


 

 

Abstract

 
Inspired by the study of supramolecular self-assembly behaviors, hydrophobic effect has 

been identified as one of the prominent driving forces behind these assemblies. To have a 

better understanding of the molecular scale forces associated with supramolecular host-

guest binding processes, and the guest packing motifs within confinement, a family of 

water-soluble deep-cavity cavitand host molecules were developed. They possess bowl-

shaped binding pockets and can form into distinct assembly states with presence of 

suitably-sized guest molecules in aqueous environment. Besides, their assembly properties 

can be tuned by changing the guest molecules and the functionalization on their 

hydrophobic rim. And the hydration states within their hydrophobic pockets, which are 

also sensitive to different functionalization, can have significant impact on the binding 

process.  We used Molecular Dynamics (MD) simulation to study the thermodynamics of 

cavitand’s host-guest binding process, and the water absorption within the pockets 

efficiently.  

This research begins by a small application of molecular dynamics simulation to predict 

Second osmotic viral coefficients of small molecules like methane, ethane, and their 

alcohol counterparts.  The second and third parts of this dissertation are studying the 

different assembly states progression behaviors of different cavitands with minor structural 



 

 

modification. We used advanced sampling method to evaluate the association free energy 

of all the different complexes and therefore quantitatively characterize their stabilities. 

From that, we built up a network reaction model to describe this whole process and used 

this model to reproduce and predict the distinct assembly states progression trends for 

cavitands with different structures. The fourth part of this dissertation provides a systematic 

study of the hydration states within cavitand pockets and its correlation to different 

functionalities on the rim. A unique self-dewetting behavior were promoted by further 

methylation on the cavitand portal. Several analytic models were developed to give a 

deeper insight into this special two-state like behavior. In the last part of this dissertation, 

we applied a newly developed advanced sampling technique (INDUS) to measure the 

different responses of water within cavitand pockets with different functionalization. In 

addition, the different hydrophobicity in different regions of the cavitand can be 

qualitatively characterized by this method.  
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Figure 5.6: Impact of pressure on the hydration number probability distributions for water in the 

pockets of OA (a) and TEMOA (b) at 25°C. The figure symbols are defined in the legend. Error 

bars are comparable in size or smaller than the symbols. .............................................................. 87 

Figure 5.7: Mean pocket hydration numbers for all simulated cavitand hosts as a function of 

pressure at 25°C as determined from simulation and fits to the hydration distribution model 

(hdist). The figure symbols are defined in the legend. Error bars are comparable in size or smaller 
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Figure 5.8：Relative pocket hydration free energies for DEMOA for water occupancy states of 𝑛 

= 0, 2, 4, 6, and 8 evaluated using eq. (5.3) as a function of pressure. Points indicate simulation 

results and lines indicate fits to eq. (5.4). The figure symbols are defined in the legend. Error bars 

are neglected for clarity. ................................................................................................................ 92 

Figure 5.9: Relative pocket hydration free energies for OA at 25°C and 1 bar evaluated from 

simulation (via eq. (5.3)) and fits to the hydration distribution (hdist, eq. (5.4)) and unified 

distribution (udist, eq. (5.7)) models. The figure symbols are defined in the legend. Simulation 

error bars are comparable in size or smaller than the symbols. ..................................................... 93 

Figure 5.10: Relative pocket hydration volumes for OA at 25 °C evaluated directly from 

simulation at 1 bar (eq. (5.1)) and fits to the hydration distribution (hdist, eq. (5.4)) and unified 

distribution (udist, eq. (5.7)) models. We compare these results against the relative volumes one 

would obtain using the bulk volume of water following eq. (5.6). The inset figure compares the 

volumes determined from eq. (5.4) for all the simulate hosts against that determined from the 

unified distribution model (eq. (5.7)). The figure symbols are defined in the legend. Simulation 

error bars in the main figure indicate one standard deviation. ....................................................... 94 

Figure 5.11: Unified absorption isotherm for all the simulated cavitand hosts as a function of 

effective pocket pressure (𝑃 + 𝑃𝑠ℎ𝑖𝑓𝑡) at 25°C. Points indicate simulation results and lines 

indicate fits to the unified distribution model (eq. (5.7)). The figure symbols are defined in the 

legend. Error bars are comparable in size or smaller than the symbols. ........................................ 97 

Figure 5.12: Shift pressures for the unified distribution model (eq. (5.7)) and capillary 

evaporation models for all the hosts as a function of the number of functional units 𝑁. The shift 

pressures are measured relative to the parent cavitand OA. The points indicate shift pressures for 
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hosts are identified next to the points. The lines indicated shift pressures obtained for the capillary 

evaporation model (eq. (5.14)) for endo-methyl and endo-hydroxyl functionalization. The 

capillary evaporation model assumes the shift pressures of the exo-functionalized hosts are zero.
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Figure 5.13: Impact of increasing portal hydrophobicity on relative pocket hydration free energies 

for the series of endo-functionalized hosts TEHOA, OA, MEMOA, DEMOA, TrEMOA, and 

TEMOA at 25°C and 1 bar. Points indicate simulation results (eq. (5.3)) and lines indicate fits to 

the unified distribution model (eq. (5.7)). The figure symbols are defined in the legend. 

Simulation error bars are comparable in size or smaller than the symbols. Results are successively 

shifted downward by 2 kJ/mol from TEHOA to TEMOA for clarity. ........................................... 99 

Figure 5.14: Schematic illustration of the endo-functionalized hosts used to develop the capillary 

evaporation model. The host pocket, portal, and functional units are identified in gray, green, and 

red, respectively, along with their corresponding areas, 𝐴𝑝𝑜𝑐𝑘, 𝐴𝑝𝑜𝑟𝑡, and 𝐴𝑓𝑢𝑛𝑐. The cavitand 

volume, 𝜈𝑐𝑎𝑣, is bounded by the pocket and portal surfaces. ..................................................... 100 

Figure 5.15: Comparison between the mean pocket hydration numbers as a function of the 
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benzoic acid moiety to the rim of the cavitand, and the average position of the two closest carbon 

atoms forming the bottom plane. The C4-axis is defined as the line passing through the two 
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the figure legend. b) Partial molar volumes of cavitand, 𝑣(𝑛), as a function of hydration numbers 

within hydrophobic pocket determined from the same simulations. The symbols for hosts 1,2, and 

3 are defined in figure F3a. The thick, dashed, red line corresponds to the results for 1 shifted up 

by ∆ = 81 cm3/mol. The error bars in both figures indicate one standard deviation. ................... 210 
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FigureF 6: Drying free energy (∆Gdry = −kTlnp(0)) of all three cavitands as a function of 
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Chapter1 Introduction

 

In our nature, particularly in bio-systems, self-assembly behaviors and nano-scale binding 

are widely utilized to achieve unique and special functions that can hardly be reached in 

bulk environment. The GroEL-GroES chaperonin complex can bound proteins in its central 

cavity. And those proteins will undergo conformation rearrangement and result in folding1. 

CCT chaperones can also assist and regulate the proper folding of proteins like tubulin2. 

