𝑅𝑅�Sn=

𝑅𝑅𝑆𝑆
𝑅𝑅𝑅�𝑟𝑟𝑟𝑟𝑟𝑟

 
(11) 

Within a linear-response approximation, the normalised responses become 
independent of analyte concentration and depend only on ratios of sensitivities (full 
derivation in Publication III, Supporting Information). The mass-calibration capability of 
QMB is essential here: it allows the amount of sensing material on each electrode to be 
matched between the two members of an enantiomeric pair, ensuring that the reference 
accurately represents the non-enantioselective baseline. 

Applied to the experimental data, the normalisation collapsed the broad 
concentration-dependent distributions of raw responses into narrow, well-separated 
distributions for the two enantiomers wherever an underlying enantio-distinction was 
present (Figure 30, right panels). The separation between enantiomers was also 
enhanced relative to the raw data, since compensation for the common achiral 
component removed both concentration spread and ancillary fluctuations from non-
chiral sources such as humidity. For α-pinene, where no underlying enantio-distinction 
was present, the normalised distributions remained overlapping, as expected. 
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A generic normalisation using one of the achiral reference sensors (2 or bis-ZnOEP) as 
the denominator was also tested. This partially separated the enantiomer distributions 
but performed visibly worse than the virtual racemic procedure. The achiral reference 
compensates only partially for concentration because it does not share the same 
chemical structure as the chiral sensors. The virtual racemic reference, built from sensors 
that differ only in the absolute configuration of cycHC[8], captures the achiral component 
far more faithfully and rejects concentration variability almost entirely. 

3.3.4 Classification of analytes and their enantiomers 
To evaluate the array as an enantioselective electronic nose, the normalised responses 
were used as inputs to a two-step linear discriminant analysis (LDA), as illustrated in 
Figure 31. The first step classified samples by chemical identity (limonene, 1-
phenylethylamine, or α-pinene) using the ten non-normalised sensor responses; 
normalisation was deliberately withheld at this stage since it removes concentration 
information needed for compound identification. The second step further classified 
samples by enantiomer using only the normalised responses of the chiral sensors; the 
achiral reference sensors, which lack enantiomeric pairs, were excluded from this step. 
Performance was evaluated over 100 random training/test splits in which test 
concentrations were absent from the training set, providing a stringent test of 
generalisation. 
 

 
Figure 31 Two-step classification protocol used to recognise the chemical identity and absolute 
configuration of volatile chiral analytes. Top-Left: the first step classifies samples by compound 
class (limonene, 1-phenylethylamine, α-pinene) using the non-normalised responses of all ten 
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sensors (top, canonical-variable plot); Bottom-Left: the second step classifies samples within each 
compound class by enantiomer, using the normalised responses of the chiral sensors against their 
virtual racemic references (bottom, box plots). Right: subdivision of the dataset into training and 
test concentrations for each analyte, with the training set always restricted to a subset of the 
available concentrations so that the test set contains concentrations not present during training. 
Adapted from Publication III and its Supporting Information under CC BY 4.0. 

The three chemical classes were separated with median accuracy of 100% in the first 
step, confirming that combinatorial selectivity across the ten-element array is sufficient 
to identify the analyte class regardless of concentration. In the second step, normalised 
responses correctly identified both enantiomers of limonene and 1-phenylethylamine 
with median accuracy of 100%, even when test concentrations had not been seen during 
training. Classification of α-pinene enantiomers remained near chance level (58.3% / 
41.6%), as expected from the absence of underlying discrimination. The high 
classification rates achieved with a small array of structurally simple, enantioselective 
sensors validate the central premise of Publication III: chemical specificity and chiral 
discrimination can be addressed independently, provided that each chiral receptor is 
available in both enantiomeric forms and that the transducer permits accurate mass 
calibration. 
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4 Conclusions 
The objectives of this thesis were to map the scope of cycHC[n]·metalloporphyrin self-
assembly across solution and the solid state, to extend the study to bis-porphyrin hosts, 
and to translate the resulting adducts into a functional sensor array.  

Nine achiral metalloporphyrins, differing in peripheral substituents, core planarity, 
and metal centre, were investigated for self-assembly with cycHC[6] and cycHC[8]. Seven 
formed external M···O complexes in solution (six Zn²⁺ and one Mg²⁺ porphyrin), while the 
Fe³⁺ and Pd²⁺ analogues showed no quantifiable binding. For the Zn-tetraarylporphyrin 
series, association constants followed a Hammett correlation with the para-substituents, 
and cycHC[6] bound more strongly than cycHC[8] across the entire library. Replacement 
of Zn²⁺ by Mg²⁺ enhanced the association by approximately three orders of magnitude, 
identifying the metal centre as the main determinant of binding strength. Crystallisation 
yielded 31 novel single-crystal structures, all built on direct M···O coordination with 
architectures ranging from discrete complexes to 1D and 2D coordination polymers. The 
complexes were ECD-active across the porphyrin library, with mirror-image Cotton 
effects between (R,R)- and (S,S)-cycHC[n] confirming chirality transfer. In KBr pellets 
prepared from microcrystals, the dissymmetry factor reached values about tenfold larger 
than in solution. The enhancement was independent of the higher-order solid-state 
architecture and instead tracked the local porphyrin·cycHC[n] coordination geometry, 
indicating that the close M···O contact, rather than long-range packing, is the principal 
source of chirality transfer. 

Bis(zinc octaethylporphyrin) interacted with cycHC[6] and cycHC[8] through 
qualitatively different binding modes. CycHC[6] acted as a bidentate guest and formed a 
1:1 tweezer complex on the timescale of mixing, while cycHC[8] was too large to 
encapsulate and instead drove slow self-assembly into an anti 1:2 complex over several 
hours, consistent with a concentration-dependent secondary aggregation process. 

Exploiting the established cycHC[8]·metalloporphyrin coordination chemistry and the 
solid-state chiroptical enhancement of the resulting adducts, four metalloporphyrins 
were each combined with both enantiomers of cycHC[8] and deposited as thin films onto 
quartz crystal microbalances, giving eight chiroptically active sensors. Porphyrin 
complexation was essential for enantioselective recognition and also suppressed the 
strong water sensitivity of free cycHC[8], giving stable operation in ambient atmosphere. 
A normalisation protocol based on virtual racemic references was developed to extract 
enantioselective information at unknown analyte concentration. Without normalisation, 
the array first classified all three analytes by chemical identity; after normalisation, it 
further discriminated the enantiomers of limonene and 1-phenylethylamine with median 
accuracy of 100%, while α-pinene enantiomers were not discriminated. 

Combining achiral metalloporphyrins with enantiopure cycHC[n] macrocycles offers a 
modular and synthetically efficient route to libraries of chiral sensing materials, without 
the multi-step synthesis traditionally required for intrinsically chiral porphyrin scaffolds. 
Variation of the porphyrin alone tunes the chemical selectivity, while the choice of 
cycHC[n] enantiomer dictates the handedness of recognition. This decoupling provides a 
practical route to expanding chiral sensor libraries from a small set of commercially or 
synthetically accessible components, with potential applications in pharmaceutical 
quality control, food and fragrance analysis, and environmental monitoring of chiral 
pollutants. Future work could extend the approach to other macrocyclic hosts, larger 
porphyrin libraries, or optical transduction platforms. 
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Abstract 
Chiral Supramolecular Assemblies of Metalloporphyrins and 
Cyclohexanohemicucurbiturils: From Molecular Recognition 
to Sensing Applications  
The two enantiomers of a chiral compound can differ markedly in biological activity, 
taste, or odour, which makes their selective recognition relevant to pharmaceutical 
analysis, agrochemistry, biomedical diagnostics and food safety. Developing receptors 
that distinguish enantiomers and that are at the same time synthetically accessible and 
structurally tunable therefore remains an active area of supramolecular chemistry.  
A widely used approach is supramolecular chirogenesis, in which chirality is transferred 
from one binding partner to another through non-covalent interaction. When the 
receiving partner is a chromophore, the transfer becomes detectable as induced circular 
dichroism (ICD). Cyclohexanohemicucurbit[n]urils (cycHC[n]) are a family of enantiopure 
macrocycles whose carbonyl oxygens act as Lewis-base donors and are well-matched to 
the Lewis-acidic metal centres of metalloporphyrins. The first demonstration that 
enantiopure cycHC[n] induce circular dichroism in achiral zinc porphyrins through 
external M···O coordination established a chirogenesis platform built from synthetically 
simple, modular components. The scope of this platform, however, had not been 
systematically mapped at the start of this work. In particular, the influence of porphyrin 
substituents, core planarity, and metal centre on the binding interaction remained 
unclear, as did the solid-state organisation of the resulting complexes, the behaviour of 
a bis-porphyrin host, and the translation of these adducts into functional sensing 
materials. 

The literature overview introduces the relevant supramolecular chemistry concepts 
(non-covalent interactions, binding evaluation methods, and the principles of induced 
chirality), followed by a section on porphyrins and macrocyclic hosts with particular 
emphasis on metalloporphyrin coordination chemistry. It concludes with an introduction 
to supramolecular sensing, focusing on quartz crystal microbalances (QMB) and the use 
of sensor arrays combined with chemometric analysis for the recognition of chiral 
analytes. 

The first results chapter examines a library of nine achiral metalloporphyrins differing 
in peripheral substituents, core planarity, and metal centre, in their interaction with both 
enantiomers of cycHC[6] and cycHC[8] (Publication I). UV-vis and nuclear magnetic 
resonance (NMR) titrations in dichloromethane showed that seven of the nine 
porphyrins (six Zn²⁺ and one Mg²⁺) bind through external M···O coordination, while the 
Fe³⁺ and Pd²⁺ analogues showed no quantifiable binding. For the para-substituted Zn-
tetraarylporphyrin series, the association constants followed a Hammett correlation. 
Across the series, cycHC[6] bound more strongly than cycHC[8], while replacement of 
Zn²⁺ by Mg²⁺ enhanced binding by approximately three orders of magnitude. These 
results identify the metal centre as the principal determinant of affinity. Thirty-one new 
single-crystal X-ray structures showed a range of supramolecular architectures, all built 
on direct M···O coordination. Solid-state CD on KBr pellets showed dissymmetry factors 
approximately tenfold larger than in solution; this chiroptical enhancement was found to 
track the local porphyrin·cycHC[n] coordination geometry rather than long-range crystal 
packing, identifying the close M···O contact as the dominant source of chirality transfer. 
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The second results chapter extends the study to bis(zinc octaethylporphyrin), a 
tweezer host known to encapsulate small bidentate guests (Publication II). NMR, UV-vis, 
fluorescence, and CD spectroscopy showed that the two cycHC sizes interact through 
qualitatively different binding modes: cycHC[6] is small enough to act as a bidentate 
guest and forms a 1:1 tweezer complex on the timescale of mixing, whereas cycHC[8] is 
too large to encapsulate and instead drives slow self-assembly of bis-ZnOEP into an anti 
1:2 complex over several hours, as revealed by time-resolved spectroscopic monitoring 
and variable-temperature experiments. 

The third results chapter translates the cycHC[8]·metalloporphyrin coordination 
chemistry into chiral sensing materials (Publication III). Four metalloporphyrins were 
combined with both enantiomers of cycHC[8] and deposited as thin films onto QMBs, 
yielding eight chiroptically active sensors assembled into an enantioselective array. A 
novel normalisation protocol based on virtual racemic references was developed to 
extract enantioselective information at unknown analyte concentration. Without 
normalisation, the array classified limonene, α-pinene, and 1-phenylethylamine by 
chemical identity; after normalisation, it further discriminated the enantiomers of 
limonene and 1-phenylethylamine with median accuracy of 100%, while α-pinene 
enantiomers were not discriminated. 

Overall, the work maps cycHC[n]·metalloporphyrin self-assembly across a broad 
metalloporphyrin scope in both solution and the solid state, and demonstrates its first 
application as a functional enantioselective sensor. The results support the rational 
design of chiral supramolecular materials and show how enantioselective sensor arrays 
can be used to recognise volatile chiral analytes. 
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Lühikokkuvõte 
Kiraalsed Metalloporfüriinide ja 
Tsükloheksanohemikukurbituriilide Supramolekulaarsed 
Süsteemid: Molekulaarsest Äratundmisest 
Sensortehnoloogiani 
Kiraalse ühendi kaks enantiomeeri võivad bioloogilise aktiivsuse, maitse või lõhna 
poolest märgatavalt erineda, mistõttu on nende eristamine oluline ravimitööstuse , 
põllumajanduskemikaalide, biomeditsiinilise diagnostika ja toiduohutuse valdkonnas. 
Selliste retseptorite väljatöötamine, mis on võimelised enantiomeere eristama, olles 
samal ajal sünteetiliselt kättesaadavad ja struktuurselt häälestatavad, on 
supramolekulaarse keemia aktiivne uurimissuund. 
Supramolekulaarne kirogenees, mille käigus enantiopuhas võõrustaja-molekul kannab 
kiraalsuse mittekovalentse interaktsiooni kaudu üle akiraalsele kromofoorsele 
partnerile, on oluline suund supramolekulaarsete retseptorite arenduses. Kiraalsuse 
ülekanne on  tuvastatav indutseeritud ringdikroismi (ICD) kaudu. 
Tsükloheksanohemikukurbit[n]uriilid (cycHC[n]) on enantiopuhaste makrotsüklite 
perekond, mille karbonüülsed hapnikud käituvad Lewise aluseliste doonoritena ja 
sobivad hästi metalloporfüriinide Lewise happeliste metallitsentritega. Enantiopuhtad 
cycHC[n] indutseerivad akiraalsetes tsinkporfüriinides ringdikroismi M···O 
koordinatsiooni kaudu, luues seega mitmekülgse kirogeneesi platvormi, mis põhineb 
sünteetiliselt lihtsatest, modulaarsetest komponentidest. Käesoleva töö alguses ei olnud 
selle platvormi ulatust süstemaatiliselt uuritud. Eelkõige oli ebaselge, kuidas mõjutavad 
porfüriini perifeersed asendajad, tsentraalne metall ja porfüriini tuuma geomeetria 
sidumisinteraktsiooni. Samuti olid kaardistamata tekkivate komplekside 
organiseerumine tahkes faasis, bisporfüriinsete võõrustaja-molekulide käitumine ning 
nende komplekside rakendamine funktsionaalsete sensormaterjalidena. Käesolev 
doktoritöö käsitleb järjest kõiki neid aspekte. 

Doktoritöö kirjanduse ülevaade tutvustab asjakohaseid supramolekulaarse keemia 
mõisteid (mittekovalentsed interaktsioonid, sidumise hindamise meetodid ning 
indutseeritud kiraalsuse põhimõtted), millele järgneb peatükk porfüriinidest ja 
makrotsüklilistest võõrustaja-molekulidest, kus pööratakse erilist tähelepanu 
metalloporfüriinide koordinatsioonikeemiale. Ülevaade lõppeb sissejuhatusega 
supramolekulaarsesse sensoorikasse, keskendudes kvartskristall-mikrokaaludele (QMB) 
ja kemomeetrilise analüüsiga toetatud sensorimassiivide kasutamisele kiraalsete 
analüütide tuvastamisel. 