Similarly, vaults, found in numerous eukaryotic species3, can form significant associations 

with nucleus and are localize to them3,4. Those vaults proteins are suspected to serve as 

transporting pipelines between the cytoplasm and the nucleus4. DNA can also be 

encapsulated in viral capsids with presence of high internal pressures. Therefore this tight 

encapsulation can accumulate enough energy and result in DNA ejection to host 

molecules5,6. Two-partner secretion is also assisted by the recognition and binding between 

proteins. The two periplasmic POTRA domains of a TpsB transporter FhaC can recognize 

and associate with their TpsA partners, FHA. The secretion of TpsA will then be mediated 

by their fast association and dissociation7. Protein-ligand binding is also utilized to 

transport fatty acids across cell membranes. For instance, crystal structure of FadL, one 

type of outer membrane proteins,  was reported to explain its mechanism to bind with long-

chain fatty acids (LCFAs) on multiple sites and convey them by spontaneous 

conformational changes8. Similar research was also conducted to study the binding 
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between rat intestinal fatty acid binding protein (I-FABP) and hydrophobic ligands9. Proton 

conduction can even be achieved by the unique properties of an array of water in 

hydrophobic cavities of  haem-copper oxidases10. The conduction pathways can be 

controlled and switched by redox-state-dependent electric field and therefore determine the 

proton transfer direction. In a word, this list of the biological systems taking advantage of 

binding and self-assembly associations goes on. 

The aspiration to utilize those self-assembly behaviors and control their functions precisely 

has stimulated the study and synthesize of those assemblies. And due to the irregular and 

complicated structures of natural protein molecules’ binding sites and cavities, structures 

with simple shapes and well-defined cavities are drawing attentions. Under this 

circumstance, the concept of supramolecular chemistry is emerging. In 1960s, Pedersen 

discovered crown ether, which is the first time scientists were able to synthesize self-

assembly host molecules11. Crown ether is a cyclic-shape molecule and it can stabilize a 

sodium ion in the center hole by electrostatic interactions. From then on, the wonderful 

world of supramolecular chemistry opened its door to us.  

Multiple mechanisms and routes, especially non-covalent interactions between molecules, 

can be applied to form self-assembly containers or capsules. Among those mechanisms, 

metal coordination is a very strong driving force. Fujita12 reported a family of three-

dimensional assemblies formed by planar exo-multidentate organic ligands through metal-

coordination. They are “paneled” by square planar metals like Pd2+ and Pt2+. Recently, a 

very large tetravalent Goldberg polyhedra in the same family assembled from 48 palladium 

ions and 96 bent ligands was also reported13. It has square packing, which is different from 

the hexagonal packing usually found in nature, like graphite.  
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Alternately, hydrogen bonding can be used to form capsules with interior pockets in non-

polar environments. A chiral spherical self-assembly complex was reported by 

MacGillivray and Atwood14. This complex is formed by six calix[4]resorcinarenes and 

eight water molecules, and those constituents were held together by 60 hydrogen bonds. 

The water molecules were found to be in a fast exchange with the bulk water15. Alcohol 

molecules like 2-butanol, 2-hexanol, 2-ethylhexanol, and 2-ethylbutanol were found to be 

either encapsulated within this complex or become part of the structure of it16. The 

fluorescence resonance energy transfer (FRET) was applied to study the dynamics of this 

self-assembly process17. The exchange of resorcinarene monomers can be observed and 

FRET can occur across the mechanical boundary with a presence of a fluorescent guest 

inside the capsule. Another cylindrical dimeric resorcinarene capsule in apolar solvents 

was also reported18,19. These nano-sized capsules are held together by a cyclic array of 

bifurcated hydrogen bonds. The structure of the capsule can even be adjusted depending 

on the size and configuration of the carbon chains at the bottom of each resorcinarene. 

Small and mid-sized guest molecules like propionic, pivalic acid, CCl4, p-ethyltoluene, and 

normal alkanes up to tetradecane can be encapsulated within the capsules20,21. Moreover, 

glycoluril molecules can be inserted and therefore incorporated in the capsule to expand 

the length of the cavity. As a result, longer alkane chains can accommodate themselves 

within this extended inner-space22,23. Likewise, insertion of propanediurea into this 

cylindrical capsule can form new capsules with “S” and “banana” shapes24. This bent 

architecture allows the encapsulation of guests with complementary shapes and provides 

possibility for wider application of concomitant guest molecule recognition. 
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All these containers are held together by non-covalent driving forces and possessing large 

inner spaces. In addition, they exhibited a wide variety of applications in molecule 

recognition and capture. However, containers formed through metal-coordination may also 

potentially exhibit toxicity. And capsules held by hydrogen bonding are not stable in water 

since water itself can form hydrogen bonds easily both as a donor and an acceptor. 

Therefore, it is very unlikely to utilize these mechanisms in biological or environmental 

applications25. Naturally, in order to build more eco-friendly and water-soluble 

supramolecular self-assembly systems, hydrophobic effect entered people’s field of vision. 

Host molecules can capture guest molecules based on hydrophobic effect with various 

shapes and applications were discovered and designed.  

Cucurbituril is the generic term of a family of supramolecular host molecules with a 

pumpkin-like shape. They are composed of several glycoluril units, which are connected 

by methylene bridges26. These glycoluril units forms a cyclic multimer with a hydrophobic 

cavity in the center. In very early studies, it was found that alkylammonium cations can be 

encapsulated within this hydrophobic cavity27. Due to its outstanding binding properties, 

many designs and applications were developed based on cucurbituril. Unusual dynamic 

phenomena like kinetic self-sorting behaviors were found within CB[6] and CB[7] in the 

presence of two-faced guests that contain two distinct binding epitopes28. Another 

important application using cucurbituril is molecular switches26. The self-sorting of some 

certain configurations of the spermine derivatives  polyaminated axle can be achieved in 

the presence of CB[6] and CB[7] driven by different temperatures29. A pH-dependent 

switch was observed in the association between CB[7] and a V-shaped cyanine dye30. By 
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protonation of the aniline group, the CB[7] ring will switch from the cyanine branch of the 

dye to the aminophenoxy ethyl side.  

Another important family of host molecule that utilize hydrophobic effect to form host-

guest complex systems is cyclodextrin. They are synthetic products from enzymatic 

degradation of starch31. They exhibited a truncated cone structure with a cyclic chair of 

glucopyranose units, and formed a hydrophobic cavity in the center32. According to 

different number of glucopyranose units, natural cyclodextrin can be divided into three 

categories, α-CD, β-CD, and γ-CD. They contain six, seven and eight  glucopyranose units 

respectively33. They can capture guest molecules within the central hydrophobic cavities 

and form inclusion complexes. The guest molecules can be encapsulated include a very 

wide range of solid, liquid, and gaseous compounds34. As a result, cyclodextrin and their 

derivatives are actively used in the area of drug delivery. For instance, the 9-nitro-

camptothecin(9-NC)/hydroxypropyl-β-CD complex exhibited a significantly superior anti-

tumor activity compared to that of free 9-NC on tumor-bearing mice35. Lonidamine also 

shows enhanced  solubility with a formation of inclusion complexes together with 

hydroxypropyl and partially methylated cyclodextrins36. Some drug delivery carriers were 

also developed from cyclodextrin-based nanoparticles cyclodextrin grafted polymers32. 

The drug-loading values of camptothecin (CPT) were significantly higher with β-CD 

nanoparticles compared with those with PLGA and PCL nanoparticles. And the drug 

release with  β-CD nanoparticles was also more controllable37. A β-CD functionalized 

hyperbranched polyglycerol was also reported and can serve as efficient carrier of 

paclitaxel. They can assemble into dispersive spherical micelles in water, and exhibited not 

only high loading capacity but also long extended release profile38.   



6 
 

 

Though it is a state of prosperity to apply hydrophobic effect as a driving force to trigger 

self-assembly behaviors in supramolecular chemistry. The fundamentals behind the 

binding mechanisms of hydrophobic effect remains unclear. The influence brought by host 

structures, guest conformations, guest packing, and interactions between host and guest is 

less understood. Therefore, precise and controlled design of hydrophobic self-assembly 

devices is still very difficult. Traditionally, hydrophobic effect was accepted as a entropy-

driven process39,40. It was described that water will form a “cage”-like structure around the 

nonpolar surface. The formation of this “cage”-like structure is because the original 

hydrogen-bonding network structure of water was break by the introduction of nonpolar 

molecules. Therefore, with the assembly of nonpolar molecules, the number of solvating 

waters required is less and leads to an entropic advantage41. In other word, the break of the 

original water hydrogen-bonding network is “minimized”. However, many experimental 

and computational results, especially in the host-guest self-assembly systems with different 

host cavity shapes, indicate different understandings about the essence of hydrophobic 

effect. For instance, both by calorimetric study and van't Hoff analysis of HNMR, the 

inclusion complexation of pyrene into cyclophanes is enthalpically driven42.  Cucurbituril 

was also reported to be able to bind adamantane and bicyclo[2.2.2]octane derivatives with 

a enthalpy-driven process43. And molecular dynamics simulation research indicates this is 

due to the release of high-energy water from its central hydrophobic cavity44. With the 

increase of cavity size, the energy of each individual water molecule encapsulated within 

the cavity decreases because more hydrogen bonds can be formed with more neighbor 

water molecules. Conversely, the number of water molecules bounded within the cavity 

will increase. Therefore, the binding affinity of different sized cucurbiturils can be 
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determined by these two counteracting effects. And as a result, CB[7] exhibits the largest 

binding affinity. This theory of the enthalpic driving force from the replacement of high-

energy water in cavities by guest molecules was also extended to other hydrophobic hosts 

like cyclodextrins and calix[4]arene41. A theoretical study of an idealized cavity-ligand 

model also showed that the repulsion of disorganized water from the hydrophobic 

environment of cavity to bulk water actually determined the thermodynamic of the binding 

process. And this cavity-ligand binding is also enthalpy dominating, instead of entropy 

dominating45.  

In a word, though there is no universal theory, water plays a vital role in the whole self-

assembly and binding behaviors of supramolecular chemical systems and biosystems. 

Water may exhibit special behaviors within binding cavities and unique wetting and 

dewetting phenomenon was also observed and studied. For instance, positionally 

disordered water molecules were initially found inside the large hydrophobic cavity of 

human interleukin-1β (hIL-1β) protein by NMR46. But further molecular dynamics 

simulation investigation showed these water molecules in the central cavity of hIL-1β are 

thermodynamically unstable. The transfer free energy of water molecules from bulk phase 

to the hydrophobic cavity was shown to be positive47. A similar dewetting phenomenon 

was also reported in the mutant T4 lysozyme cavities48. The cavity was found to be empty 

at ambient pressure, and on average two water molecules were found occupying the cavity 

at an elevated pressure of 200 MPa. And this transition behavior was also shown as a 

cooperative transition49 and was believed to be an important contributor in the pressure-

induced destabilization of protein hydrophobic cores48. A large and completely dry ligand-
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binding cavity with a volume of 315 Å3 was also found and thoroughly studied in bovine 

β-lactoglobulin (BLG), which provides the prerequisite of a productive ligand binding50.  

The wetting and dewetting behaviors and mechanisms also largely depended on the shapes 

and sizes of cavities. In the case of carbon nanotubes (CNTs), water molecules are more 

stable inside the CNTs than in the bulk51. An entropy stabilized vapor-like phase of water 

was founded in small-sized CNTs, while an enthalpy stabilized solid-like phase of water 

was found in middle-sized CNTs. In large-sized CNTs, water behaves more like bulk and 

liquid phase. Likewise, thermodynamics and water cluster structures are found to be highly 

sensitive to the sizes of graphene-like spherical cavities and that of rigid fullerenes52. With 

the increase of cavity size, the hydration state with more water molecules are more 

favorable. And the van der Waals interaction between water and cavity walls also 

influenced the hydration states a lot. In fullerene cages, a linear relationship between 

maximum encapsulated water molecule numbers and the cavity volumes were also 

concluded53. The thermodynamics of wetting behaviors were also influenced by local or 

external electric field. In CNTs, a two-state behavior was also observed where there are 

two local minimums in the water filling state distribution. The stronger electric fields along 

the tube axis will shift the filling equilibrium towards the filled state54. In a generic 

hydrophobic nanopore, under equilibrium conditions it is impermeable to water, but a 

strengthened electric field will drive water molecules inside55.  

As described above, the water molecules inside hydrophobic binding cavities and the 

wetting/dewetting behaviors inside those binding sites are nonnegligible in the self-

assembly behaviors. This is a sophisticated process currently without universal theory and 

can be affected by numerous factors. To address this complexity and study the 
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hydrophobic-driven self-assembly behavior systematically, a supramolecular deep-cavity 

host molecule, octa-acid, and its derivatives are developed and studied56. They are formed 

by three rows of aromatic rings that build a bowl-shaped hydrophobic pocket. This pocket 

is approximately 8 Å in diameter and 8 Å deep. The foot and rim of the molecule are 

decorated with eight carboxylic-acid groups to enable water solubility. Via hydrophobic 

effect, they can form distinct complexes with the presence of different guest molecules. 

Initially, short hydrocarbon molecules like propane and butane can form quaternary 

complex (2:2) with octa-acid, while ethane only very weakly binds to the hosts. Therefore, 

it is proposed that deep-cavity cavitand can serve as gaseous-phase hydrocarbons 

separator57. The large difference between cavitand’s binding affinities with different 

structured isomeric long-chain esters was also reported. Cavitands strongly bind with 

methyl ester and have very weakly binding with ethyl-ester and propyl-ester. This results 

from a combined contribution from the steric clash of the ester group deeply inside the 

pole-region of the capsules and -CH3∙∙π interactions between host inner walls and methyl 

groups of the ester. Therefore, in a competition experiment, most of the strong binders were 

captured within capsules, but weaker binders primarily remained in bulk medium58. The 

potential usage of deep-cavity cavitand as nano-scale reactors was also intensively studied. 

One typical instance is the photolysis of dibenzyl ketone derivatives59,60. The reaction 

occurred within capsule will result in unusual products since the radical has to rotate and 

reorient itself to better accommodate within capsules. 

Further research shows this guest effects and host effects both contributed to this binding 

behavior61. For instance, a series of cyclic and acyclic carboxylates can bind with octa-acid 

and form 1:1 complex. Isothermal Titration Calorimetry (ITC) results showed, for both 
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cyclic and acyclic carboxylates, there is a linear inversely proportional relationship 

between the binding free energy and number of carbon atoms in the guest molecule. But in 

terms of enthalpy and entropy, different trends were observed. For acyclic guests, both 

entropy and enthalpy terms are more favorable with increase of carbon atom number. In 

contrast, for cyclic guests, entropy term is less favorable with more carbon atoms, and there 

is a enthalpy-entropy compensation62. This phenomenon was attributed to the integrated 

effect from increasing host-guest contacts and the restriction motion of larger guests61.With 

presence of hydrocarbons, octa-acid can form stable dimeric capsules. In details, small 

guests from propane through heptane formed 2:2 quaternary complexes. Octane serves as 

a special guest in that it formed a mixture of 2:2 and 2:1 complexes63. Nonane is the shortest 

guest that can form stable 2:1 complexes with octa-acid. And smooth transitions of guest 

packing motifs within capsules can be observed as a function of chain length64. Short guests 

like nonane and decane still exhibit fully extended conformations. Middle-sized guests 

such as tetradecane adopted a helical packing motif enriched in gauche dihedral angles. 

The dominating packing motif gradually transformed to a hairpin motif in the case of 

longer guests like heptadecane or octadecane. For guests longer than tricosane, they 

showed a spinning top packing motif, where the middle part of the guest underwent a 

hairpin turn and was exposed partially to bulk solvent. Demonstrated by computational 

work, the packing under confinement to minimize the contact between nonpolar host-guest 

systems and water is the main driving force of this conformation transition65. The polarities 

of guest molecules can also influence the formation of capsules with octa-acid. In general, 

the guests with less oxygen atoms in its chain, such as tridecane and 1-dodecanol formed 
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stable 2:1 complexes with hosts. In contrast, guests with higher polarities can only form 

unstable capsules relative to NMR timescale or simple 1:1 complex66.  