Tulemuste esimene peatükk uurib üheksa akiraalse metalloporfüriini  interaktsioone 
nii cycHC[6] kui ka cycHC[8] mõlema enantiomeeriga. Uuritavate kromofooride 
struktuurid erinesid perifeersete asendajate, porfüriinide tuuma geomeetria ja sellega 
seotud metalli poolest ning cycHC-d erinesid oma suuruse ja kiraalsuse poolest. 
(Publikatsioon I). UV-vis- ja tuumamagnetresonants-spektroskoopial põhinevad 
tiitrimised diklorometaanis näitasid, et seitse üheksast porfüriinist (kuus Zn²⁺ ja üks 
Mg²⁺), kuid Fe³⁺ ja Pd²⁺ analoogidega sidumist  ei tuvastatud. Sidumine leiab aset M···O 
koordinatsiooni kaudu, kusjuures sidumiskonstandid järgivad Hammeti korrelatsiooni 
Zn-tetraarüülporfüriinide para-asendajate reas. cycHC[6] sidus porfüriine järjepidevalt 
tugevamini kui cycHC[8]. Peamiseks sidumistugevuse määrajaks osutus tsentraalse 
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metalli muutmine. Zn²⁺ asendamine Mg²⁺-iga suurendas sidumistugevust ligikaudu 
kolme suurusjärgu võrra, kuid Pd²⁺ ja Fe3⁺ katioonide puhul ei olnud sidumine tuvastatav. 
Töö käigus saadi 31 uut monokristallstruktuuri, mis avasid mitmekesiste  
supramolekulaarsete arhitektuuride olemuse, kusjuures  kõik need struktuurid 
põhinevad otsesel M···O koordinatsioonil. KBr-tablettides mõõdetud tahkefaasi 
elektrooniline ringdikroism näitas, et tahkes faasis on kompleksite dissümmeetriategurid 
ligikaudu kümme korda suuremad kui lahuses. Töös järeldati, et kiroptiline võimendus 
järgis pigem lokaalset porfüriin·cycHC[n] koordinatsioonigeomeetriat kui kaugulatusega 
kristallpakkimist, identifitseerides lähedase M···O kontakti kui peamise kiraalsuse 
ülekande allika. 

Tulemuste teine peatükk laiendab uurimist bis(tsink-oktaetüülporfüriinile) (bis-
ZnOEP), pintsett-tüüpi võõrustaja-molekulile, mis on tuntud väikeste bidentaatsete 
külaliste sidumisvõime poolest (Publikatsioon II). Tuumamagnetresonants-, UV-vis-, 
fluorestsents- ja ringdikroismi-spektroskoopia näitasid, et erineva suurusega cycHC 
molekulid interakteeruvad bis-ZnOEP-iga kvalitatiivselt erinevate sidumisrežiimide 
kaudu. CycHC[6] on piisavalt väike, et mahtuda bidentaatse külalisena ja moodustab 1:1 
pintsett-kompleksi, samas kui cycHC[8] on liiga suur sellise geomeetriaga kompleksi 
tekkeks. Spektroskoopiliste mõõtmiste ja muutuva temperatuuriga eksperimendid 
näitasid, et cycHC[8] sidumisel bis-ZnOEP-le toimub iseorganiseerumine anti 1:2 
kompleksiks mitme tunni jooksul. 

Tulemuste kolmas peatükk rakendab uuritud cycHC[8]·metalloporfüriini komplekse 
kiraalsete sensormaterjalide loomiseks (Publikatsioon III). Neli metalloporfüriini 
kombineeriti cycHC[8] mõlema enantiomeeriga ja sadestati õhukeste kiledena 
kvartskristall-mikrokaaludele, saades kaheksa kiroptiliselt aktiivset sensorit. Töö käigus 
loodi esmakordselt virtuaalsel ratseemilisel referentsil põhinev 
normaliseerimisprotokoll, mis võimaldab enantioselektiivse info eraldamist ka teadmata 
analüüdi kontsentratsiooni korral. Enantiomeersete komplekside kiledest moodustatud 
sensorimassiivi abil sai klassifitseerida aurufaasis limoneeni, α-pineeni ja 1-
fenüületüülamiini ning pärast normaliseermist tuvastada limoneeni ja 1-
fenüületüülamiini vastasenantiomeere 100 % täpsusega. 

Kokkuvõtvalt, käesoleva tööga kinnitati, et cycHC[n]·metalloporfüriini 
iseorganiseerumisega saab luua usaldusväärse kirogeneesi platvormi, mis toimib 
laiaulatusliku metalloporfüriinide kogule nii lahuse- kui ka tahkefaasi süsteemides. 
Ühtlasi näidati selle esimest rakendust toimivas enantioselektiivses sensorseadmes. 
Saadud tulemused loovad aluse kiraalsete supramolekulaarsete materjalide 
ratsionaalseks disainiks ja näitavad teed, kuidas enantioselektiivseid sensoreid saab 
rakendada lenduvate kiraalsete analüütide äratundmiseks. 
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ABSTRACT: Chiral self-assembled supramolecular networks offer
great potential for new chiral materials. We report the predictable
s e l f - a s s emb l y o f m e t a l l o p o r p h y r i n s w i t h c h i r a l
cyclohexanohemicucurbit[n]urils (cycHC[6] and cycHC[8]),
where cycHC[n] chirality is transferred to achiral porphyrins in
solution and the solid state. Solvent and porphyrin substituents
directed the formation of 31 novel complexes characterized by
single-crystal X-ray diffraction. All complexes feature metal−urea
coordination centers, with architectures ranging from discrete
complexes to 1D, helical 1D, and 2D square-grid coordination
polymers, governed by the shape and binding strength of
cycHC[n]s. Noncovalent interaction analysis highlighted van der
Waals interactions alongside metal−oxygen coordination. In
solution, binding strengths ranged from 690 to 1,840,000 M−1, while electronic circular dichroism (ECD) g-factors remained
consistent. Solid-state measurements revealed a 10-fold increase in induced ECD intensity in the Soret region, attributed to chiral
aggregation and interporphyrin exciton coupling. Vibrational circular dichroism showed chirality induction in the infrared range,
with the g-factor of cycHC[6] carbonyl signals increasing 10-fold upon complexation. These results demonstrate the robustness of
hemicucurbituril−metalloporphyrin supramolecular systems for developing advanced chiral sensing materials.

■ INTRODUCTION

Porphyrins, with their highly tunable ring systems and metal
centers,1,2 offer remarkable structural and electronic versatility,
enabling diverse applications in catalysis,3,4 photodynamic
therapy,5,6 solar energy conversion,7 and, notably, chemical
sensing.8−12 Their conjugated core gives rise to distinctive
UV−vis absorption properties, while the chelated metal ion
often governs the chemical reactivity. Inducing chirality in
porphyrins through supramolecular complexation expands
their utility to include the recognition of chiral molecules
such as pharmaceuticals,13 environmental pollutants,14,15 and
food ingredients,16 as well as absolute configuration determi-
nation.17−19 Recently, the induction of chirality in supra-
molecular host−guest systems has gained significant attention,
with studies demonstrating efficient chiroptical responses
through the encapsulation of achiral guests such as fullerenes
and fluorescent dyes in chiral nanocapsules.20,21 Supra-
molecular control over the self-assembly of metalloporphyrins
with a chiral molecular entity enables the efficient formation of
tunable chemical and chiroptical sensors. This requires the
presence of complementary interaction sites and steric
compatibility between the individual molecules. Porphyrins
and cyclohexanohemicucurbit[n]urils22−24 (cycHC[n]s) pos-

sess these features (Figure 1). The size of the porphyrin core
unit is 0.84 nm, and in the case of 5,10,15,20-tetraphenylpor-
phyrin, the distance between phenyl meso-substituents is about
1.5 nm. CycHC[6] and cycHC[8] have comparable
dimensions, with a height of roughly 1 nm and diameters of
1.4−1.7 nm.
Metalloporphyrins and cycHC[n]s also feature complemen-

tary apolar organic regions and Lewis acid−base interaction
sites. This can be seen on the electrostatic potential surfaces of
the (S,S)-cycHC[8]·7 complex (Figure 1, SI Figures S116 and
S117), where the main interaction between the electron-rich
carbonyl oxygen (red) and the electron-deficient central metal
(blue) is accompanied by a secondary interaction between the
cycHC[n]’s hydrophobic parts (blue) and the porphyrin’s π-
ring (red). We have reported that the urea groups of
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enantiomeric cycHC[n]s can externally bind zinc porphyrins
through Lewis acid−base interactions, inducing chirality at
both mono- and bis-porphyrin cores.25,26 This induces
electronic circular dichroism (ECD) signals in the Soret
reg ion of inherent ly achi ra l (ECD-s i lent) z inc
2,3,7,8,12,13,17,18-octaethylporphyrin (1), zinc 5,10,15,20-
tetraphenylporphyrin (2), and bis(zinc 2,3,7,8,12,13,17,18-
octaethylporphyrin).25,26 Furthermore, the first successful
application of cycHC[n] and metalloporphyrin complexes for
chiral sensing of volatile organic compounds was demonstrated
using an enantioselective electronic nose with a quartz crystal
microbalance detector array.27
To develop a versatile sensing system and uncover new

supramolecular architectures, we investigated how substituents
at the Zn-porphyrin ring (1−6) and variations in metal cations
(Mg2+, Fe3+, and Pd2+; 7−9) affect their binding with
cycHC[6] and cycHC [8], as well as their chiroptical
properties. The choice of Mg- and Fe-porphyrins was
motivated by their previously reported complexes with
oxygen-bearing ligands, while the Pd-porphyrin was recently
shown to sense oxygen gas.12,17,28−33 However, no information
was available regarding their interactions with urea macro-
cycles. Exploration of new complexes for supramolecular
chirogenesis in both solution and solid-state using ECD and
vibrational circular dichroism (VCD) spectroscopies is
essential for the further development of optical chiral sensing
applications. Furthermore, single-crystal X-ray diffraction (SC-
XRD) analysis of 31 novel crystal structures revealed the high
structural versatility of cycHC[n]−porphyrin complexes. The
obtained results demonstrate coherent binding motifs and a
broad range of chiral supramolecular architectures, offering a
robust platform for next-generation sensing arrays driven by
specific cycHC[n]-porphyrin interactions.
Experimental Section. Unless otherwise stated, all

reagents and solvents were purchased from commercial
suppliers of the highest grade available and used as received.
Compounds prepared in our laboratories were cycHC[n]s22,24
and porphyrins 3−7.34−37 All solutions were prepared using
Hamilton Gastight syringes; those syringes were also used for
all additions during UV−vis and NMR titrations. To ensure
precise measurement in sample preparation, the mass of

solvent and its density were used along with volumetric
glassware. Samples were weighed on a microbalance with an
accuracy of 6 μg (Radwag MYA 11.4Y, Poland). The online
tool Bindfit (supramolecular.org)38,39 was used for evaluating
the binding constants. See additionally SI p. S2−S36.

1H NMR Measurements. All the 1H NMR experiments
were measured on a Bruker Avance III 400 MHz or a Bruker
Avance III 800 MHz spectrometer at a temperature of 298 K.
All NMR titrations used deuterium solvent to lock. Chemical
shifts in 1H NMR were referenced to the deuterated solvent
residual peak. The data was analyzed using the program
MNova (Mestrelab) and MS excel. See additionally SI p. S7
and S33−S36.

UV−Vis and CD Measurements. The UV−vis absorption
spectra were recorded with a Jasco V-730 spectrophotometer
or with a Varian Cary 50 UV−vis spectrophotometer. The CD
spectra were recorded with a Jasco J-1500 circular dichroism
spectrophotometer in the 370−430 nm range for 1, the 420−
520 nm range for 6, and the 390−450 nm range for other
metalloporphyrins. Measurement parameters were as follows:
scanning speed 20 nm/min; data pitch 0.1 nm; digital
integration time 4 s; bandwidth 2.00 nm. A total of 6 scans
were recorded for each metalloporphyrin cycHC[n] complex,
and the average of them was taken; DCM spectra were
subtracted for baseline correction. The thermostat (PTC-510)
was used to keep the cell holder temperature at 20 °C. See
additionally SI p. S37−S51.
Solid-state ECD, LD UV−vis, LB and CB spectra were

recorded by a solid-state dedicated circular dichroism (CD)
spectrophotometer (J-800 KCM) by mixing the sample with
KBr and pressing into a pellet. See additionally SI p. S52−S56.

IR and VCD Measurements. IR and VCD measurements
were carried out with a Bruker Tensor27 spectrometer
equipped with a VCD module PMA 50. For VCD measure-
ment, a linear polarizer and a 50 kHz ZnSe photoelastic
modulator (PEM) were used. The absorption signals were
detected with a liquid nitrogen cooled MCT infrared detector
from a sample of a KBr pellet with a resolution of 4 cm−1. Data
collection time was set at 6 h using six blocks of 60 min. For
the demodulation of the signals, a lock-in amplifier (Stanford
Research Systems 830) was used. The PEM was adjusted for a

Figure 1. Structures of hemicucurbiturils and metalloporphyrins studied on the left and electrostatic potential colored molecular van der Waals
surfaces of (S,S)-cycHC[8]·7 on the right. Blue color corresponds to electron-donating and red color corresponds to electron-accepting capabilities.
The Hammett constant σp for para-substituents increases from porphyrins 1 to 6.
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maximum efficiency at 1600 or 900 cm−1, depending on the
region under investigation. A multiple wavelength plate (CdS)
combined with a wire grid linear polarizer was used to calibrate
the phase of the lock-in amplifier. For the baseline of VCD, a
pure KBr pellet was used. The baseline signal was subtracted
from the original sample signal. See additionally SI p. S57−
S62.
Single-Crystal X-ray Diffraction. Single-crystal X-ray

diffraction data were collected on Rigaku SuperNova and
Bruker-Nonius Kappa CCD diffractometers using Cu Kα (λ =
1.54184 Å) and Mo Kα (λ = 0.71073 Å) radiation, respectively.
Data collection and reduction employed CrysAlisPro,40
COLLECT,41 and HKL DENZO/SCALEPACK,42 with
absorption corrections applied via Gaussian and SADABS43
methods. Structures were solved by direct methods (SHELXS)
and refined by full-matrix least-squares on F2 using SHELXL-
2015.44−46 Non-hydrogen atoms were refined anisotropically;
hydrogen atoms were positioned geometrically or refined with
restraints. Rigid-bond,47,48 distance (DFIX), and SIMU
restraints were applied as needed. If no sensible disordered
model could be formulated for the unknown solvates, the
program SQUEEZE49 within PLATON50 was used to account
for the residual electron density. Crystallographic and
refinement details, including CCDC numbers, are provided
below and in the Supporting Information. See additionally SI
p. S63−S103.
Computational Methods. For all the computations in this

work, single-point energy calculations were performed with the
ORCA51−54 program package using the B3LYP functional and
the def2-SVP basis set. The crystallographic coordinates were
used as input geometries without further optimization. Tight
SCF convergence criteria and ORCA’s Grid5 integration grid
were employed.
Multiwfn55,56 was used to perform quantitative molecular

surface analysis for electrostatic potential surface coloring,
noncovalent interactions (NCI, a.k.a reduced density gradient)
analysis57 and Interaction region indicator (IRI) analysis.58
VMD59 software was used for visualization of the NCI and IRI
color-filled isosurface graphs. The Gnuplot program (http://
www.gnuplot.info) was used for generating color mapped NCI
and IRI scatter maps. See additionally SI p. S104−S123.

■ RESULTS AND DISCUSSION

Variability of Binding Strength of Metalloporphyrins
to Hemicucurbiturils. CycHC[n]s have been shown to form
inclusion complexes with anions and electron-rich heterocycles
only in protic media, such as methanol and water, whereas
Lewis and Bro̷nsted acids form external interactions in
nonprotic solvents, such as dichloromethane (DCM).25,60−62

In the present work, it was found that nonpolar solvents
(toluene, chloroform, and DCM) facilitate the formation of the
2·cycHC[n] complex with minor differences in affinity, the
strongest being observed in DCM (SI Table S1). In contrast,
oxygen-containing solvents (e.g., MeOH, THF, and DMSO)
suppressed the formation of complexes with cycHC[8] due to
competition with abundant solvent molecules (SI p. S3−
S8).63,64
The influence of substituents on the porphyrin core 1−9 was

explored by conducting UV−vis titrations in DCM with
cycHC[n]s (n = 6, 8), and corresponding affinity constants K
were determined by evaluating the data with a 2:1 statistical
binding model from the online tool BindFit,38,39 where K1
indicates 1:1 and subsequently K2 2:1 complex formation

equilibria (Table 1 and Table S1, SI p. S8−S36). To highlight
the differences in binding strengths of the studied complexes,
the K1 values are compared in Table 1.

In agreement with our previous studies on the binding of
Lewis basic thioureas,65 the binding strength of porphyrins 1−
6 to cycHC[n]s correlates with the electron deficiency at the
central metal. Porphyrin 1 bearing weak electron-donating
ethyl substituents showed the weakest binding, whereas for
Zn2+ tetraarylporphyrins decorated with chloro-, fluoro-, or
trifluoromethyl groups at para-position 2−5 (Table 1, lines 1−
5) the binding strength increases along with the Hammett σp
values66 of these substituents. A two-order-of-magnitude larger
K1 was obtained for a more extreme example of the electron-
deficient Zn-porphyrin 6, bearing four pentafluorophenyl
groups and eight bromine substituents (Table 1, line 6).
Strong affinity between cycHC[n]s and 6 was manifested by
full complexation and a 1000-fold lower excess of cycHC[n],
compared to titrations of porphyrins 1−5 in the same
conditions (SI p. S26−S29).
Variation in the metal cations Mg2+ 7, Fe3+ 8, and Pd2+ 9 in

the porphyrin coordination center demonstrated that Mg2+ is
an outstanding alternative to the previously known Zn-
porphyrin-cycHC[n] complexes.25 No binding to cycHC[8]
was observed with 8 and 9 (SI Figures S55 and S56), probably
due to an unfavorable interaction between the metal and urea
oxygen of cycHC[n]s. Complexation of 7 with various ligands
via nitrogen and oxygen coordination with magnesium cation
has been previously described.33,67−69 However, the interaction
between cycHC[n]s and Mg-porphyrin 7 uncovered in this
study prevailed even in the presence of competing water
molecules. It was found that 7 binds cycHC[n] by 2−3 orders
of magnitude more strongly than the structurally equivalent
zinc porphyrin 2 (Table 1, lines 2 and 7). The binding of 7
with cycHC[n]s was evaluated as an apparent association
constant, as roughly 10 equiv of water per 7 was in the titration
solution due to the high oxophilicity of Mg-porphyrin at
ambient conditions (SI Figure S60).
Overall, binding constants for porphyrins 1−7 cover the

range from 690 to 1,840,000 M−1 in DCM and follow the
Lewis acidity of porphyrins. The results revealed that the
smaller cycHC[6], compared to the larger cycHC[8] macro-

Table 1. Association Constants of the First Step K1 for
Metalloporphyrin and cycHC[n] Complexes Obtained with
Bindfit38,39 2:1 Statistical Model (2:1 Full Model in Case of
7) Are Listed in the Table (Choice of Binding Models and
Acquiring of Constants Is Elaborated in SI)

metallo-
porphyrin

K1 with cycHC[6], ×103
M−1

K1 with cycHC[8], ×103
M−1

1 2.9 ± 0.2 0.69 ± 0.01
2 5.34 ± 0.06a 2.07 ± 0.02a

3 4.8 ± 0.3 2.1 ± 0.3
4 6.01 ± 0.07 2.87 ± 0.05
5 7.4 ± 0.5 3.34 ± 0.02
6 409 ± 4 n.d.
7 1840 ± 70b 1040 ± 40b

aConstants from ref 25. bApparent K in the presence of 10 equiv of
water. All constants were determined from at least two independent
measurements with enantiomeric cycHC[n]s, deviations are standard
deviation from independently measured K values. n.d., not
determined (No satisfactory fit could be obtained, SI p. S26−S29).

Inorganic Chemistry pubs.acs.org/IC Article

https://doi.org/10.1021/acs.inorgchem.5c04969
Inorg. Chem. 2025, 64, 23773−23785

23775



cycle, has slightly stronger binding for all of the studied Zn2+
and Mg2+ porphyrins.
Versatility of Solid-State Supramolecular Architec-

tures. Self-assembly of cycHC[n]s and metalloporphyrins is
affected by the solvent, crystallization temperature, and
additives. Crystallization experiments with equimolar mixtures
of seven achiral metalloporphyrins (1−7) and four chiral
cycHC[n]s produced 31 novel structures: six with (R,R)-
cycHC[6], seven with (S,S)-cycHC[6], ten with (R,R)-
cycHC[8], and eight with (S,S)-cycHC[8]. All structures
display electrostatic M···O interactions, with assemblies
ranging from discrete penta- or hexa-coordinated complexes
to coordination polymers (Figures 2 and 3, Table S6 and
Figures S85−S115).
Assembly of (R,R)-cycHC[6] with porphyrin 1 at −20 °C in

DCM/MeOH yielded a discrete 2:3 complex in which
cycHC[6] links two terminal porphyrins in a double-
metalloporphyrin sandwich. While the bridging porphyrin
coordinates two cycHC[6] molecules via hexa-coordinated
Zn···O interactions, terminal Zn centers are penta-coordinated
and stabilized by π−π stacking between two porphyrins. This
interaction is evidenced by the close proximity (3.3 Å) of
planes passing through the porphyrin cores, resulting in a Zn

Zn distance of 4.83 Å (Figure 2A, SI p. S73).
Porphyrin-porphyrin interaction with a distance of 3.4 Å

between the porphyrin cores and the ZnZn distance of 4.87
Å was also seen in the (S,S)-cycHC[6]·1 polymorph (Figure
2B), the latter was crystallized under the same conditions as its

enantiomeric congener; however, in this case a discrete 1:2
complex with solely penta-coordinated Zn centers was formed.
Porphyrin 2 was reported to form a 1D-chain polymer with

(R,R)-cycHC[6].25 In this study, using (S,S)-cycHC[6],
crystallization at 3 °C also yielded a 1D-chain polymer (Figure
2C, (S,S)-cycHC[6]·2(a), SI p. S75), that was isomorphous
and isostructural to complexes forming with the Mg-porphyrin
7 (Figure 2H, SI p. S84−S85). Crystallization at ambient
temperature produces a discrete 1:1 complex with an
uncoordinated cycHC[6] molecule ((S,S)-cycHC[6]·2(b), SI
p. S76). This change from a polymer to a discrete complex is
accompanied by a 0.2 Å decrease in the Zn···O distance (SI
Table S7).
Porphyrin 3 exhibits a strong temperature-dependent

behavior: (R,R)-cycHC[6]·3 forms a 1D-chain polymer at
ambient temperature (Figure 2D, SI p. S77), whereas
crystallization of (S,S)-cycHC[6]·3 at 3 °C yields a discrete
2:2 complex in which the porphyrins coordinate to two
carbonyl oxygens of the one (S,S)-cycHC[6] (SI p. S78 while
only a single Zn-porphyrin is attached to the second (S,S)-
cycHC[6]. A similar binding pattern is observed for porphyrin
4, which bears p-chlorophenyl substituents. Intermolecular C−
H···Cl interactions (Figure 2 inset shows NCI isosurface,
further details SI p. S110) link neighboring porphyrins,
resulting in a 1:2 (R,R)-cycHC[6]·4 complex along with an
uncoordinated, cocrystallized (R,R)-cycHC[6]. These inter-
actions do not perturb Zn···O coordination but bring the
porphyrins closer together, preventing formation of a 1D

Figure 2. View of the molecular structures of cycHC[6] complexes with porphyrins 1 (A and SI p. S73; B and SI p. S74), 2 (C and SI p. S75), 3 (D
and SI p. S77), 4 (E and SI p. S79 and C−H···Cl noncovalent interaction isosurface SI p. S110), 5 (F and Si p. S81), 6 (G and SI p. S83), and 7 (H
and SI p. S84). In C, D, F, G, and H, crystals are 1D coordination polymers; see additional details in SI. Atom sites with minor occupancies as well
as cocrystallized solvent molecules have been omitted for clarity. Atoms are colored according to the CPK code.
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polymer. Despite different crystallization temperatures
ambient for (R,R)-cycHC[6]·4 (Figure 2 E, SI p. S79) and 3
°C for (S,S)-cycHC[6]·4 (SI p. S80)both enantiomers form
isomorphous and isostructural crystals.
Other metalloporphyrins (5, 6, 7) form 1D-chain polymers

with cycHC[6], in which the Zn2+ and Mg2+ centers are
exclusively hexa-coordinated (Figure 2F−H, SI p. S81−S85).
For porphyrins 5 and 7, isomorphous and isostructural
complexes are obtained even with varying crystallization
temperatures, whereas for porphyrin 6, only a single
enantiomer was crystallized.
Crystallization of the larger macrocycle, cycHC[8], under

conditions analogous to those used for cycHC[6], produced a
distinct set of single crystals containing porphyrins 1−5 and 7,
highlighting the structural adaptability and polymorphism of
the host. For porphyrin 1, two polymorphs were obtained:
(S,S)-cycHC[8]·1(a), crystallized from DCM/MeOH at 3 °C
over 8 days, represents a discrete 1:2 complex with two
porphyrins bound in a pincer-like fashion to alternating urea
subunits of cycHC[8] (Figure 3A and SI p. S86). The Zn···O
distances between the porphyrin 1 and the (S,S)-cycHC[8]
moieties are 0.1 Å shorter than in the (R,R)-cycHC[6] crystals
(Figure 2A), showing a larger overlap of van der Waals radii
due to the lower coordination number at the zinc ion. In the
second form, (S,S)-cycHC[8]·1(b), crystallized from chlor-
obenzene/MeOH at 3 °C over 2 weeks, chlorobenzene is
included in some of the cycHC[8]s cavities, forming a 2D-
square-grid coordination polymer where each (S,S)-cycHC[8]
binds four porphyrins via alternating urea subunits (Figure 3B,
SI p. S87). This structure demonstrates the host’s ability to

organize multiple metal centers into an extended 2D network,
stabilized by both Zn···O interactions and solvent inclusion.
The average Zn···O distance is the same as for a hexa-
coordinated Zn2+ cation in the 2:3 complex of (R,R)-
cycHC[6]·1.
For porphyrin 2, the crystallization yielded multiple

polymorphs, illustrating the myriad of solid-state structures
that could be accommodated by the system under different
crystallization conditions. Using (R,R)-cycHC[8], the follow-
ing polymorphs were obtained: (R,R)-cycHC[8]·2(a) (Figure
3 C and SI p. S88), crystallized from DCM/MeOH at ambient
temperature over 2 days, forms a discrete 1:2 complex
stabilized by solvate molecules. The other poly-
morphs(R,R)-cycHC[8]·2(c) (SI p. S89), obtained from
DCM/MeOH with 1,4-thioxane, (R,R)-cycHC[8]·2(d) (SI p.
S90), from DCM/MeOH with tetrahydrofuran, and (R,R)-
cycHC[8]·2(e) (SI p. S91), from MeOH with (R)-
(+)-limoneneall produced discrete complexes without
incorporation of the additive into the porphyrin−cycHC
assembly. For (S,S)-cycHC[8], two polymorphs were
observed: (S,S)-cycHC[8]·2(a) (SI p. S92) (DCM/MeOH,
3 °C, 3 days) forms a 1:2 complex analogous to (R,R)-
cycHC[8]·2(a), and (S,S)-cycHC[8]·2(b) (SI p. S93)
(chlorobenzene/MeOH, ambient temperature, 2.5 weeks)
includes chlorobenzene in the cavity.
The use of different additives (chlorobenzene, thioxane,

tetrahydrofuran, and (R)-(+)-limonene) was intended to probe
whether ternary complexes could form, i.e., host−porphyrin−
additive assemblies. Only in chlorobenzene was a ternary
complex formed with inclusion of the aromatic guest to

Figure 3. View of the crystal structures in the cycHC[8] complexes with porphyrins 1(a) (A and SI p. S86), 1(b) (B and SI p. S87), 2(a) (C and SI
p. S88), and 3(a) (D and SI p. S94; the enantiomer complex is isostructural SI p. S96, also isostructural to E, SI p. S97), 4(a) (E and SI p. S97;
isostructural to D), 5 (F and SI p. S100), and 7 (G, H, I, and SI p. S102−S103), where B is a 2D square-grid coordination polymer and G is a 1D
helical coordination polymer of which H shows a P-helix formed with (S,S)-cycHC[8] and I shows anM-helix with (R,R)-cycHC[8], see additional
details in SI p. S102−S103. Atom sites with minor occupancies as well as cocrystallized solvent molecules have been omitted for clarity. Atoms are
colored according to the CPK code.
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cycHC[8], while maintaining the porphyrin external inter-
action, demonstrating that cycHC[8] strongly favors direct
porphyrin coordination.
Porphyrins 3−5 crystallized as discrete 1:1 complexes with

both enantiomers of cycHC[8] (Figure 3D−F and SI p. S94−
S101). For porphyrin 3, (R,R)-cycHC[8]·3(a) and (S,S)-
cycHC[8]·3 are isomorphous and isostructural with (R,R)-
cycHC[8]·4(a), forming a family of crystals with essentially
identical packing and coordination environments. In contrast,
(R,R)-cycHC[8]·3(b) represents an alternative, nonisomor-
phous arrangement under slightly different crystallization
conditions (with quinine as the additive). Porphyrin 4 also
forms two families of crystals: (R,R)-cycHC[8]·4(b) and (S,S)-
cycHC[8]·4 are isomorphous and isostructural with one
another, but distinct from the 3(a)/3/4(a) set. Porphyrin 5
crystallizes as discrete 1:1 complexes with both (R,R)-
cycHC[8] crystallized from chlorobenzene/MeOH (chloro-
benzene inside) and (S,S)-cycHC[8] crystallized from DCM/
MeOH, but these do not belong to any previously observed
isomorphous families. Across all of these structures, peripheral
substituents (fluoro, chloro, or CF3) slightly affect packing but
do not alter the Zn···O coordination motif, which remains
consistent in all cases.
Finally, the only porphyrin forming a 1D-chain polymer with

cycHC[8] was 7 (Figure 3G). A preference of 7 to form

exclusively polymeric complexes could be expected because
Mg2+ is typically hexa-coordinated.70,71 The nonlinearity of
carbonyl groups in cycHC[n]s leads to a helical polymer with a
pitch length of approximately 61 Å including four porphyrins
with four cycHC[n]s. Helix handedness is dictated by host
chirality: (R,R)-cycHC[8] induces a P-helix (Figure 3H), while
(S,S)-cycHC[8] forms an M-helix (Figure 3I).
Across porphyrins 1−6, the Zn···O distances are primarily

determined by coordination number: 2.38 Å for hexa-
coordinated and 2.18 Å for penta-coordinated cations, in
agreement with the literature values, with the only exception
being ∼0.1 Å longer distances in cycHC[6]·1 due to different
substituents (ethyl vs phenyl). Mg···O distances in porphyrin 7
are 0.1−0.2 Å shorter than for comparable hexa-coordinated
Zn2+. A general trend emerges: cycHC[6] preferentially forms
1D polymers when competing hydrogen bonding is absent,
whereas cycHC[8] can form extended networks when metal
binding is sufficiently strong. This combination of robust
host−metal coordination and solvent-sensitive assembly
provides a versatile framework for tuning solid-state chirality
transfer and material properties, consistent with variations in
sensing behavior observed for different porphyrin−cycHC[n]
complexes.27