Modification on deep-cavity cavitand structures also has significant impact on their binding 

behaviors. Tetra-endo-methyl octa-acid (TEMOA) is a derivative of octa-acid. It has four 

additional methyl groups on endo positions of the hydrophobic rim. Therefore, it has a 

narrower portal but a deeper pocket. It exhibited a very unusual nonmonotonic assembly 

behavior with hydrocarbons67. Initially, it will form monomeric assembly with methane 

and ethane. With the increase of alkane chain length, dimeric assemble was triggered by 

heptane. Unlike octa-acid, monomeric assembly emerged again with heptane and octane. 

For long guests from nonane, just as in the case of octa-acid, stable 2:1 complexes were 

formed. Another strange unusual behavior related to TEMOA was also reported with 

hetero-capsule formation68. With the mixture of TEMOA and octa-acid, the extent of 

hetero-capsule formation was different for various guests. In the case of heptane and octane, 

much less proportion of host molecules formed into hetero-capsules than with presence of 

pentane, hexane, and long guests from nonane to tetradecane. With long alkane guests, 

TEMOA also exhibited other assembly pathways. They can assemble into tetrameric 

capsule encapsulating two guest molecules from heptadecane to eicosane. With even 

longer guests such as pentacosane and hexacosane, a hexameric 6:3 complex was 

observed69. In a word, small modifications on the deep-cavity cavitand based host-guest 

self-assembly systems will largely impact and determine the binding behavior and the 

thermodynamics behind it.  

To have a deeper investigation and understanding of the guest packing, host effects, water 

absorption behavior, and their contributions to the thermodynamics of this self-assembly 
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process, we utilized Molecular Dynamics (MD) simulation throughout the whole 

dissertation. Molecular Dynamics simulation can provide us a molecular-level picture with 

deep insight of how molecules interact with each other and how they adopt their 

configurations for the self-assembly process. In general, a potential energy function used 

in MD simulation is illustrated as below70: 

𝑈 =  ∑ 𝑘𝑟(𝑟 − 𝑟𝑒𝑞)2 + ∑ 𝑘𝜃(𝜃 − 𝜃𝑒𝑞)2 + ∑
𝑣𝑛

2
[1 + cos(𝑛𝜙 − 𝛾)] + ∑[

𝐴𝑖𝑗

𝑅𝑖𝑗
12 −

𝐵𝑖𝑗

𝑅𝑖𝑗
6 +

𝑞𝑖𝑞𝑗

휀𝑅𝑖𝑗

]

𝑖<𝑗𝑑𝑖ℎ𝑒𝑑𝑟𝑎𝑙𝑠𝑎𝑛𝑔𝑙𝑒𝑠𝑏𝑜𝑛𝑑𝑠

 

This function describes the sum of potential energy in the whole simulation system. The 

first three summation terms are bonded interactions. They represent bond interactions, 

angle interactions and dihedral interactions respectively. The last summation term 

represents pairwise non-bonded interactions. In details, in the last term, the first two terms 

are Lennard-Jones potential describing van der Waals interaction, dispersion interaction, 

and repulsion between two atoms. The third term represents the electrostatic interaction 

between two atoms. In practice, all these parameters in the above function will be provided 

in specifically chosen forcefields. Ewald summation is usually applied to treat long-range 

electrostatic interactions71.  

In a typical MD simulation, we input an initial configuration of the whole system, where 

all the atoms have their initial positions. From the chosen forcefield, a potential interaction 

of each atom as a function of atom positions can be obtained. And initial velocities are 

randomly generated for all atoms. Therefore, the force on each atom can be calculated from 

its potential interactions. By numerically solving Newton’s equations of motion, the 

movement of each atom can be evaluated. In each step, the position, velocity, and potential 

energy of each atom is updated. All the information plus temperature and pressure of the 
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system provided us a dynamic picture of the simulated system72. By every a few steps, the 

data of all the information will be saved for analysis.  

The outline of this dissertation is listed here. In chapter 2, we described an application of 

molecular simulation to predict variables related to molecular-scale hydrophobic 

interactions. Second osmotic viral coefficients of methane and ethane, along with their 

alcohol counterparts, were predicted from simulation and compared with experimental 

results. In chapter 3, a systematic series of simulations were conducted to evaluate the 

potential of mean force between deep-cavity cavitand hosts and long n-alkane guests. A 

network reaction model was built up to predict the distribution of different assembly 

complexes of octa-acid and TEMOA, and therefore to explain the unusual nonmonotonic 

progression of assembly states of TEMOA with increasing guest length. Follow on in 

chapter 4, a similar prediction of the assembly states progression was made for a newly 

developed deep-cavity cavitand derivative. This new host molecule was named as tetra-

exo-methyl octa-acid (TEXMOA) since it has four methyl units pointing upwards on exo 

positions of its hydrophobic rim. This minor structural modification may lead to 

significantly difference not only in assembly behaviors, but also in its pocket hydration and 

water absorption. And as described above, water itself is very important in the driving force 

of supramolecular self-assembly behaviors. Thus, in chapter 5, we presented a detailed 

study about wetting and dewetting phenomenon in multiple types of deep-cavity cavitand 

molecules. All the host molecules studied have similar structures with octa-acid, but minor 

modifications were made on their functional groups on the rim. The probability 

distributions of observing certain water molecules within the hydrophobic pocket were 

evaluated, and a thermodynamic model was fitted to give a deeper insight of this 
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phenomenon. In chapter 6, a newly developed technique named indirect umbrella sampling 

(INDUS) was applied to deep-cavity cavitand molecules to give a finer illustration of water 

behaviors inside the pocket and around the whole host molecule.  

From Appendix A through Appendix E, supplemental materials like experimental details, 

additional simulations and extra calculations were presented for chapter 2 through chapter 

6. In Appendix F, some related simulation and calculation to the drying of hydrophobic 

pocket of octa-acid, TEMOA, and TEXMOA were discussed in detail. More interpretations 

will also be included. 
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Chapter2  

Second Osmotic Virial Coefficients of Short Alkanes and 

Their Alcohol Counterparts in Water as a Function of 

Temperature

 

2.1 Summary 

 

Second osmotic virial coefficient is not only a good implication of inter-solute interactions 

in solution, but also a measure of hydrophobicity of small molecules. Here, we provide a 

series of molecular dynamic simulations for small alkanes, methane and ethane, and their 

alcohol counterparts in water for a wide range of temperatures from 275K to 370K. The 

second osmotic virial coefficient, B2, for those solutes were evaluated using an augmented 

form integral. The temperature dependence of B2 are in good consistent with available 

experimental results. The aggregation states and hydrophobic interaction reflected by B2 

values are also in agreement with experimental observations. The accuracy of our 

simulations indicated that the prediction of B2 values from simulations in a closed 

ensemble and in finite concentration by extrapolation is feasible and can be applied to study 

the hydrophobic interactions between small solutes.  
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2.2 Introduction 

 

The thermodynamic driving force of many different aqueous phase assembly processes can 

be acquired from hydrophobic interactions. However, due to the very low solubility of 

many non-polar molecules in water, it is very hard to explore the molecular-scale 

hydrophobic interactions in experiments without any polar groups. While we can add polar 

groups into the solutions to increase the solution concentrations, much of our understanding 

of molecular-scale hydrophobic interactions ultimately comes from molecular simulations. 

Molecular dynamics simulation can help us overcome the solubility limits. And the main 

method applied to quantitatively study the hydrophobic interactions is the solute-solute 

radial distribution functions in solution, gss(r).  It cannot be obtained directly from the 

experiments. But the thermodynamic consequences of solute-solute interactions can be 

evaluated from experiments by the viral expansion of the osmotic pressure as following.  

                                                       
Π

𝑅𝑇𝑐𝑠
= 1 +  𝐵2𝑐𝑠 + 𝑜𝑟𝑑𝑒𝑟(𝑐𝑠

2)                                      (2.1) 

Here Π is the osmotic pressure. RT is the product of the ideal gas constant and absolute 

temperature.  B2 is the second osmotic virial coefficient, and cs is the solute concentration. 

B2 depends on molecular-level solute pair correlations in aqueous solution. It can be seen 

as a measure of solution non-ideality arising from pair correlations. From McMillian-

Mayer theory73, a fundamental connection between B2 and gss(r) can be expressed as below. 

                                              𝐵2 =
1

2
 ∫[1 − 𝑔𝑠𝑠(𝑟)]𝑑𝑟                                                         (2.2) 
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From the relation above, B2 can be expected to be negative when solute-solute interactions 

are attractive in solution. Conversely, repulsive interactions will make B2 more positive. 

Though it is very hard to get well-converged values for B2, an augmented form for this 

integral can be used to evaluate it74. And some recent researches, including some previous 

researches from our group, showed that we are able to get accurate results for simple non-

polar gas molecules in water75–78. The results for B2 obtained from that integral in 

augmented form is in agreement with those determined from the solute chemical potential’s 

concentration dependence extrapolated to infinite dilution76, despite that simulations were 

conducted at small but finite concentrations.  

We provide a series of molecular simulations and expand this study on B2 to methane and 

ethane as well as their alcohol counterparts, methanol and ethanol. The results of alcohol 

can be directly compared with experiments. Therefore, we can evaluate the abilities of 

molecular dynamic simulations to predict molecular-scale hydrophobic interactions. 

 

2.3 Methods 
 

All the simulations of methane, ethane, methanol, and ethanol were conducted in 

isothermal-isobaric ensemble.  We used the GROMACS 5.1.379 software package to do the 

simulations. The temperatures and pressures were coupled by the Nosé-Hoover 

thermostat80,81 and the Parrinello-Rahman barostat82, respectively. The temperature was 

from 275K to 370K in 5 K increments, and the pressure was kept at 1 bar. Water molecules 

were modeled using TIP4P/2005 potential83. And all the solutes were modeled by the 

TraPPE-United Atom potentials84,85. It has demonstrated that those force-fields can have 
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the best descriptions and illustrations of the equations-of-states of the small alcohol and 

alkane molecules. The internal constraints for solutes were maintained by the LINCS 

algorithm86, while that for water molecules were maintained using the SETTLE87. A 

truncation cutoff of 14 Å for non-bonded Lennard-Jones interactions were also used. The 

cross interactions between Lennard-Jones sites were calculated by Lorentz-Berthelot 

combining rules88. The long-range electrostatic interactions were calculated using the 

particle mesh Ewald summation method71. In each simulation, 40 solute molecules were 

solvated in a box of 4000 TIP4P/2005 water molecules. A 100 ns production run was 

conducted to get trajectory and evaluate equilibrium averages, following a 5 ns of 

equilibration simulation. The pair-correlations determined from these simulations, though 

at finite concentration, have been found to be consistent with those results at infinite 

dilution76. The pair-correlations were determined based on the solute center-of-mass. 

Although the radial distribution function used in eq. (2.2) should be calculated in the grand 

canonical ensemble, previous simulation results have demonstrated those determined from 

closed ensembles yield thermodynamically consistent results when the integrals are 

extrapolated from finite volume results that effectively mimic an open system76,77,89,90. 

Statistical errors were determined using jackknife resampling. The second osmotic virial 

coefficients of methane, ethane, methanol, and ethanol calculated from eq. (2.2) are 

reported in appendix. 
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2.4 Results and Discussion 
 

 

 

 

Figure 2.1: Second osmotic virial coefficients of methane and methanol (a), and ethane and ethanol (b) as a 

function of temperature. The symbols are defined in the figure legends. All the simulation results are 

compared with experiment results for methanol and ethanol from references.  The symbols of experiments 

results are black and white triangles in the figure. The curves are just serving as a guide for the eye. The error 

bars are comparable to the figure symbols. 
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The second osmotic viral coefficients are plotted in figure2.1. Generally, B2 for methane 

and ethane decrease from repulsive region (positive values) to attractive region (negative 

values) with the increase of temperature. That means when temperature increases, the 

solutes prefer to aggregate together in solution. For methane, it changed sign from positive 

to negative just above room temperature. For ethane, the B2 is in a magnitude 

approximately twice that of methane, indicating ethane is a much larger non-polar solute. 

It also changed sign at ~305K. The simulation may not fully converge after 100 ns because 

the scatter in our results is larger than the statistical uncertainty determined in jackknife 

resampling. But the magnitudes and trends with temperature for both methane and ethane 

are consistent with each other, which suggests that our simulation are accurate, and our 

comparisons are valid.  

For methanol and ethanol, the B2 values are generally more positive than that of their alkane 

counterparts. Due to the polar hydroxyl group, they are not as hydrophobic as methane and 

ethane. Therefore, the solubility of methanol and ethanol is always much higher. In the 

case of methanol, B2 is predicted to be in repulsive region during the whole temperature 

range. But it will still decrease with temperature. In the case of ethanol, it will ultimately 

change sign and go to attractive region near room temperature. But in total, their 

temperature dependence is much weaker than that of alkanes. The experimental results of 

B2 for methanol and ethanol are obtained from some references and reported in figure2.191–

93. The black triangles are for results from ref.93. The white triangles and white inverted 

triangle are for results from ref.91 and ref.92, respectively. It can be concluded that the 

experiments and simulations are in excellent agreement with other in a wide range of 
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temperatures. Thus, we are confident that our simulations accurately capture the 

relationship between temperature and the solvent-mediated interactions between solutes.  

At the critical point, RTcrit/Ԑ = 1.326, Lennard-Jones (LJ) fluid has a second gas-phase virial 

coefficient of B2 = -3.20 σ3. Here, σ and Ԑ are the LJ diameter and well-depth. Indicated by 

methane and ethane’s van der Waals volumes, the van der Waals diameters for them are 

3.8 Å and 4.15 Å respectively. So, the critical LJ B2 values are therefore approximately -

105.7 cm3/mol and -137.7 cm3/mol for methane and ethane. And the B2 is required to be 

significantly lower than its critical value for those solutes to phase separate into a liquid-

like drop in water. These critical LJ B2’s is more negative than those reported in figure 2.1 

for methane and ethane, let alone methanol and ethanol, for almost the whole range of 

temperatures simulated. The only exception appears near water’s boiling point for ethane.  