Analysis of NCIs of Complexes. NCI57,72 analysis (SI p.
S105−S122) and IRI58 analysis (SI p. S123) were carried out

Figure 4. IRI isosurfaces and scatter graphs of porphyrin-cycHC[8] interactions, where grid area is taken between one porphyrin and the porphyrin
facing part of cycHC[8], (A) (S,S)-cycHC[8]·2(a); (B) inset of Zn···O interaction; (C) corresponding scatter graph; (D) inset of Mg···O
interaction in (S,S)-cycHC[8]·7; (E) (S,S)-cycHC[8]·7; and (F) corresponding scatter graph. Coloring: blueattractive forces, greenvan der
Waals interactions, and redrepulsive forces (SI Figure S118).
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to gain deeper insight into the interaction modes between
cycHC[n]s and porphyrins. The key difference between
approaches is that NCI is primarily used to visualize weak
NCIs, whereas IRI allows simultaneous visualization of both
covalent and NCI regions.58,72 The x-axis in the IRI scatter
plots (Figure 4C,F) reflects electron density in the interaction
regions, which correlates with the strength and nature of the
interactions.
The IRI isosurfaces and scatter plots for (S,S)-cycHC[8]·

2(a) (Figure 4A−C) and (S,S)-cycHC[8]·7 (Figure 4D−F)
reveal clear differences in the distribution of attractive
interactions. In (S,S)-cycHC[8]·2(a), the strongest contribu-
tions correspond to Zn···O coordination between the
porphyrin metal center and carbonyl groups of cycHC[8]
(Figure 4C, Zn···O region), indicating localized and strong
metal−oxygen interactions. In contrast, in (S,S)-cycHC[8]·7,
the corresponding Mg···O interactions are more delocalized
(Figure 4F, Mg···O region). This can be attributed to the
stronger Lewis acidity73 of Zn2+ compared to Mg2+ and
differences in their electron configuration. To further
disentangle contributions from different interactions, region
masking (by setting RDG to 100 in specific areas) was applied
(SI p. S119−S122). This analysis confirmed that one of the
dominant high-electron-density regions in (S,S)-cycHC[8]·7

corresponds to Mg···N coordination within the porphyrin core
(Figure 4F, Mg···N region).
In addition to metal−oxygen coordination, secondary

hydrophobic interactions were detected between the porphyrin
and the hydrophobic exterior of cycHC[8] (Figure 4, 2···
cycHC[8] and 7···cycHC[8]). Although weaker than the
metal−O coordination, these interactions contribute to the
overall stabilization of the supramolecular assembly. Further-
more, Mg2+ exhibits additional weak contacts with the carbonyl
oxygen atoms of cycHC[8], consistent with previously
observed Mg···O interactions in magnesium−carboxylate
complexes.74

Chiroptical Properties in Solution and the Solid
State. The wide range of association constants determined
in solution offers a unique opportunity to investigate the
relationship between the binding strength and the chirogenic
properties of porphyrins. The chirality induction is evidenced
by the emergence of ECD signals in the Soret band region
(λmax was in the range of 408−467 nm). The absolute
dissymmetry factorthe g-factorwas used to describe the
intensity of induced circular dichroism (ICD) in order to
appropriately compare solution and solid-state chiroptical
properties.75 The values of the g-factors of the studied
complexes are shown in Figure 5 with the corresponding
ECD spectra (SI Tables S3 and S4). Among the porphyrins

Figure 5. ECD spectra of enantiomeric 1:1 complexes of cycHC[6] (dashed line) and cycHC[8] (solid line) with 1 (A), 2 (B), 6 (D), and 7 (E) in
DCM; ECD spectra with other porphyrins and cycHC[n] complexes can be found in SI (p. S37−S51), and the values of λmax and g-factors are
listed in SI Table S3. ECD spectra of KBr pellets ground with microcrystals of cycHC[8]·2 (C) and cycHC[8]·7 (F) and their corresponding
absorption spectra. In all the spectra, blue lines correspond to complexes with (R,R)-cycHC[n], and orange lines correspond to complexes with
(S,S)-cycHC[n].
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studied, the weakest binder, porphyrin 1 with ethyl groups,
exhibited only a monosignate ICD in the Soret band region
(λmax = 409 nm, Figure 5A). In contrast, the tetraphenylpor-
phyrin derivatives 2−5 demonstrated bisignate ICD (λmax =
418 nm, Figure 5C and SI); this is apparently due to exciton
coupling and the orientation of meso-phenyls.76−79 Even
though the porphyrins are far apart, the exciton coupling
effect has been observed over interchromophoric distances up
to 50 Å.80 Despite the differences in the ICD shape, the g-
factors for porphyrins 1−5 remained comparable, at around
3.5 × 10−5. Notably, the significantly stronger binding
magnesium tetraphenylporphyrin 7 displayed a similar ICD
shape and position (Figure 5E), with only a slightly larger g-
factor (4.5 × 10−5) compared to the Zn-porphyrins 2-5
(Figure 5B and SI Table S3).
In contrast to other metalloporphyrins, the geometry of

porphyrin 6 is significantly distorted due to β-halogenation,
resulting in a red shift of its Soret band.36,81,82 It was
anticipated that the nonplanar conformation83,84 of porphyrin
6 would enhance chiral induction upon complexation, thereby
increasing the ICD signal. However, despite the binding
strength of complex with 6 being several orders of magnitude
greater (Table 1, line 6), its g-factor was only about twice that
of the other zinc porphyrins 1−5 (SI Table S3).
Interestingly, the absorption band of complex 6·cycHC[n]s

was significantly broader (up to 40 nm, compared to 20 nm for
the others) (Figure 5B and SI p. S38−S51). It is known that
distortion of the porphyrin core geometry leads to a larger split
in the energy gap of electronic transitions, and this agrees with
the broader signal of 6·cycHC[n]s, compared to other
complexes.78 Notably, both β-substituted porphyrin 1 and
distorted porphyrin 6 exhibited monosignate ICD bands, in
contrast to the bisignate signals observed for the planar

tetraphenylmetalloporphyrins (2−5 and 7). A bisignate pattern
can be rationalized by the influence of phenyl group
orientations in planar porphyrins,78,79 while in the case of
monosignate porphyrin 6, the rotation angle and symmetry of
the pentafluoro-groups position in the complex deviate
strongly from other phenyl-substituted porphyrins.
In conclusion, the g-factor is not significantly affected by the

binding strength in solution. The 1:1 complexes of metal-
loporphyrins 1−7 with the corresponding enantiomers of
cycHC[n]s generate specular ECD signals with patterns that
reflect substantial changes in porphyrin geometry.
Although the solution measurements of 1:1 complexes

indicated weak ICD, it is known that porphyrins may form
aggregates with strong ICD, which can be directed by chiral
guests.85,86 Given the formation of coordination polymers in
single crystals, we anticipated differences in solid-state ICD
signals compared with those in solution, particularly in the
context of the chiral helical coordination polymer of
cycHC[8]·7. To investigate chirality induction in these
complexes in solid-state, we measured the CD of solids using
KBr as a pellet matrix in both the UV−vis (ECD) and IR
(VCD) regions.87 Careful measures were taken to minimize
the influence of optical anisotropies, including thorough
grinding of the sample using a mortar to achieve a
homogeneous pellet. In addition to ECD, linear dichroism as
well as linear and circular birefringence were measured,
confirming that optical anisotropies remained at negligible
levels (SI p. S53−S56). The ECD spectra obtained in the Soret
band region for (R,R)-cycHC[8]·2 and (S,S)-cycHC[8]·2
(Figure 5E) showed corresponding mirror images, and the
overall shape exhibited a bisignate feature. In contrast to the
solution spectra, the UV−vis absorption maxima closely
matched the zero point of the ECD spectra, indicating that

Figure 6. IR and VCD spectra of cycHC[n] complexes measured from KBr pellet: (A) spectral fragments of uncomplexed cycHC[6] and 2; (B)
spectral fragment of uncomplexed cycHC[8] and 7 spectra; (C) spectral fragments of cycHC[6]·2 enantiomeric complexes; (D) fragment of
cycHC[8]·7 enantiomeric complexes. On all the spectra, blue lines correspond to (R,R)-cycHC[n] and orange lines to (S,S)-cycHC[n].
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the major contribution to the chirogenic effect in the solid
state is exciton coupling between the neighboring porphyrin
chromophores. This phenomenon was previously described in
1 upon the development of chiral aggregates.86 However, the
Soret band was red-shifted by 5 nm, the intensity of ICD
increased, and the relative proportion of the Cotton effect
changed in the solid-state in comparison to the solution.
Compared to the solution, the g-factor increased 7-fold, up to
26 × 10−5 in solid-state (Figure 5C). As previously mentioned,
porphyrin aggregation can enhance ECD intensity; thus, we
anticipated a significant increase in the ECD intensity for
cycHC[8]·7 complexes, driven by their unidirectional helical
shape and the corresponding amplification of interporphyrin
exciton coupling. Surprisingly, the differences between ECD in
solution and solid-state for cycHC[8]·7 were remarkably
similar to those observed for the cycHC[8]·2 complexes. The
Soret band underwent a 4 nm red shift, the signs of Cotton
effects remained consistent, and the g-factor increased up to 26
× 10−5 as in the complex with 2 in solid-state. This increase in
ICD intensity in the solid-state compared to the solution can
be attributed to chiral aggregation.
Surprisingly, the crystals of the 1:2 discrete complex

(cycHC[8]·2) and the 1D helical polymer (cycHC[8]·7)
displayed similar ICD signal intensities, indicating that the
organization of porphyrins and cycHC[n]s within the crystal
does not significantly impact ICD. We can only speculate that
spatial separation of porphyrins by cycHC[n] macrocycles in
the crystal structure allows weak exciton-coupling interactions
between the nearest porphyrins. The ECD from powder and
crystal of cycHC[8]·2 were similar in terms of the shape and
position of the signals, with the g-factors deviating slightly (SI
Tables S3 and S4).
While ECD analyzes the molecule as a whole and provides

chiral information through chromophore properties, VCD
focuses on localized phenomena, offering detailed insights into
molecular structures.88 Despite limited research on VCD in
supramolecular systems, notable examples include chiral
porphyrins,89,90 porphyrin aggregates,91,92 and host−guest
complexes involving chiral porphyrins.19,93 When it comes to
achiral porphyrins complexing with chiral guests, most
examples include simple porphyrins and biomolecules such
as DNA, oligonucleotides, and peptideswith tripeptides
being the smallest example.94,95
We were able to explore chirality induction in the IR

absorption range and recorded distinct features in VCD
spectra of cycHC[6] and cycHC[8] as well as their complexes
with 2 and 7 in the KBr matrix (Figure 6 and SI p. S57−S62).
The cycHC[n]s exhibit a relatively strong and characteristic
VCD signal in the carbonyl region, and their highest g-factors
are shown in Figure 6 and SI Table S5.
Upon complexation of cycHC[6] with porphyrin 2, the g-

factor of the VCD carbonyl signal is increased 10-fold for
cycHC[6]·2, compared to unbound cycHC[6] (Figure 6A,C).
Additionally, several induced VCD signals appeared in the
porphyrin 2 vibration regions due to the chiral cycHC[6]·2
complex formation, the most prominent ones being around
800, 990, 1490, 1530, and 1600 cm−1, which are characteristic
for pyrrole C−H, C−C, and C−N bonds and phenyl groups in
2. Moreover, new induced VCD signals at 748 cm−1 on Ph and
717 cm−1 on C(beta)H were observed for the cycHC[6]·2
complex (Figure 6). In cycHC[8]·2 and cycHC[6]·7, the g-
factors of carbonyl signals were increased 2- to 3-fold
compared to unbound cycHC[n]s. Contrary to cycHC[6]·2,

the larger homologue cycHC[8] did not induce strong and
distinct VCD signals outside of the cycHC[8] carbonyl region
(SI p. S57−S62). Interestingly, the only complex that showed a
monosignate VCD carbonyl signal and no new apparent
shoulder around 1660 cm−1 was cycHC[8]·7 (Figure 6D),
which produces a helical 1D-chain polymer in solid-state
(Figure 3G−I). CycHC[8]·7 is also the only complex where
the g-factor in the carbonyl region did not increase upon
complexation (Figure 6C,D). It is known from the literature
that the structures of host and guest are rigidified upon
complexation, which can lead to a more limited conformational
space and more intense VCD signals.19 However, induction of
the VCD signal in the cycHC[n]−porphyrin complexes cannot
be generalized, due to strong induced VCD for cycHC[6]·2
but only modest changes in signals for other complexes. This
phenomenon warrants separate investigation in the future.

■ CONCLUSIONS

This comprehensive study investigated the complexation of
various porphyrins 1−9 with enantiomers of cycHC[n]s,
focusing on the influence of the electron-withdrawing groups,
metal coordination centers, and solvent media on binding
affinity and chirality induction. Our findings reveal that the
binding strength of various zinc tetraarylporphyrins 2−5
slightly increases with the growth of Lewis acidity; however,
this increase does not significantly affect the induced CD. In
contrast, the nonplanar porphyrin 6 and magnesium
tetraphenylporphyrin 7 exhibited markedly stronger binding,
yet only a modest increase in ICD. Iron and palladium
porphyrins showed no binding to cycHC[n]s. In general, the
cycHC[6] exhibited slightly stronger binding than its eight-
membered counterpart.
Analysis of SC-XRD data indicated that the Zn···O distances

for zinc porphyrins 1−6 are primarily influenced by the
coordination number, ranging from 2.38 Å for hexacoordinated
zinc cations and 2.18 Å for penta-coordinated zinc cations.
Analysis of NCIs pointed to clear differences between Zn- and
Mg-porphyrin binding. A particularly interesting finding is that
Zn-porphyrins tend to form 1D chain polymers with
cycHC[6], and Mg-porphyrin 7 gave a helical 1D-chain
polymer with cycHC[8]. The handedness of the helix was
determined by the chirality of cycHC[8]. This structural
feature was not observed with porphyrin 2, prompting further
investigation into solid-state chirality, as no discernible
differences in ICD were noted between 2 and 7 in solution.
In the solid state, we observed a red shift of the Soret band and
a significant increase in ICD intensityup to 10-fold
compared to solutionsuggesting the formation of aggregates.
However, no substantial differences were found between the
ICD of complexes 2 and 7, indicating that the helical structure
had no significant influence. VCD studies revealed distinct
chiral features, with cycHC[6]·2 exhibiting the most
pronounced VCD spectrum, where the g-factor of the carbonyl
signal increased 10-fold upon complexation. Specular induced
VCD signals were also observed for porphyrins complexed
with opposite-handed cycHC[n]s. In summary, the g-factor
values were notably larger in the solid state compared to the
solution.
A large pool of new supramolecular chiral systems with

characteristic spectroscopic and structural features was
uncovered, motivating further exploration of their potential
in optical sensing or other supramolecular applications.
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(23) Öeren, M.; Shmatova, E.; Tamm, T.; Aav, R. Computational
and Ion Mobility MS Study of (All-S)-Cyclohexylhemicucurbit[6]Uril
Structure and Complexes. Phys. Chem. Chem. Phys. 2014, 16 (36),
19198−19205.
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Abstract: In order to investigate the ability of bis(zinc octaethylporphyrin) (bis–ZnOEP) to discrim-
inate cyclohexanohemicucurbit[n]urils (cycHC[n]) of different shapes and sizes, the self-assembly
of barrel-shaped chiral cycHC[n] with bis–ZnOEP was studied by various spectroscopic methods
(absorption, fluorescence, circular dichroism (CD), and NMR). While the binding of 6-membered
cycHC[6] induced a tweezer-like conformation followed by the formation of anti-form of bis–ZnOEP

upon further addition of cycHC[6], the interaction of 8-membered cycHC[8] is more complex and
proceeds through the featured syn-to-anti conformational change of bis–ZnOEP and further inter-
molecular self-assembly via multiple noncovalent associations between cycHC[8] and bis–ZnOEP.
Whilst bis–porphyrins are known to be effective chemical sensors able to differentiate various guests
based on their chirality via induced CD, their ability to sense small differences in the shape and size
of relatively large macrocycles, such as chiral cycHC[6] and cycHC[8], is scarcely examined. Both
studied complexes exhibited characteristic induced CD signals in the region of porphyrin absorption
upon complexation.

Keywords: supramolecular chemistry; noncovalent interaction; hemicucurbituril; bis–porphyrin;
metalloporphyrin; chirogenesis; induced chirality; chiral recognition; circular dichroism; self-assembly;
sensing

1. Introduction

Porphyrins and their derivatives are one of the cornerstones of life; they are respon-
sible for storing and transporting oxygen [1], photosynthesis [2], and enzyme-catalyzed
reactions [3,4]. Synthetic derivatives have a wide range of applications, e.g., catalysis,
photodynamic therapy, and sensing [5–9]. The versatility of porphyrin application can be
significantly improved by metal insertion and/or covalently linking two porphyrin rings
into a bis–porphyrin structure. The corresponding linker(s) may provide conformational
flexibility or rigidity and thus make it possible to vary the distance between corresponding
cores [10–16]. The most exciting aspect of bis–metalloporphyrins is their ability to recognize
enantiomers of various monodentate and bidentate chiral molecules [11,17–22] related to
the general phenomenon of chiral information transfer from guest to host, which is also
employed by other sensing systems [23–26]. Typically, upon the host–guest interaction, a
noticeably strong circular dichroism (CD) signal in the region of porphyrin absorption is
induced. This is because the bis–porphyrin molecule must accommodate its conformation
to the guest’s chiral structure, hence resulting in chirality transfer from a chiral guest to
achiral bis–porphyrin [18]. Moreover, the intensity of the signal can be further enhanced

Molecules 2022, 27, 937. https://doi.org/10.3390/molecules27030937 https://www.mdpi.com/journal/molecules
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by exciton coupling (EC) caused by the through space interaction between corresponding
electronic transitions of a bis–porphyrin [10,27]. As a result, bis–metalloporphyrins can be
sensitive not only to the stereochemistry of a guest but also to the bulkiness and shape of
its substituents. Such properties were well described on the widely studied bis–porphyrin
structure with a simple flexible ethane link between two porphyrin rings: bis(zinc(II)
octaethylporphyrin) (bis–ZnOEP) [18,28,29].

In a noncoordinating solvent, bis–ZnOEP favors a remarkably stable syn face-to-face
conformation (Figure 1) due to strong π–π interactions between the porphyrin rings [18].
Upon the binding of an external guest, the π–π interactions are disrupted, and bis–ZnOEP

can be rearranged into two major conformations: (1) tweezer-like conformation with a
guest positioned between two porphyrin rings, a conformation especially favored in the
complexes with bidentate guests, and (2) opened anti conformation with two porphyrin
rings separated from each other in an almost parallel arrangement, a conformation typical
for complexation with monodentate guests. If the guest is chiral, induced CD (ICD) can be
observed with an intensity related to EC. In turn, EC exhibits a parabola-like dependence
on the dihedral angle between the porphyrin cores with no EC for the dihedral angles
of 0◦ and 180◦ [28,30–32]. The tweezer conformation with a chiral guest conventionally
provides strong EC and intense ICD, due to the exceptional rigidity and unidirectional
helicity of the formed supramolecular complex. However, in the case of a more flexible
anti conformation, ICD may strongly depend upon the corresponding complex geometry,
which can be parallel (no EC) or slightly distorted to form a screw structure (relatively
weak EC) [31,33–35].

syn anti

R R R R

mesomeso

S SS S  

Figure 1. On top: structure of bis–ZnOEP in syn, tweezer, and anti conformations, and beneath: struc-
tures of (R,R)- and (S,S)-cycHC[n].

Recently, we reported that carbonyl groups of (R,R)- and (S,S)-enantiomers of barrel-
shaped macrocycles, cyclohexanohemicucurbit[n]urils (cycHC[n], n = 6, 8) (Figure 1), can
externally bind multiple zinc porphyrins through the Lewis acid-base interactions and
subsequently induce chirality at the porphyrin core [36]. A family of cycHC[n]s consists
of chiral and nonchiral (n = 6, 8, 12) members [37–40] and features, analogous to all single
bridged cucurbiturils [41,42], binding anions inside the macrocycle cavity. Additionally,
cycHC[n]s bind hydrogen bond donors and electron-rich organic molecules [43,44]. Upon
complexation of chiral cycHC[n]s with achiral and CD silent zinc octaethylporphyrin
(ZnOEP) and zinc tetraphenylporphyrin (ZnTPP) in CH2Cl2, an ICD signal is observed in
the region of the porphyrin Soret band [36]. This inspired us to explore further complex-
ation and chirogenesis with bis–ZnOEP due to its aforementioned binding and chirality
sensing abilities. Moreover, the complexation of bis–ZnOEP with relatively large multiden-
tate molecules, such as cycHC[n]s, has not yet been studied. Thus, we present a binding
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study employing various spectroscopic techniques (UV-vis absorption, fluorescence (FS),
CD, NMR), including variable temperature (VT) and time-dependent measurements to
characterize the corresponding supramolecular complexes of bis–ZnOEP with enantiomer-
ically pure cycHC[6] and cycHC[8], which have six and eight available urea binding
sites, respectively.

2. Results and Discussion

2.1. Binding of Bis–ZnOEP with CycHC[6] and CycHC[8]

The binding properties of bis–ZnOEP with cycHC[n]s were evaluated by 1H-NMR
and UV-vis titrations using only (R,R)- enantiomers of chiral macrocycles. A stepwise
addition of cycHC[6] to the syn form of bis–ZnOEP in CD2Cl2 shows the shielding of the
meso-α protons of bis–ZnOEP (Figures 1 and 2A). However, the addition of two equivalents
of macrocycle was followed by the deshielding of the same signal in the presence of higher
equivalency, which clearly indicates the presence of more than one structural transforma-
tion. The change in chemical shifts of signals is influenced by cycHC[6] binding and subse-
quent conformational switching of bis–ZnOEP. The conformational changes of bis–ZnOEP

are generally evaluated by 1H-NMR signals from the meso-β protons (Figures 1 and 2B).
In syn conformation, the meso-β protons experience a strong ring-current effect from the
neighboring porphyrin ring and, due to the symmetry-related magnetic equivalency, pro-
vide a shielded broad singlet. Upon binding an external guest, the geometry of bis–ZnOEP

changes; the influence of the ring-current effect of the porphyrin core causes deshielding,
and due to symmetry loss, the signal is split [29,45]. These trends were observed in the
case of cycHC[6], where chemical shifts of meso-β protons split and are deshielded by
0.69 ppm (Figure 2B), which clearly indicates that the bis–ZnOEP syn form opens upon
complexation with cycHC[6]. Similar behavior was found for the complex formation of
cycHC[8] with bis–ZnOEP, namely that the porphyrin meso-protons exhibited deshielding
and splitting in the case of meso-β protons (Figure 2D) and shielding in the case of meso-α
protons (Figure 2C). However, for cycHC[8], the changes of chemical shifts were to a lesser
extent, and the reverse deshielding of the chemical shift of the meso-α proton was not
observed (Figure 2C).

 

Figure 2. 1H-NMR spectra of bis–ZnOEP upon addition of cycHC[6] in CD2Cl2: signals of (A) meso-α
protons and (B) meso-β protons; and upon addition of cycHC[8] in CH2Cl2 and 10% CDCl3: signals
of (C) meso-α and (D) meso-β protons.

Titration experiments revealed that the maximum observed shift of meso-β protons
were 0.17 ppm with cycHC[8] and 0.69 ppm with cycHC[6], whilst the signal of the meso-α
proton shifted by 0.02 ppm in the presence of 15 equivalents of cycHC[8] and only 2 equiv-
alents of cycHC[6]. Assuming that the extent of chemical shift change is caused by the
abundance of complexed species, a seemingly weaker binding of cycHC[8] compared to
that of cycHC[6] can be deduced. This is in line with our previously published study [36],
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wherein mono ZnOEP interacted with both cycHC[n]s through the same supramolecular
mechanism; cycHC[6] was bound approximately five times stronger than cycHC[8].

The UV-vis titrations of bis–ZnOEP with cycHC[6] show bathochromic shifting of
the porphyrin B band λmax from 397 to 402 nm upon complexation. Additionally, further
red-shifted absorptions appear at 418 and 437 nm (Figure 3A). These electronic transitions
indicate the formation of a tweezer-like complex; they appear closely similar to the pre-
viously published complexation study for bis–ZnOEP with amino alcohols [35], where
three well-resolved transitions were exhibited at 407 nm, as the main band, and at 418 and
435 nm, as corresponding shoulders.

Figure 3. Absorption spectra of titration of bis–ZnOEP (3.2 × 10−6 M, CH2Cl2, 296 K) with (A) (R,R)-
cycHC[6] from 0 to 2000 equivalents and with (B) (R,R)-cycHC[8] from 0 to 2000 equivalents.

Surprisingly, UV-vis titration of bis–ZnOEP with cycHC[8] showed a clear difference be-
tween the binding of two homologous macrocycles (Figure 3A,B). In particular, the complex-
ation with cycHC[8] induced a decrease in the B band at λmax 397 nm and appearance of the
transition at 424 nm. This gave the absorption spectra of a contrastingly different shape at the
same equivalents of cycHC[8], as compared to cycHC[6]. Moreover, the saturation of the com-
plex formation with cycHC[8] was seemingly reached at 1500 equivalents, while for cycHC[6],
more than 2000 equivalents were needed (Supplementary Materials pages S11–S15).

The 1H-NMR and UV-vis titration data of bis–ZnOEP with cycHC[6] were evaluated
using the Bindfit online tool [46,47]. Only the 1:2 binding model gave a reasonable correla-
tion between the experimental data and fitted the binding isotherm for both titration meth-
ods. The fitting of the 1H-NMR titration data (Supplementary Materials pages S3–S5) pro-
vided the corresponding association constants K1 = 1650 ± 180 M−1 and K2 = 183 ± 2 M−1,
and the fitting of UV-vis titration data showed the binding strength of the same magnitude
with K1 = 4550 ± 470 M−1 and K2 = 92 ± 1 M−1 (Supplementary Materials pages S11–S13).
The association constants obtained by both methods clearly indicate a negative cooper-
ativity of the binding process, meaning that the binding of the first cycHC[6] molecule
diminishes the binding of the second one. Such behavior is also typical for bis–ZnOEP

forming a 1:1 tweezer-like complex with bidentate guests [35]. However, an excess of the
bidentate guest forces bis–ZnOEP to adopt a 1:2 anti conformation. Apparently, the second
guest binding is less favorable due to additional energy needed to break interactions with
the first guest molecule and also the conformational change of bis–ZnOEP. It should be
noted that in the case of the guests that give 1:1 complex in anti conformation, the binding of
the second guest has positive cooperativity. This is because the intramolecular interactions
in bis–ZnOEP are destroyed, and the subsequent syn-to-anti conformational change occurs
upon the binding of the first guest. Therefore, the second guest molecule can be freely
bound to the second porphyrin core and has no additional constraints. Hence, as the
negative cooperativity was observed, and on the basis of spectral data obtained, we can
assume that the 1:1 complex with cycHC[6] has a tweezer-like conformation. Moreover,
with K1 in the 103 M−1 range and K2 being roughly 2–3 orders of magnitude smaller, the
values correspond well with the previously described binding of smaller bidentate chiral
guests, which formed the corresponding tweezer structure [35].
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However, the evaluation of the 1H-NMR and UV-vis titration data for the bis–ZnOEP

and cycHC[8] complex was unsuccessful with 1:2 binding models, and a reasonable fit was
achieved only in the NMR concertation range (mM) for 1:1 binding with K1 = 198 ± 5 M−1.
Therefore, a different mechanism of the binding of cycHC[8], as compared to cycHC[6],
should be considered. Additionally, certain time-dependent changes during the UV-vis
titration experiments with cycHC[8] were noted.

2.2. Time-Dependent Behavior of Complexes

The evaluation of the stability of cycHC[n] complexes in time was checked by measur-
ing the UV-vis spectra of bis–ZnOEP immediately after the single addition of 2000 (or more)
equivalents of cycHC[8] and cycHC[6] to provide sufficient abundance of the complex (see
mole fractions on page S11) and compared with the data from the UV-vis titration first
(pure bis–ZnOEP) and last points (complexed bis–ZnOEP) for the same macrocycles. The
titration last points were measured approximately 1 h after the first addition and had the
same equivalents of a guest as in the comparative single addition experiment (Figure 4A,B).
In the case of cycHC[6], the binding outcome was the same in both experiments (titration
and single addition). As less pronounced changes in time were observed for the complex
of bis–ZnOEP with cycHC[6], we can conclude that the complex formation equilibrium is
relatively fast within the measurement timeframe.

 
Figure 4. (A) Absorption spectra of free bis–ZnOEP (2.2 × 10−6 M, CH2Cl2, 296 K) and after single ad-
dition of 3000 eq of (R,R)-cycHC[6] in time. (B) Absorption spectra of free bis–ZnOEP (3.0 × 10−6 M,
CH2Cl2, 296 K) and after single addition of 2200 eq of (R,R)-cycHC[8] in time. (C) Change of CD
spectra in time corresponding to the sample of bis–ZnOEP·cycHC[6] from absorption spectra A and
for the complex with (S,S)-cycHC[6] measured at the same conditions. (D) Change of CD spectra in
time corresponding to the sample of bis–ZnOEP·cycHC[8] from absorption spectra B immediately
after single addition and after 25 h.

Conversely, in the case of the cycHC[8] complex, the distinct differences were spotted
between the final spectrum of titration and single addition of the same equivalents of
cycHC[8] (Figures 3B and 4B, 0 h). The single addition (Figure 4B, 0 h) caused a lesser
initial change in the spectrum, and noticeable spectral changes occurred in time (Figure 4B,
25 h), indicating a kinetically slow process. After 2 h, the spectra from a single addition
experiment became similar to the last titration point (Figures 3B and 4B, 2 h). After 24 h,
further changes in the UV-vis spectra became negligible. Therefore, one can conclude that a
relatively slow and concurrent kinetics of the complexation of cycHC[8] with bis–ZnOEP

prevents the successful evaluation of association constants by the standard procedure.
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To further study the kinetic process, additional CD and fluorescence spectra of
bis–ZnOEP after a single addition of cycHC[n] were measured. In the case of cycHC[6],
minor changes in the spectra were noted. The ICD spectra (Figure 4C) exhibit a complex
spectral profile consisting of three Cotton effects as a result of EC between two pairs of the
porphyrin electronic transitions in bis–ZnOEP. The latter observation proves interaction
with chiral cycHC[6] and corresponding helical distortion of bis–ZnOEP. The fluorescence
spectrum in the presence of cycHC[6] showed the emissions of the complex at 611 nm, the
Q(0,0) band, and at 660 nm, the Q(0,1) band (Figure 5A), which also support the formation
of a tweezer-like complex as was suggested based on the UV absorption spectra. There
are apparent similarities to the previously published complexes with small molecules that
form tweezer-like structures [29].