In addition, at room temperature, the B2 for both alkanes and ethanol is nearly zero. For 

methanol, it is positive, and its absolute value is small, which is less than half of its molar 

volume. It implies that methanol molecules are not strongly attracted to each other at room 

temperature. Instead, they are dispersed in solution with a near ideal gas-like osmotic 

pressure. The experiment using Raman hydration shell spectroscopy and polarization-

resolved femtosecond infrared measurements also exhibited that short chain alcohol 

molecules are randomly distributed in water94. 
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2.5 Conclusions 
 

We conducted the simulations of short alkanes, methane and ethane, and their alcohol 

counterparts in water with a wide range of temperatures. The second osmotic viral 

coefficients were evaluated from simulation and they are in excellent agreement with 

available experimental results, which means the simulations correctly reproduce the inter-

solute interactions in water. We may also conclude that the underlying description of 

hydrophobic interactions is also accurate by extrapolation. The hydrophobic interactions 

between small alkanes and alcohols are not strong enough for them to assemble in water in 

almost the whole range of simulated temperatures. Cooperative interactions between larger 

non-polar surfaces might be essential for self-assembly as concluded in the analysis of Lum, 

Chandler, and Weeks95.  
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Chapter3  

Guest Controlled Nonmonotonic Deep Cavity Cavitand 

Assembly State Switching

 

3.1 Summary 
 

Octa-acid (OA) and tetra-endo-methyl octa-acid (TEMOA) are water-soluble, deep-cavity 

cavitand hosts with nanometer-sized hydrophobic pockets that readily bind nonpolar guests, 

like the n-alkanes. Experimentally the host-guest stoichiometry in these assemblies 

depends sensitively on the length of encapsulated n-alkanes. OA, for instance, exhibits a 

progression of 1:1 to 2:2 to 2:1 host-guest complexes (X: Y where X is the number of hosts 

and Y is the number of guests) with increasing alkane chain length from methane to 

tetradecane. Despite differing from OA by only the addition of 4 methyl groups, TEMOA 

exhibits a non-monotonic progression of states from 1:1 to 2:2 to 1:1 to 2:1 with increasing 

guest length. Understanding the interplay between host chemistry and the equilibrium 

structures formed can impact the potential applications for these supramolecular 

assemblies. Here we present a molecular simulation study of n-alkane association with both 

OA and TEMOA to form the full range of structures observed to uncover the reasons 

underlying their distinct assemblies. Potentials-of-mean force between hosts and guests, 

determined via umbrella sampling, are used to characterize their association free energies. 

The free energies so determined are subsequently used within the context of a reaction 

network model to rationalize the sequence of assemblies formed. Our modeling results 
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show that TEMOA’s added methyl units constrict the opening of the binding pocket, 

limiting the conformations available to encapsulated guests and thereby shifting the 

balance between monomeric and dimeric capsules. And the comparison between the 

experimental results and our model prediction demonstrated that our model accurately 

reproduced the experiments. And a very small chemical modification on supramolecular 

assembly molecule can largely impact their structures and properties. 

 

3.2 Introduction 
 

Compartmentalization can be utilized in many novel ways. For instance, it can be applied 

to organize matter and broaden the utility of X-ray crystallography96–97, some novel 

separation protocols57,58,98, and control chemical catalysis99,100. And self-assembly provides 

a very efficient way to engender compartmentalization and even precisely control the 

spatial positions of atoms. Many structurally well-defined supramolecular complexes 

assembled by various methods are manipulated and formed61,101. Of those different 

methods, utilizing the hydrophobic effect is the least explored, but also may provide a 

chance to get insight of the relationship between solute shape, solvation, and the 

hydrophobic interactions102,103. 

Gibb has explored the complexation and assembly of deep-cavity cavitands such as octa-

acid (OA)56,63, and tetra-endo-methyl-octa-acid (TEMOA)69. These water-soluble host 

molecules are formed by three rows of aromatic rings, which form a bowl-shape 

hydrophobic pocket. It is approximately 8 Å in deep and 8 Å in diameter. Their rim and 

feet are decorated with eight carboxylic-acid groups to enable water solubility. TEMOA 



25 
 

 

differs from OA by the presence of four methyl groups, which narrows the portal and 

deepening the pocket, projecting to the hydrophobic rim. This seemingly minor structural 

modification dramatically changes the assembly behaviors of the hosts. Let’s consider OA 

and TEMOA complexation with n-alkane guests. Alkanes are very hydrophobic, and thus 

they can be encapsulated into the hydrophobic pockets of both hosts and form 

capsules63,67,69. In the case of OA, the relationship between guest size and assembly state 

is very straightforward67: methane (C1) does not bind to the host; ethane (C2) forms 1:1 

complexes (X:Y, where X is the number of hosts and Y is the number of guests); the guests 

from propane (C3) to n-octane (C8) forms 2:2 complexes; and longer guests from nonane 

(C9) forms 2:1 complexes. In the case of TEMOA, it exhibits a totally different 

nonmonotonic trend67: C1 and C2 form 1:1 complexes; guests from C3 to C6 form 2:2 

complexes; 1:1 complexes reappear with the presence of guests of C7 and C8; and longer 

guests from C9 still form 2:1 complexes. Moreover, it has been observed that TEMOA will 

also form into larger capsules like 4:2 tetrameric and 6:3 hexameric complexes57. But OA 

only forms monomeric and dimeric complexes. Besides, different guests will exhibit 

different packing motifs inside different complexes.  
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In a recent computational study conducted in our group, Barnett, Gibb, and Ashbaugh65 

used a series of systematic molecular dynamics simulations to relate the encapsulated 

alkane packing motifs within confinement with the conformational strain inferred from 

guest packing free energies. They found flexible alkane guests will adopt a succession of 

conformational motifs, from extended, to helical, to hairpin, to spinning-top structures with 

an increase of guest length in OA. And the result of this simulation work is very consistent 

with the result observed in experiments. Simulations are also used to investigate the 

structural changes of alkanes and polyethylene glycol within carbon nanotubes104. These 

studies showed the results of simulation of supramolecular self-assembly systems are 

accurate and reliable. And they can be used to guide the design of cavitand/guest 

assemblies from the bottom-up. 

Figure3. 1 

Figure 3.1: Illustrations of the host and host/guest complex structures. (a) Top views of OA and TEMOA 

hosts and side views of TEMOA. The main body of cavitand is shown as a wire frame view. The four 

methyl groups on rim of TEMOA are highlighted as orange van der Waals surfaces. The C4-axis of 

symmetry is also pictured in the TEMOA side view. (b) 1:1, 2:1, and 2:2 complexes between OA and C8. 

The cavitand host is illustrated as red and blue surfaces. The C8 guests are illustrated by the van der Waals 

surfaces. The side of the complexes has been peeled back to show the guests within it. 
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Here we will present a systematic molecular simulation and thermodynamic analysis of the 

assembly of OA and TEMOA with alkanes to assemble into a range of monomeric and 

dimeric complexes in water. We consider n-alkane guests from methane (C1) to hexadecane 

(C16) encapsulated within OA and TEXMOA to form 1:1, 2:1, and 2:2 complexes. The 

association free energies of different complexes will be evaluated from the potential of 

mean force (PMFs) between complex constituents along designated coordinates. Then we 

develop a reaction network model from these PMFs and calculate the relative populations 

and distribution of different complexes as a function of guest size to find the distinct trend 

determined from experiments for OA and TEMOA. Finally, we will study the guest 

packing inside the complexes to find the thermodynamic source of the different assembly 

patterns.  

 

3.3 Methods 

 

We used GROMACS 5.179 package to perform the molecular dynamics simulations of n-

alkanes captured within OA and TEMOA pockets. The alkanes were modeled using the L-

OPLS all-atom force field105, which is very good at reproducing the conformational and 

thermodynamic properties of long alkanes. The alkane guests simulated are from methane 

(C1) to hexadecane (C16). Generalized Amber Force Field (GAFF)70 was used to model OA 

and TEMOA. The partial charges were obtained from the AM1-BCC106 calculations. The 

network charge of each cavitand was set to be -6e to match the protonation state at pH 7107. 

So, we deprotonated the four benzoic acid groups around the rim of cavitand and two of 

the four benzoic acid groups on the feet. To neutralize this negative charge during 

simulation, we include six sodium cations modeled by GAFF70 per host molecule. TIP4P-
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EW108 potential was used to model water molecules. Nonbonded Lennard-Jones 

interactions were truncated beyond a separation of 9 Å with a mean-field dispersion 

correction for longer-range contributions to the energy and pressure. Particle mesh Ewald 

Summation method71 with a real space cutoff of 9 Å were applied to calculate the 

electrostatic interactions. All the simulations were conducted in isothermal-isobaric 

ensemble at 298.15 K and 1bar. The temperature and pressure were coupled by Nosé-

Hoover thermostat80,81 and Parrinello−Rahman barostat82 respectively. Bonds involving 

hydrogens for the hosts and guests were constrained using the LINCS algorithm86, while 

water was held rigid using SETTLE87. The equations of motion were integrated using a 

time step of 2 fs.  

Potential of mean force quantifies the association free energy between constituents of 

cavitand supramolecular complexes along a designated reaction coordinate. Here, it is 

colinear with the host’s 4-fold (C4) rotational axis of symmetry. Thus, they can be used to 

characterize the stability of the different alkane/cavitand complexes. Three distinct series 

of PMFs were taken into consideration here: the interaction between a cavitand and a single 

alkane guest to form a 1:1 complex; the interaction between a 1:1 complex and an empty 

cavitand host to form a 2:1 complex; and the interaction between two 1:1 complexes to 

form a 2:2 complex. In the first set of simulations, the PMF was determined between a 

cavitand and a single alkane (C1 to C16) from bulk water into the hydrophobic pocket along 

the C4 axis. The cavitand and the guest were solvated by 2600 water molecules in a cubic 

simulation box. Two virtual sites were created on the cavitand molecule. The first one was 

determined by the average position of the four carbon atoms connecting the four feet of the 

cavitand to the bottom row of aromatic rings. And the second virtual site was determined 
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by the average positions of the four carbon atoms at the top of the second row of aromatic 

rings. To align the cavitand to the designated reaction coordinate, we restrained the virtual 

site at the bottom to the z-axis of the simulation box with a harmonic force constant of 

100000 kJ/ (mol nm2). There was also a vector connecting the bottom virtual site to the top 

virtual site. We restrained this vector along z-axis with a harmonic angular constraint of 

50000 kJ/ (mol). So, the C4 axis of cavitand was parallel with z-axis. The PMF was 

evaluated from a series of overlapping windows spanning from bulk water into the 

hydrophobic pocket using umbrella sampling. The guest center was also restrained to z-

axis using another harmonic force constant of 100000 kJ/ (mol nm2). The center of guest 

was defined as following: for the guests with odd number of carbon atoms, the middle 

carbon (carbon number (n+1)/2) along the carbon chain was regarded as the center of guest; 

for the guests with even number of carbon atoms, a virtual site was put between the n/2 

and n/2+1 carbons serving as the guest center. Windows were simulated from 5 Å deep 

inside the host pocket, which was measured from the center of the top plane defined by the 

same four carbon atoms used to determine the virtual site at top, to 15 Å out into bulk water. 

Forty windows lied along the z-axis of simulation box with a harmonic umbrella potential 

minimum separated in 0.5 Å increments and a force constant of 15000 kJ/ (mol nm2). The 

simulation in each window was equilibrated by 1 ns, and then was run by 15 ns to get the 

trajectory and thermodynamic data. Configurations were saved every 0.2 ps for analysis. 

The PMF were reconstructed using the weighted histogram analysis method (WHAM)109. 

For the case of 2:1 complexes, we determined the PMF between two cavitand hosts with a 

guest molecule (C1 to C16) sitting inside it. The two cavitands were facing each other and 

their C4 axis were restrained by the same setup used in the case of 1:1 complexes in mutual 
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alignment with each other. The guest was placed in one of these two cavitands without any 

restraint. During the simulation, it will stay inside by hydrophobic interactions. Here, we 

controlled the distance between the two virtual sites on top of the two cavitand hosts. The 

overlapping windows were simulated from where this distance is zero to the place where 

the distance is 13 Å. Twenty-five windows were used along z-axis with a harmonic 

umbrella potential minimum separated in 0.5 Å increments and a force constant of 15000 

kJ/ (mol nm2).2600-3000 water molecules were used here to achieve enough solvation. All 

the other setup was the same as what was used in the case of 1:1 complexes. And we also 

did the PMF between two empty hosts without any guest molecule as a basis.  

Lastly, the PMF between two cavitand hosts with two guests was also determined. The 

setup here was very similar with that in 2:1 complexes. The only main difference is now 

there is one alkane guest in each of cavitand hosts. The range of guests we studied also 

varied. In the case of OA, guests considered were from C1 to C11. Longer guests will have 

repulsive interactions within cavitand dimer, which was large enough to lead the 

destabilization of capsule and made GROMACS package keep complaining about it. In the 

case of TEMOA, this range, which is from C1 to C9, was even narrower. Also, no additional 

restraints were applied to the guests. All the other setup was the same as what was used in 

the case of 2:1 complexes.  
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Figure 3.2: Schematic picture for umbrella sampling. Overlapping windows are along C4-axis of cavitand. 

And there is a harmonic biasing potential in each window to control the distance between two cavitand hosts. 
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3.4 Results and Discussion 
 

All the PMFs of different complexes were evaluated. Here, as shown in figure 3.3, the three 

PMFs between nonane (C9) and OA are illustrated. The PMFs for the whole range of guests 

can be found in appendix.  

 

In general, the interaction between C9 and OA is very attractive. For 1:1 complex, the 

minimum of the PMF is at z = 0 Å, which means alkane guest prefers to stay inside the 

hydrophobic pocket. This attractive interaction extends out into bulk water for ~5 Å due to 

the length of C9 chain. After that, it is too far away for them to have notable interactions so 

that PMF becomes flat. The attractive well depth is -70 kJ/mol, which is much lower than 

the unfavorable solvation free energy of C9 in water (17 kJ/mol). And it can be concluded 

that 1:1 complex is stable in water.  

Figure3.3 Figure 3.3: Potentials of mean force for association of 1:1, 2:1, and 2:2 complexes between nonane and OA. 

Z = 0 Å means the position of the face of the cavitand, which is on the left-hand side and facing right. Symbols 

for the 1:1, 2:1, and 2:2 interactions are defined in the figure legend. We omitted the error bars for clarity. 
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The attractive well depth of 2:1 complex PMF is much deeper than that of 1:1 PMF, and 

this more attractive association free energy has many contributions. First, more attractive 

interactions are gained between the guest and the second cavitand. So, the portion of guest 

chain that was exposed to bulk water in 1:1 complex is now also buried in hydrophobic 

environment.  Secondly, the aromatic rings forming the rim of each cavitand, which are 

also hydrophobic groups, are also having favorable interactions with each other. The PMF 

minimum equilibrium position lies at z = 3.5 Å, which is approximately the diameter of 

one carbon atom.  

In the case of 2:2 complex, the attractive well depth lies between that of the 1:1 and 2:1 

PMFs. As we can think of, under nanoscale confinement, the inner space of an OA dimer 

hydrophobic pocket is limited. So, the packing of 2 C9 chains within it is far more frustrated 

and unfavorable than packing of only one C9 chain. Therefore, though more attractive 

interactions are gained between hosts and that additional alkane chain, The PMF minimum 

equilibrium position lies ~0.4 Å further to the right than that of 2:1 complex. This is another 

reflection of the frustration caused by guest packing and the capsule is less stable. Besides, 

2:2 complex interaction has longer range, which is up to ~9 Å into bulk water. This is since 

the ends of the 2 C9 chains will extend out and wiggle in bulk water. This interaction 

extension comes from the interaction between the two ends. 

Furthermore, PMFs’ attractive well depth is able to provide useful information about the 

association of different complexes. So, we use the minima of attractive well depth to 

quantify the relative stability of the cavitand/Cn complexes. A deeper or more negative well 

depth minimum indicates a more stable complex. And the formation free energy minima 
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of the 1:1 (ω1:1), 2:1 (ω2:1), and 2:2 (ω2:2) complexes as a function of guest size are plotted 

below in figure 3.4.  