Figure 5. (A) Fluorescence spectra (λex = 399 nm) of free bis–ZnOEP (2.2 × 10−6 M, CH2Cl2, 296 K)
and after single addition of 3000 eq of (R,R)-cycHC[6] in time (λex = 404 nm). (B) Fluorescence spectra
of free bis–ZnOEP (3.0·10−6 M, CH2Cl2, 296 K) and after single addition of 2200 eq of (R,R)-cycHC[8]

in time (λex = 413 nm).

Analogous to UV-vis data, a distinct complexation character of bis–ZnOEP with
cycHC[8] was also observed in CD and fluorescence spectral data (Figures 4B,D and 5B).
The presence of the ICD signal of bis–ZnOEP upon mixing with cycHC[8] at the starting
point (0 h) proves the formation of a chiral complex (Figure 4D). Although the shape of
ICD is changed in time, all recorded spectra lack strong EC, resembling monosignate ICD
of previously studied monomeric ZnOEP in complexes with cycHC[n] [36]. This along
with the fact that the intensity of ICD remains low in time clearly indicates that chiral
induction is apparently caused by unsymmetrical deformation of the individual porphyrin
moieties at the nearly parallel-oriented porphyrin cores rather than by a unidirectional
helical arrangement of the whole bis–ZnOEP molecule [48]. Moreover, a distinct contrast
in the intensity and shape of the CD spectra of corresponding cycHC[6] and cycHC[8]

complexes is additional evidence of the specific chiroptical selectivity of bis–ZnOEP as a
chirality sensor for large chiral macrocycles (Figure 4C,D). Notably, further UV-vis kinetic
experiments at higher concentration (3.4 × 10−5 M) of bis–ZnOEP also fully support this
conclusion (see Supplementary Materials pages S16–S18 and S23).

Interestingly, the emission spectrum exhibited a negligible change directly after adding
cycHC[8] to bis–ZnOEP (Figure 5B). However, the emission spectrum drastically changed
after 25 h when the complex stabilized; it exhibited two distinct bands with the smaller
Q(0,1) band at 632 nm and main Q(0,0) band at 585 nm of a higher intensity as compared to
that at 0 h. These observations also suggest that the syn-to-anti conformational switching
of bis–ZnOEP leads to fluorescence firing as the porphyrin cores become more spatially
separated and hence less interactive. Similar changes have been also evidenced in pre-
vious studies [35]. This assumption is additionally supported by the similarity of the
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emission spectra shapes of monomeric ZnOEP and bis–ZnOEP·cycHC[8] with the Q(0,0)
and Q(0,1) bands of ZnOEP appearing at 577 and 628 nm, respectively (Figure 5B and
Supplementary Material pages S24–S26). Moreover, upon the binding of cycHC[8], the shape
of the ZnOEP emission spectrum remained the same (Supplementary Material page S26).

The substantial change in time of bis–ZnOEP·cycHC[8] UV-vis, CD, and FS spectra
should arise either from slow syn-to-anti conformational change of bis–ZnOEP or aggre-
gation of the host–guest complex. The time-dependent 1H-NMR measurements of the
bis–ZnOEP·cycHC[8] complex were performed in the 1:1 ratio and in excess of cycHC[8]

to follow the conformational changes of bis–ZnOEP upon complexation. In addition,
similar analysis of the bis–ZnOEP·cycHC[6] complex was performed for comparison (see
Supplementary Material page S28). Spectra were collected immediately after mixing
and then 20 days later for solutions containing 1 equivalent of cycHC[n] and after 24 h
for solutions containing excess of 8 equivalent of cycHC[n]. Time-dependent changes
in the chemical shifts and signal shapes were not observed in neither of the complexes;
however, the split in meso-β proton signals in excess of cycHC[n] clearly indicated open-
ing of the syn-conformation of bis–ZnOEP in both cycHC[n] complexes (Figure 2 and
Supplementary Material pages S3–S6 and S28) with comparably fast rate.

The observed difference in time-dependent behavior of the bis–ZnOEP·cycHC[8]

supramolecular system in the UV-vis, CD, and FS measurements, as compared to the NMR
measurements, can be related to a substantial difference in the sample concentrations (μM
and mM, respectively) and in excess of cycHC[8] (2000 and 8 equivalents, respectively). The
low binding constant of bis–ZnOEP to cycHC[8] and relatively small excess of cycHC[8]

in the NMR study might hinder the formation of the assembled species, as indicated by
other methods.

2.3. Variable Temperature 1H-NMR and Fluorescence Experiments

To find a process responsible for the time-dependent changes, two VT experiments
were performed.

Firstly, a stability and reversibility of the aggregate formation together with the thermody-
namic parameters of the complex formation were studied by VT 1H-NMR of a samples containing
1:1 ratio of bis–ZnOEP and cycHC[n] (Figure 6 and Supplementary Materials pages S29–S30).
Upon cooling down to 253 K, all the signals of bis–ZnOEP and both cycHC[n]s exhibited
changes in chemical shifts, which can be related to the increased abundance of complexes
due to a stronger binding at lower temperature. However, larger changes were observed in
the presence of cycHC[6] complex in comparison to cycHC[8] (Figure 6A,B, respectively).
The line broadening, caused by the slow exchange between complexed and noncomplexed
species or aggregates, was most prominent in the shift of meso-β proton at 8.2 ppm in both
samples; nevertheless, the coalescence point was not passed, and therefore, thermodynamic
parameters could not be evaluated in this study.

 

Figure 6. The selected areas of 1H-NMR spectrum of 1:1 ratio mixture of 1.0 × 10−3 M bis-ZnOEP

and (A) (R,R)-cycHC[6] and (B) (R,R)-cycHC[8] at (from top to bottom): 298 (before cooling), 290,
285, 280, 275, 270, 253, and 298 K (after heating back to initial temperature).
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Upon heating the samples from 253 back to 298 K, the observed changes were immedi-
ately reversed and resulted in the same 1H-NMR spectrum as observed prior to cooling
(Figure 6). Therefore, the formation of new species that could be clearly identified as
aggregates were not proven at mM concentration.

Secondly, the influence of temperature on the syn-to-anti conformational change was
studied by fluorescence spectroscopy, as a method used for a μM concentration region.
Samples containing mixtures of bis–ZnOEP and cycHC[8] were brought and kept at the
temperature of 248, 295, and 308 K immediately after the samples preparation and then
measured at 295 K (Figure 7). Based on the previous UV-vis experiments, it was estimated
that maintaining the samples at different temperatures for 2–8 h should be sufficient to
observe their differences; hence, samples were measured 5 h after the mixing of compounds.
Importantly, the emission spectra were measured at 295 K; therefore, the observed differ-
ences can be attributed only to the time spent at different temperatures. The obtained results
thus clearly show that at higher temperatures, the expected transformation of emission
spectra progressed faster. This means that the conformational change from syn-to-anti form
contributes in the kinetically slow process, stabilizing after approximately 24 h at room
temperature. However, as noted above, the changes in emission spectra cannot be simply
attributed only to the conformational change as opening of the syn conformation was
relatively fast according to the NMR studies. Therefore, the aggregation of the complexes
where bis–ZnOEP is in the anti conformation can be proposed at μM concentration range.

Figure 7. Emission spectra (excited at 397 nm) of bis–ZnOEP (3 × 10−6 M) samples with 2000 equiv-
alents of cycHC[8] measured at 295 K immediately after preparation and then again after being kept
for 5 h at different temperatures.

2.4. Proposed Self-Assembly Mechanism

The following binding and self-assembly mechanisms for the bis–ZnOEP·cycHC[n]

complexes were proposed based on the above-discussed experimental results (Figure 8).
The interaction of bis–ZnOEP and cycHC[6] resembles the complexation of bis–ZnOEP

with small bidentate guests [35]. Furthermore, the observed negative cooperativity is in line
with the formation of a tweezer-like 1:1 complex, in which a molecule of cycHC[6] is placed
between two porphyrin moieties and fixed by two coordination bonds. The further addition
of cycHC[6] leads to the formation of 1:2 complex, which is in the anti form (Figure 8A). In
the case of cycHC[8], the self-assembly process is more complicated due to the presence of
a slow kinetic process at μM concentration. Minor changes in absorption and fluorescence
maximum wavelength and intensity shortly after mixing (Figures 4B and 5B) suggest that
the first binding (process I. at Figure 8B) is relatively weak and bis–ZnOEP is likely to
preserve the syn conformation. Further time evolution in fluorescence proves the opening
of bis–ZnOEP (II. and III.) via the kinetically slow process into the anti conformation, in
which two porphyrin moieties are apart from each other, and as no EC was observed
in CD, the angle between them is close to 180◦. In addition, an aggregation (III.) of the
complex would be the more probable explanation [49] for the slow process as opening
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of the syn conformation was proven to be fast by NMR studies. Nevertheless, syn-to-anti
interconversion kinetics can be influenced by the concentration.

 

Figure 8. The proposed binding mechanisms of bis–ZnOEP with (A) cycHC[6] described by obtained
association constants and with (B) cycHC[8]. The 3D structures and diameters of cycHC[n]s are
based on previously reported crystal structures [36]. Color coding: C—gray, H—light blue, O—red,
and N—dark blue.

As both macrocycles are chemically analogous, the observed differences in binding
mechanisms must be related to structural inequalities, such as bulkiness, shapes, and the
number of binding sites. While the heights of cycHC[6] (12.4 Å) and cycHC[8] (11.9 Å)
are similar, the diameters (d) and shapes obviously differ as a consequence of a differing
number of monomers in cycHC[n] (Figure 8, Supplementary Material pages S31–S32).
However, the diameter of bis–ZnOEP aromatic rings (12 Å) is comparable in size to mea-
sures of cycHC[n] (see Supplementary Material pages S31–S32). Clearly, a larger volume
of cycHC[8] may lead to increased steric hindrance and preference for the opened anti
conformation. Hence, it is reasonable to assume that the interaction between bis–ZnOEP

and cycHC[8] is directed by the macrocycle size and steric hindrance caused by the ethyl
groups of bis–ZnOEP.

Nevertheless, a probable relation between the guest’s bulkiness and kinetics of
bis–porphyrin’s spectral changes at μM concentrations cannot explicitly explain why
cycHC[8] could exhibit further aggregation while cycHC[6] does not. Although the bind-
ing of cycHC[6] proceeds through the tweezer-like complex—which is unsuitable for
aggregation—an excess of both cycHC[n] leads to the final anti conformation, where both
porphyrin rings of bis–ZnOEP are bound to the guests. This situation is essentially the
same in the 1:2 anti complex and in the aggregate. Hence, the probable ability to aggregate
with cycHC[8] but not with cycHC[6] can arise from the difference in shape and position
of additional binding sites. As one can deduce from the ICD spectra, the specific geom-
etry of bis–ZnOEP·cycHC[8] complexes is close to parallel, while bis–ZnOEP·cycHC[6]

exhibits a helical distortion. Therefore, it is reasonable to assume that the geometry of
one complex is suitable for aggregate formation, whereas the other is not. However, we
are currently undertaking further study to elucidate the detailed structure of observed
complexes, mechanism of self-association, and chirogenic processes and will report our
findings in due course.
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3. Materials and Methods

3.1. General

Unless otherwise stated, all reagents and solvents were purchased from commer-
cial suppliers and used as received. Compounds prepared in our laboratories were
bis–ZnOEP [50], (S,S) and (R,R)-cycHC[8] [38], (S,S) and (R,R)-cycHC[6] [37] and were
prepared in all cases according to the procedures described in the literature. All solutions
were prepared using Hamilton® Gastight syringes (Hamilton Company, Reno, NV, USA);
those syringes were also used for all additions during UV-VIS and NMR titrations. To
ensure precise measurement in sample preparation, the mass of solvent and its density
were used along with volumetric glassware. Samples were weighed on a microbalance
with an accuracy of 6 μg (Radwag® MYA 11.4Y, Radom, Poland). The NMR and UV-vis
titrations, as well as other experiments using methods nonsensitive to chirality of com-
plexes, were performed only with enantiopure (R,R)-cycHC[n] since the same binding for
(S,S)-enantiomers is expected. Titration data were fitted using Bindfit software [46,47].
All the UV-vis, CD, and fluorescence spectra are presented in the range of wavelengths
corresponding to absorption or emission of bis–ZnOEP, while cycHC[n]s have no bands in
the same range (see Supplementary Materials page S27). The excess of 2000 or more equiv-
alents of cycHC[n] used in single-addition experiments was necessary to secure sufficient
abundance of complex in solution. The amount was rationalized based on the shape of
UV-vis titration binding isotherms (seeming saturation in the case of cycHC[8]) and mole
fractions based on the obtained association constants for cycHC[6]. We examined previ-
ously obtained crystal structures of bis–ZnOEP [51–53] and of cycHC[n] with ZnTPP [36]
for their similarity to herein presented complexes. All distances were measured between
the centers of corresponding atoms, and the van der Waals radius was then added.

3.2. Spectroscopic Measurements
1H-NMR experiments were measured using a QCI CryoProbe and DUL probe on a

Bruker AVANCE III 800 MHz (Bruker Corporation, Billerica, MA, USA) spectrometer at a
temperature of 298.15 K, except that time-dependent 1H-NMR and VT-NMR (253–298 K)
were measured using 5 mm ID probe (Inverse Detect probe) on Agilent DD2 500 MHz
spectrometer (Agilent Technologies, Inc., Santa Clara, CA, USA). All NMR titrations were
performed in either CD2Cl2 or CH2Cl2 containing 10% CDCl3 to lock. Data was pro-
cessed with MestreNova (Version 14.1.2) software. The UV-vis absorption spectra were
recorded with Varian Cary® 50 UV-vis spectrophotometer (Agilent Technologies, Inc.,
Santa Clara, CA, USA). The CD spectra were recorded with a Jasco J-1500 circular dichro-
ism spectrophotometer (JASCO International Co., Ltd., Tokyo, Japan). All the fluorescence
measurements were recorded by Hitachi F-7000 fluorescence spectrophotometer (Hitachi,
Ltd., Tokyo, Japan). All spectroscopic measurements were performed in CH2Cl2, and
concentrations and spectral data are available in further detail in Supplementary Materials.

4. Conclusions

In summary, the complex formation of bis–ZnOEP with bulky chiral multidentate
cycHC[n] macrocycles was studied using UV–vis, CD, fluorescence, and 1H-NMR spec-
troscopy methods. Although cycHC[6] and cycHC[8] are chemically analogous and differ
only in the number of binding sites, shape, and volume, bis–ZnOEP is able to differentiate
between the two macrocycles by exhibiting a different behavior related to the self-assembly
mechanism. Bis–ZnOEP forms a tweezer-like 1:1 complex with cycHC[6], which subse-
quently transforms into the opened 1:2 anti complex upon further addition of cycHC[6].
The evaluation of 1H-NMR and UV-vis titration data showed a negative cooperativity
with the average association constants for both methods: K1 = 3200 M−1; K2 = 140 M−1.
In contrast to cycHC[6], the interaction between bis–ZnOEP and cycHC[8] exhibited ob-
scure host–guest interaction. This included the intermolecular binding itself and further
time-dependent self-association, which prevented the evaluation of the corresponding asso-
ciation constants. This host–guest interaction includes the formation of the 1:1 syn complex
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between bis–ZnOEP and cycHC[8] followed by slow opening to the anti conformation,
which is apparently driven by subsequent aggregate generation. Moreover, the specific
cycHC[8]’s shape and larger number of binding sites leading to a different geometry of the
complexes are associated with the presumed aggregate formation, which was not observed
in the case of cycHC[6] complexes. Finally, this paper confirms that bis–ZnOEP is able to
recognize cycHC[n]s and their enantiomers. Chiral cycHC[6] induces noticeably intense
CD employing exciton coupling, therefore indicating a helical distortion of the whole
bis–ZnOEP molecule, whilst chiral cycHC[8] induces only weak and monosignate CD,
with exciton coupling absent apparently due to nearly parallel orientation of the porphyrin
cores of bis–ZnOEP. In conclusion, this work clearly demonstrated an advanced sensory
ability of bis–ZnOEP to recognize large macrocyclic systems, such as cycHC[n]s, and that
the complexation-induced aggregation of porphyrins can lead to the formation of new
chiral materials.

Supplementary Materials: The following supporting information can be downloaded online. Gen-
eral information; 1H NMR titrations: Figures S1–S7, Tables S1–S3; UV-Vis titrations: Figures S8–S12,
Tables S4 and S5; Spectroscopic UV-Vis and fluorescence kinetics: Figures S13–S31; UV-Vis and CD of
pure cycHC[n]: The highest intensity UV-Vis maxima for cycHC[n] in CH3CN are reported previously
in literature [54] and are following: for cycHC[6] λmax = 196 nm and for cycHC[8] λmax = 197 nm.
Figure S32; 1H NMR time dependent change: Figures S33 and S34; Variable temperature in 1H
NMR: Figures S35 and S36; Structural analysis of cycHC and bis–ZnOEP: Figures S37 and S38.
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ABSTRACT: Enantiorecognition of a chiral analyte usually requires the ability to
respond with high specificity to one of the two enantiomers of a chiral compound.
However, in most cases, chiral sensors have chemical sensitivity toward both
enantiomers, showing differences only in the intensity of responses. Furthermore,
specific chiral receptors are obtained with high synthetic efforts and have limited
structural versatility. These facts hinder the implementation of chiral sensors in many
potential applications. Here, we utilize the presence of both enantiomers of each
receptor to introduce a novel normalization that allows the enantio-recognition of
compounds even when single sensors are not specific for one enantiomer of a target
analyte. For this purpose, a novel protocol that permits the fabrication of a large set of
enantiomeric receptor pairs with low synthetic efforts by combining metalloporphyrins
with (R,R)- and (S,S)-cyclohexanohemicucurbit[8]uril is developed. The potentialities
of this approach are investigated by an array of four pairs of enantiomeric sensors
fabricated using quartz microbalances since gravimetric sensors are intrinsically non-selective toward the mechanism of interaction of
analytes and receptors. Albeit the weak enantioselectivity of single sensors toward limonene and 1-phenylethylamine, the
normalization allows the correct identification of these enantiomers in the vapor phase indifferent to their concentration.
Remarkably, the achiral metalloporphyrin choice influences the enantioselective properties, opening the way to easily obtain a large
library of chiral receptors that can be implemented in actual sensor arrays. These enantioselective electronic noses and tongues may
have a potential striking impact in many medical, agrochemical, and environmental fields.
KEYWORDS: porphyrin, hemicucurbituril, chiral recognition, quartz crystal microbalances, chemical sensors

1. INTRODUCTION

Molecular systems endowed with chiral receptors are
continuously developed, aiming to satisfy the challenging
task of chiral recognition.1−3 Ideally, a single sensor can
correctly detect a compound only when it is highly selective
versus the target enantiomer, meaning that it must have
negligible interactions with any other molecular species.
Unfortunately, nearly all the receptors are commonly only
partial or broadly selective to a target analyte; therefore, the
recognition of target molecular species is unreliable since a
single sensor response cannot be univocally correlated to the
concentration of just one analyte. This behavior in sensors
resembles the properties of olfactory sensory cells observed in
mammals, where each receptor is sensitive to a group of
volatile compounds rather than a single molecule. Albeit this
limitation, olfaction may discriminate many thousands of
odors, even for chiral species, relying on the differences
between the sensitivity patterns of each receptor. The principle
of combinatorial selectivity has been widely exploited in gas
sensing to produce artificial olfaction systems,4 usually named
electronic noses (enoses), which achieve chemical specificity,

thanks to the high selectivity of global patterns of array
responses, overcoming the problem of individual sensor
selectivity and facilitating the design of the recognition unit.5

In this study, we explore the possibility of utilizing sensing
films having weak selectivity for the two enantiomers of
compounds into a sensor array to develop an enantioselective
enose (e-enose). An e-enose should then include sensors with
complementary selectivity and enantio-selectivity patterns to
be able to recognize both a single compound from other ones
and an enantiomer from its mirrored image, respectively.
However, producing a set of chiral receptors with distinct
sensing behaviors is difficult and requires a considerable
synthetic effort because of the high number of reaction steps,
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the low yield, and the scarce versatility of chiral receptor
structures, hindering the widespread diffusion of these
receptors in sensorial platforms.
Here, we explore a novel approach to the development of

reliable sensor arrays capable of both molecular discrimination
and chiral recognition. The first obstacle related to the
preparation of chiral receptors is faced by adopting a
supramolecular approach as a facile route for the deposition
of chiral films. In this way, we exploited the coordination of
achiral metalloporphyrins with two enantiomers of
cyclohexanohemicucurbit[8]uril {(R,R)-and (S,S)-cycHC-
[8]}6,7 as chiral effectors. Inducing chirality through supra-
molecular interactions has the great benefit of being less
laborious from a synthetic point of view since it is possible to

use forming units that are relatively easy to prepare and design
according to the application.
In this context, we have combined the binding properties of

metalloporphyrins, which have widely been used for the
realization of molecular receptors in chemical sensors8−27 with
the facile preparation of enantiomerically pure form of
cycHC[8] as chiral macrocyclic effectors.6,28 Hemicucurbiturils
can bind electron-rich species inside29,30 the cavity and
electron-deficient species outside their ring.31,32 We exploit
the latter property to promote the interaction with the metal
ions coordinated to several porphyrins to realize chiral hybrid
adducts in the solid state. In this way, we have designed solid-
state sensors where a chiral block, cycHC, induces chirality in
different metalloporphyrins, which in turn act as receptors. The

Figure 1. Structures of cycHC[8] enantiomers and metalloporphyrins utilized to produce chiral sensing films.

Figure 2. Schematic representation of the proposed enantioselective electronic nose. Different metalloporphyrins allow compound discrimination,
whereas chiral induction by hemicucurbituril macrocycles permits recognition of the enantiomers after an ad hoc normalization.
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variations in porphyrin structures allow the production of a set
of receptors with overlapping and complementary sensitivity
patterns versus different volatile organic compound (VOC)
classes.
At the same time, mirrored chiral effectors in adducts allow

sensors to be selective toward the handedness of analytes;
although the selectivity toward the enantiomeric pairs is only
partial, even a small difference can be successfully exploited for
enantiorecognition, hence mimicking the differential absorp-
tion of polarized light utilized in the circular dichroism
spectroscopy. This approach is schematically represented in
Figures 1 and 2, and it will be detailed in the following Results
and Discussion section. Because the achiral porphyrin is a unit
responsible for the enantiorecognition properties of films,
variations on the substituents and coordinated metal ion of the
porphyrin allow to easily produce a large set of chiral sensors,
significantly reducing the synthetic effort, with a wide library of
metalloporphyrins available.
To the best of our knowledge, this approach has not been

reported in the literature yet, and it could represent a
breakthrough in the realization of chiral sensor arrays. In this
work, we have successfully tested this approach for the chiral
recognition of enantiomeric pairs of some model analytes.

2. EXPERIMENTAL DETAILS

2.1. Materials and Methods. Reagents and solvents were
purchased from Sigma-Aldrich, Merck, or Carlo Erba and were used
as received. Metalloporphyrins and hemicucurbit[8]uril units were
prepared following literature procedures.6,33 (R)-(+)-Limonene (97%
purity), (S)-(−)-limonene (96% purity), (+)-α-pinene (98% purity),
(−)-α-pinene (98% purity), (R)-(+)-α-methylbenzylamine (98%
purity), and (S)-(−)-α-methylbenzylamine (98% purity) were
commercially available from Sigma-Aldrich. Solvents used for
spectroscopic measurements were of spectroscopic grade. UV−vis
spectra were measured with a Cary 100 spectrophotometer. CD
spectra were obtained on a JASCO J-1500 spectrophotometer,
equipped with a thermostated cell holder set at 298 K, and purged
with ultrapure nitrogen gas. Linear dichroism contribution (LD) has
been found to be <0.0004 DOD units in all of the cases examined.
2.2. Preparation of Solid Films on Glass for Circular

Dichroism Studies. Films on glasses were obtained by drop-casting
dichloromethane solutions of the adducts. For this purpose, 0.4 mM
metalloporphyrins (Figure 1) were dissolved in a 0.2 mM solution of
either (R,R) or (S,S)-cycHC[8] in CH2Cl2. Films on glass were
obtained either by drop-casting 50 μL of solutions or by the spin
coating technique by repeatedly dropping 10 μL of solution at 1500
rpm.
2.3. Quartz Microbalances. Quartz microbalances (QMBs) are

piezogravimetric devices that may act as mass transducers since a load

produces a decrease in their resonance frequency linearly correlated to
mass increment in the case of small perturbations.34 The QMBs
utilized are AT-cut quartzes oscillating at the first-harmonic frequency
of approximately 20 MHz (KVG GmbH). The quartz diameter is 9.0
mm coated by 5.0 mm gold electrodes of diameter on both faces.
Such quartzes have a theoretical mass sensitivity of about 7.20 Hz/ng
with a minimum reliable frequency measurement of 0.1 Hz.35

Sensing films were deposited onto the QMB electrodes by drop-
casting the solution in CH2Cl2. A 5 μL drop was cast onto the gold
electrode waiting for the solvent evaporation. Casting was iterated up
to reach at least 15 kHz of material for each side of QMB.

The experimental setup for sensor measurements is depicted in
Figure S1. Sensors were allocated in an airtight chamber with a gas
inlet and outlet. Each QMB was connected to an electronic oscillator
circuit, and in-house designed electronics allowed the measurement of
oscillation frequencies of up to 12 piezogravimetric elements. Sensor
responses were measured by exposing the systems to different
concentrations of saturated vapors of (R)- and (S)-limonene, (R)- and
(S)-2-phenylethylamine, and (1R,5R)- and (1S,5S)-2-pinene enan-
tiomers diluted in a pure nitrogen gas carrier. Saturated vapors were
obtained by bubbling pure nitrogen gas in the liquid samples. At 25
°C, the concentrations of saturated vapors of limonene, 2-pinene, and
1-phenylethylamine are 1980,36 5822,37 and 657 ppm,38 respectively.
Flux and vapor dilutions were governed by a system of mass flow
controllers (MKS). The total flux at the inlet of the sensor cell was
always kept constant at 200 standard cubic centimeters per minute.
The temperature of the whole system (liquid sample, gases, and
sensors) was always kept at 25 °C, and ambient humidity was
maintained at around 10% for the whole experiment.

The sensor array was exposed to each concentration four times, and
a random order was used for each sequence replica. Each
measurement consisted of a gas exposure (5 min) followed by
exposure to the carrier gas (20 min). In the measurement sequence,
the enantiomers are alternately delivered at the same concentration to
reduce time influence in the responses. Sensor signals were totally
reversible.

3. RESULTS AND DISCUSSION

3.1. Spectroscopic Characterization. First, the metal-
loporphyrin·cycHC adducts have been investigated in solution
phase and as solid-state films. The possibility of transferring
the chiral information from enantiopure cycHC[n] (n = 6, 8)
to achiral Zn-porphyrin derivatives was previously demon-
strated in nonpolar solvents, exploiting the favorable
interactions between the electron-deficient porphyrin Zn2+
ion and the electron-rich carbonyl oxygen on the outer surface
of cycHCs (Zn2+···OC).
In the case of ZnTPP·(R,R)-cycHC[8], crystallographic data

showed a complex structure where one molecule of cycHC[8]
is bound to two porphyrins, packed in a manner that each

Figure 3. (A) UV−vis spectra of 1:2 mix of chiral cycHC[8] and MgTPP porphyrin in CH2Cl2 solution and on spin-coated glass slides. (B) ECD
spectra of their enantiomeric adducts on spin-coated glass and solution.
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ZnTPP is separated from another porphyrin by cycHC[8].
This creates a chiral environment next to all porphyrins in the
crystal.31
On the other hand, bis-ZnOEP has demonstrated out-

standing chirality sensing properties for amines and alcohols
due to the induction of characteristic electronic circular
dichroism (ECD) signals.39 Chirality induction in bis-ZnOEP
was also observed by complexation with cycHC[n]s.32 Based
on stoichiometry in the crystal structures obtained in the case
of ZnTPP, we combined cycHC[8] enantiomers with different
metalloporphyrin derivatives (Figure 1) in a 1:2 molar ratio to
produce chiral films where the planar configuration of
porphyrin derivatives combined with the oxophilicity of Mg
and Zn metal ions promote coordination and, consequently,
chiral induction.
Chiral films were obtained via deposition of the complexes’

solution onto glass slides using drop-casting or spin coating
techniques without denoting any relevant difference in optical
and chiroptical properties depending on the deposition
technique employed. Thus, spin-coated films have been
utilized for characterization since the films appeared to be
more uniform, avoiding the presence of clusters or coffee-rings
phenomena due to solvent volatility.
UV−vis spectra show broadening and bathochromic shift

(see Table S1) of the Soret band of all metalloporphyr-
ins•cycHC[8] films as compared with the corresponding
spectra in CH2Cl2 solution (Figure 3A). Q bands were also
red-shifted, suggesting the formation of various porphyrin
aggregates in the films as a natural consequence of solvent
evaporation. Please note that in the case of aggregation, as in
films, the B-band of porphyrins (400−450 nm) decreases in
intensity much more than the Q-bands (500−650 nm). Since
absorbances are normalized between 0 and 1, the lowering of
the main band produces an apparent increase of other bands
(as appearing in the inset in Figures 3A and S2).
Concerning the CD characterization, in CH2Cl2, the

solutions of adducts utilized to prepare sensing layers do not
show any ECD features in the visible range. For example, in
solution, we can observe ECD signal for the complexes of
metalloporphyrin and cycHC[8] with a high excess of
cycHC[8], which is necessary due to the micromolar
concentration limitation of porphyrins in these measure-
ments.31 In our case, the porphyrin/cycHC ratio is 2:1.
Conversely, in the case of solid films, this limited amount of
HC is sufficient to induce chirality once the solvent evaporates.
CD spectroscopy discloses the emergence of dichroic bands in
all films that contain hemicucurbituril-porphyrin adducts,
showing Cotton effects of the opposite sign in the case of
antipodal cycHC[8] (Figures 3B and S2). Since HCs are not
absorptive in the visible range, the appearance of CD signal in
this range is only due to the chirality induction in
metalloporphyrins. All UV−vis and ECD spectral features for
the eight systems investigated, both in solution and solid-state,
are summarized in Table S1. From a chemical sensor point of
view, producing chiral films without a high excess of the
hemicucurbituril inducers enables the possibility of simply
modulating the chemical sensitivity by structural changes only
in metalloporphyrins, which possess a high synthetic versatility.
As previously mentioned, the possibility of effortlessly
producing sensors with different sensitivity patterns is the
fulcrum for recognizing different compounds or mixtures in
typical enoses. Furthermore, we observed that the CD features
manifest on different quartz substrates and deposition

methods, proving this approach to be much more robust
than films produced with chiral porphyrins, where, for example,
solvent, substrate, and deposition techniques strongly influence
the possibility of having supramolecular chiral films.40
In detail, the presence of either (S,S) or (R,R)-cycHC[8]

produces the (+/−) or (−/+) bisignate ECD features in the
corresponding porphyrin absorption region (Figure 3B). The
ECD patterns of films made by two enantiomers may not be
perfectly mirrored due to local inhomogeneities that may alter
the spectral profiles. Indeed, the ECD signals in anisotropic
solid-state samples (including thin films) depend not only
upon the differential absorbance of circularly polarized light
but also on other film local properties, such as the presence of
LD or birefringence contributions. Thus, distinct ECD profiles
may be obtained after the formation of films by spin coating or
drop-casting due to metastable or kinetically entrapped species
after solvent evaporation.41 Last, in the case of bis-ZnOEP
adducts, the ECD pattern is more complex, likely due to the
presence of anti-syn conformations of bis-porphyrins in
equilibrium with each other and oppositely oriented inter-
and intramolecular exciton couplings of corresponding
porphyrin electronic transitions in the solid state.33 Also, in
the UV−vis spectra of this adduct film, the broadening of the
Soret band derives from the superimposition of the
absorptions of both conformations, which are difficult to
distinguish due to the close energy position of the
corresponding electronic transitions. Perhaps, it can only be
seen as some shoulders (if any).

3.2. Sensor Measurements. Subsequently, the films were
deposited onto QMBs, and the sensors were exposed to three
pairs of enantiomerically pure vapors, as reported in Figure S1.
Two achiral sensors based on ZnTPP and bis-ZnOEP films
were included as references in the sensor array. VOC
concentrations tested are listed in Table S2. Remarkably, use
of gravimetric sensors permits estimating and dosing the
sensing materials deposited onto the surface, guaranteeing a
high reproducibility of the sensors. As reported below, the
possibility of obtaining comparable (R,R)- and (S,S)-sensor
pairs will be crucial for data normalization. Deposition details
are reported in Table S3. We selected two terpenes and one
chiral amine as representative examples of chiral analytes,
which are commercially available in both enantiomeric forms.
Limonene has been a very useful model compound in our
previous tests, and thanks to its linear structure, it can easily
diffuse inside the porphyrin aggregates.18 Conversely, 2-pinene
has a reduced capacity of π-interactions due to its single double
bond, and it is bulkier than limonene due to the dimethyl-
methylene bridge, making the adsorption of this compound to
be confined only to the superficial film sites.42,43 Finally, the
planar aromatic 1-phenylethylamine combines π−π interac-
tions with additional NH2-coordination to the metal center
that may foster the absorption into the film. Figures S3−S5
report the characteristic curves of the sensors to limonene, 1-
phenylethylamine, and 2-pinene, respectively. In the case of
limonene, almost all chiral sensors show a significantly different
response to the two enantiomers. Interestingly, all Zn-
porphyrins•(R,R)-cycHC[8] films show a preference for (R)-
limonene, whereas MgTPP•(R,R)-cycHC[8] has an opposite
behavior, likely due to the difference in the coordination ability
of Zn- and Mg-porphyrins. Specular effects were observed in
the case of films based on the (S,S)-cycHC[8] counterpart. At
the same time, as expected, achiral films, namely ZnTPP and
bis-ZnOEP, do not display any statistically relevant enantior-
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ecognition ability. Albeit the overall sensing mechanism is
complicated and will be deeply investigated/modeled in future
works, this outcome empirically suggests that the chiral
recognition mechanism is based on the interaction of a chiral
guest with porphyrins, while the role of cycHC is just to induce
chirality in the macrocycle. The lack of enantioselectivity of
cycHC toward tested chiral compounds enforces this
hypothesis (see Supporting Information, Figures S6−S8).
Moreover, pure hemicucurbituril films showed a strong water
sensitivity, which notably reduced the enantioselectivity in
comparison to that observed in all films produced with adducts
of porphyrins−cycHC (see Supporting Information). In the
case of 2-pinene (Figure S9), all sensors show a poor response
without showing enantioselectivity. This outcome agrees with
the previous experiments where the diffusion of analytes into
the film emerged as a guiding condition for having
enantioselectivity with porphyrins on QMBs.23 Thus, pinene
enantiomers are essentially adsorbed into the superficial
portion of the sensing layers, as highlighted by the low
sensitivity of all films to these vapors. From the characteristic
curves of 1-phenylethylamine, the differences between the
responses to the (R,R)- and (S,S)-enantiomers appear to be
evident only in the sensors based on ZnOEP and bis-ZnOEP,
and this separation increases at higher concentrations. As an
example, Figures 4 and 5 report the responses of two
enantiomeric pairs of sensors based on ZnTPP and ZnOEP
toward limonene and 1-phenylethylamine enantiomers. The
responses vs concentrations curves evidence a separation

between the responses of the two enantiomers regression
curves (left plot in each panel). This means that if we consider
a fixed concentration, the samples of two enantiomers produce
different sensor responses. However, when changes in the
sample concentration are considered, it is evident that the
same value of sensor response can be produced by a higher
concentration of the analyte to which the sensor is less
sensitive or by a lower concentration of the analyte to which
the sensor is most sensitive. Thus, the variation in sample
concentration produces an overlap between the responses of
the same sensor to both enantiomers. As a consequence, when
we consider the distributions of sensor responses to both
enantiomers of the analyte, the boxplots evidence that the
mean values of distributions are different, but the dispersion of
data due to the concentration makes recognizing one of the
two enantiomers impossible. This is visualized in the boxplots
reported in Figures 4, 5, and S10.
It is worthy of note that concentration is often ignored or

overlooked in recognition tasks. However, it has a central role
since a relatively wide range may considerably hinder the
possibility of distinguishing two different analytes. To
overcome this fundamental problem in enantiomer recog-
nition, we propose a novel normalization protocol to assess the
chiral nature of analytes, disregarding their concentration even
in the case of broad chemical selectivity and low
enantioselectivity.

3.3. Virtual Racemic Sensor Normalization. In the case
of mass sensors such as QMBs, the response arises from both

Figure 4. Examples of responses and data distributions of compounds tested with and without normalization involving enantiomeric pair of sensors.
Responses of cycHC[8]·ZnTPP sensors toward limonene.
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enantioselective and non-enantioselective interactions. At the
same time, each pair of receptor enantiomers is supposed to
respond similarly only to the non-enantioselective interactions.
A common technique to recognize two enantiomers of the

same compound involves measuring the circular dichroism.
Indeed, an active optical enantiomer absorbs slightly different
clockwise and anticlockwise circularly polarized light and vice
versa for the other enantiomer. The difference in absorbance
due to the chirality of enantiomers is even three-four orders of
magnitude lower than the total absorbance of the medium, and
ad hoc measure units, such as theta, are utilized to indicate the
chiral nature of compounds. The ellipticity, termed θ, is
calculated as

E E E Etan( ) ( )/( )R L R L= + (1)

where ER and EL are the magnitudes of the electric field vectors
of the R- and L-circularly polarized light. Similarly, here we
proposed a normalization based on the interaction of an
enantiomer of a chiral analyte with the two enantiomers of a
receptor rather than with the two polarizations of light. Indeed,
the two enantiomers of a receptor molecule may reveal the
chiral nature of an analyte if they have specular patterns of
selectivity toward it. Mathematically, the proposed normal-
ization rejects this common component of the responses in the
sensor enantiomer pairs since they are likely due to non-
enantioselective contribution.
Looking at the denominator of eq 1, we notice the sum of

ER and EL. Here we propose, to the best of our knowledge for
the first time, a normalization using as the denominator the

mean of adduct enantiomer responses, (RRR + RSS)/2, which
we name as virtual racemic sensor reference. As racemic
mixtures are 50:50 mixtures of both enantiomers, here we
consider the racemic sensor references as a virtual sensor
whose response is a 50:50 mixture of the magnitude of
responses provided by the two sensor enantiomers. For each of
the four metalloporphyrins, a virtual racemic sensor, R rac, is
created by averaging the response of (R,R)-cycHC[8] and
(S,S)-cycHC[8] based films, RR and RS, respectively.

R R R( )/2rac R S= + (2)

Normalized responses RRn and RSn can be calculated as
follows

R R R/Rn R rac= (3)

R R R/Sn S rac= (4)

It is worth noting that quantification secured by QMB allows
almost completely compensating for the differences in the
amount of sensing material spotted for both enantiomers of
each receptor, ensuring almost perfect virtual racemic sensors,
which are able to compensate for the dispersion of samples due
to concentration changes almost entirely. The Supporting
Information reports full details and mathematical demonstra-
tion of the normalization proposed here (Paragraph 4 in the
Supporting Information).
Figures 4 and 5 show two examples of the data distributions

obtained with the proposed normalization, whereas all
normalized data are shown in Figure S13. From the above-

Figure 5. Examples of responses and data distributions of compounds tested with and without normalization involving enantiomeric pair of sensors.
Responses of cycHC[8]·ZnOEP sensors toward 1-phenylethylamine.
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mentioned figures, it is possible to observe that a clear
separation for limonene enantiomers occurs in all normalized
sensors, whereas ZnOEP derivatives almost perfectly recognize
amine enantiomers. Remarkably, the expected specularity
between the enantiomeric receptors is enhanced after the

normalization process since it may compensate for fluctuations
from non-chiral sources, such as ancillary variation in
concentrations or environmental conditions that may occur
in single samples. This first outcome demonstrates the
possibility of correctly estimating even minor differences in

Figure 6. Classification protocol utilizes two steps to recognize the chemical and chiral nature of volatile compounds. The first model utilizes all
features without normalization as in typical enoses. The second step utilizes only normalized features by using the virtual racemic reference
introduced here. Median classification accuracies over 100 runs are reported in the figure. Overall classification results are reported in the
Supporting Information. During each run, a Matlab algorithm generated new training and test datasets. Training and testing sets do not share
samples with the same concentration.
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sensing responses in the films based on antipodal receptors to
improve the recognition of enantiomers. Calculations of
normalization effects and benefits on data coming from
enantiomeric pair of sensors is reported in paragraph 4 of
the Supporting Information, where theoretical and exper-
imental outcomes have been compared.
It is worth noting that we also tested a general normalization

method based on one of the two achiral sensors in the array as
a reference to normalize the chiral sensor response R̅ with
respect to concentration as follows

R R
R ref

=
(5)

where R and Rref are the responses to a sample of chiral and
achiral sensors, respectively. Indeed, the use of ZnTPP and bis-
ZnOEP sensors as references improves the separation between
enantiomer distributions (see Figures S14 and S15); the
distributions still present a partial overlapping. The main issue
with this generic normalization is the sensitivity subsisting
between sensors and the reference, which only partially
compensates for the concentration trend (e.g., correlations
are reported in Table S4).
3.4. Sample Classification. To combine classic and novel

multivariate gas recognition approaches, we performed
classification by utilizing a two-step protocol (as reported in
Figure 6). Initially, compounds were considered disregarding
their chirality, obtaining a three-class task to recognize
limonene, 1-phenylethylamine, and 2-pinene. Here, the
classification is made by using the non-normalized features of
the ten sensors. The first step plot in Figure 6 reports the
projection of sensor data in the plane of the first two canonical
variables obtained by utilizing non-normalized data. Notably,
the three compounds (limonene, 2-pinene, and 1-phenylethyl-
amine) are well separated. However, any separation among
enantiomers does not appear evident. In other words,
canonical variables of non-normalized responses well represent
the distribution and separation of data without considering the
chiral identity of compounds.
Once a sample is assigned to a specific class, the second

model further assigns it to one of the two enantiomeric classes
by using, in this case, the normalized responses of chiral
sensors. Panels in Figure 6 show how the distributions of
enantiomers can be separated when normalized data are
utilized in the case of limonene and 1-phenylethylamine.
In Figure 6, the median classification rates of different cases

and steps are reported. Performance was evaluated considering
100 randomly generated training and test subsets from the
overall data. The performance of the proposed approach was
tested in a challenging scenario where concentrations included
in the test were not included in the training and vice versa. In
this case, the concentrations appearing in the test and training
dataset were randomly selected before each of the 100 runs.
Summaries of the concentrations selected and the number of

samples are reported in Table S5. The linear discrimination
analysis model was built on training data and applied to test
ones. The accuracies for the two steps and different scenarios
are reported in Figure S16. Results show that the system acts as
a “classic” enose, recognizing the three classes of compounds
with a perfect score in almost all cases and as an
enantioselective array since it can recognize the chiral identity
of limonene and 1-phenylethylamine with high accuracy,
disregarding the concentrations. Notably, the normalization
allows an accurate classification even if the test is considered to

be non-measurable or has out-of-range concentrations with
respect to the training. Indeed, in the limonene and amines
cases, the model sporadically fails to predict one sample during
the test phase only when training and test include completely
different ranges of concentrations (see the Supporting
Information for concentrations considered).
A last consideration should concern the limit of detection of

an enantiomer. In principle, once a compound is correctly
recognized, this approach requires that only one of the two
sensors detects an enantiomer to assess its chiral nature. In the
case of sensor arrays and pure known compounds, the
enantiodiscrimination limit can then be estimated considering
the lowest LOD for the target compound among the sensors in
the array. It is worth noting that this estimation of the
detection limit assumes that the sensor array correctly
recognizes the target compound among the others in the
model and that the enantiomers are actually separated after
normalization with the virtual racemic sensor. In this context,
the proposed approach potentially has LODs in the order of
ten ppm for limonene and phenylethylamine enantiomers.

4. CONCLUSIONS

In analogy with biological systems, the results showed that
using sensor arrays with the proper bivariate and multivariate
analysis techniques improved the classification performances in
terms of enantioselectivity, allowing the recognition of samples
of limonene and 1-phenylethylamine without using highly
selective sensors. The benefits are even more evident if we
consider the possibility of easily obtaining films based on the
receptors by mixing chiral hemicucurbituril and metal-
loporphyrin components. At the same time, this procedure
allows tuning the chemical sensitivity by changing the
porphyrin scaffold. Finally, QMB permits estimating the
material cast on electrodes, validating the concept of a virtual
racemic reference. These results are surely promising to extend
the concept and application of electronic noses (and tongues)
to enantiomer analytes, whose recognition is of great
importance in medical, agrochemical, and environmental
applications.
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Rissanen, K.; Aav, R. Chiral Hemicucurbit[8]Uril as an Anion
Receptor: Selectivity to Size, Shape and Charge Distribution. Chem.
Sci. 2017, 8, 2184−2190.
(30) Shalima, T.; Mishra, K. A.; Kaabel, S.; Ustrnul, L.; Bartkova, S.;
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