 

In the case of 1:1 complex, both for OA and TEMOA, the PMF minima is initially a sharply 

decreasing function with guest size up to C6.  Beyond that, it becomes relatively flat. As 

we know, the depth of the cavitand hydrophobic pocket is approximately the same as the 

length of C6. When the guest chain is getting longer and filling up the inner space of the 

pocket, it is gaining more and more attractive van der Waals interactions with the host. 

That is why the PMF minima has such a deep decrease firstly. When the guest chain length 

exceeds the pocket depth and begins to extend out into bulk water, it is not gaining van der 

Waals interactions anymore so that it begins to have less contribution to the total 

association free energy. Generally, the 1:1 association free energy of TEMOA is slightly 

more attractive than that of OA. We can ascribe it to the additional van der Waals 

interaction between guests and the methyl groups on the rim of TEMOA.  

Figure3.4 

Figure 3.4: Potential of mean force minima determined for cavitand/alkane complex as a function of guest 

size. Part a, b, and c reports minima for 1:1, 2:1, and 2:2 complexes respectively. Symbols for OA and 

TEMOA are defined in legend. Error bars show one standard deviation. 
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The 2:1 complex PMF minima is more informative. And you may notice that the formation 

free energy of an empty 2:0 cavitand complex, which is ~-58 kJ/(mol), is already favorable. 

Beginning from that point, for both OA and TEMOA, the PMF minima slowly decreases 

as a function of guest size up to C8. And it is very hard to distinguish the PMF minima of 

OA and TEMOA within statistical uncertainty up to this point. Starting from C9, the PMF 

minima for both cavitands take a big sharp turn and become remarkably attractive. This is 

consistent with the experimental results63,67 for both cavitand where 2:1 complexes become 

stable from C9. After that, the behavior of OA and TEMOA 2:1 PMF minima starts to be 

distinct from each other. In the case of OA, it reaches and exhibits a broad minimum for 

alkanes from C12 to C15. And the 2:1 formation free energy for OA and C16 has a slight 

increase. From C9, the guest carbon chain has spanned and filled up the interior space of 

OA dimer. Therefore, they acquire enough attractive van der Waals interactions with both 

hosts to deep the attractive well depth and make the complex very stable. And according 

to the previous research in our group, the end-to-end length of a OA dimer inner pocket is 

comparable to the length of a C11 chain65. And up to C11, the guest is still adopting a fully-

extended packing motif where most of the dihedral angles along the carbon chain exhibit 

a trans morphology. Starting from C12, the alkane chain length exceeds the end-to-end 

length of OA dimer. The end methyl groups begin to collide with the bottom of the both 

opposing cavitands’ interior pockets. It will force the bounded guest to adopt a more 

compact packing motif like a helical motif with more gauche dihedrals to accommodate 

themselves inside OA dimer. And this broad minimum from C12 to C15 can be ascribed to 

a competition between the more favorable van der Waals interactions acquired between 

host and guest and the unfavorable guest conformations the guests adopt. In previous 
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research, the C17 will adopt a hairpin-like packing motif in OA dimer, which is more 

unfavorable. That can explain the little uptick for 2:1 C16 PMF minima.  

In the case of TEMOA, after the dramatic decrease from C9, the 2:1 PMF minima reached 

a very narrow minimum at C12. After that, it exhibits a quick increase and becomes very 

repulsive. As a result of the four endo-methyl groups on rim of TEMOA, it will 

significantly restrict the packing motifs available of the guests, especially around the 

equatorial region of the dimer. In other word, TEMOA dimers will only favor fully 

extended packing motifs. This inability of TEMOA to pack longer alkane guests is 

reflected in the remarkable increase of PMF minima beyond C12.It will finally lead to the 

destabilization of TEMOA dimer. Actually, in experiments, larger 4:2 tetrameric TEMOA 

complexes with guests longer than tetradecane were observed69.  That is because longer 

guests need larger inner space to accommodate themselves.  

The 2:2 complex PMF minima also initially weakly decreases with the encapsulated guest 

size. From no guest to C4, the PMF minima shows no difference between OA and TEMOA. 

In the case of OA, the association free energy minima reach a minimum at C7, and 

afterwards increases up drastically and becomes remarkable repulsive. This result is 

comparably consistent with the 2:1 PMF result since the length of one C14 chain is 

approximately the same as the total length of two C7 chains. In difference to OA, the 2:2 

TEMOA PMF minima reach a broad minimum very early from C3 to C5. After that, it also 

goes up very quickly for C6 and longer guests. This guest length is consistent with the guest 

length where the transition from 2:2 to 1:1 occurred in the experiment67. In total, the 

comparison between the 2:2 complexes formation free energy of OA and TEMOA 

indicates that the 2:2 complexes are stable in a wider range of guests for OA than for 
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TEMOA. It can be interpreted that this difference is a reasonable explanation for the 

distinct assembly patterns of those two cavitands.  

In order to better understand the equilibrium between hosts and guests to form into different 

complexes, we developed a reaction network model to describe the whole self-assemble 

process. Four reaction functions are used below to illustrate the competitive equilibrium 

cavitand hosts and alkane guests. G means alkane guests, and distinct complexes are 

denoted using 1:1, 2:1, and 2:2 respectively. We also consider the formation of empty 

dimer complexes for completeness. It is denoted by 2:0. And 1:0 is for empty cavitand. 

                                    1: 0 + 𝐺 ↔ 1: 1                                                                              (3.1) 

                                       1: 0 + 1: 0 ↔ 2: 0                                                                           (3.2) 

                                        1: 1 + 1: 0 ↔ 2: 1                                                                           (3.3) 

                                        1: 1 + 1: 1 ↔ 2: 2                                                                           (3.4)  

 From the four reactions above, the corresponding equilibrium reaction constants can be 

derived as below. 

                                                
[1: 1]

[1: 0][𝐺]
=  𝐾1:1                                                                     (3.5) 

         

                                                
[2: 0]

[1: 0]2
=  𝐾2:0                                                                           (3.6) 

 

                                                
[2: 1]

[1: 1][1: 0]
=  𝐾2:1                                                                   (3.7) 
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[2: 2]

[1: 1]2
=  𝐾2:2                                                                             (3.8) 

All the equilibrium constants can actually be evaluated from the multidimensional integrals 

over all separations and orientations of all the PMF between cavitand hosts and alkane 

guests110–112. But the PMF evaluated in our simulation, as described in methods session, is 

only along one designated reaction coordinate. And the orientation of the cavitand was also 

fixed during the simulation. So, it misses a large piece of information in the total integration 

domain. However, it can still be related to the Boltzmann weighting of the PMF minima. 

In a word, the equilibrium constants are proportional to the Boltzmann weighting of the 

PMF minima as below. 

                                         𝐾1:1 =  𝛼 exp (−
𝜔1:1

𝑅𝑇
)                                                                      (3.9) 

                                      𝐾2:𝑥 =  𝛽 exp (−
𝜔2:𝑥

𝑅𝑇
)                                                                      (3.10) 

Here, K1:1 is the equilibrium constant for the formation of 1:1 complex. Correspondingly, 

K2:x is for the formation of dimeric complexes (x = 0, 1, or 2 for distinct complexes). We 

introduced two pre-factors α, and β for monomeric and dimeric complexes respectively. 

They are adjustable parameters and can be used to make up all the missing information in 

the potential of mean force calculation.  That missing information includes that from all 

the noncomplex forming reaction paths and those from other host orientationally degrees 

of freedom. We also assume the values of α and β are the same for both OA and TEMOA. 

Besides, β is independent of the number of bounded guests. So, the biasing introduced from 

these two parameters can be avoided. Here is what we are going to do. Firstly, we will 
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adjust the values of α and β to reproduce the experimental assembly behavior of OA with 

alkanes, which displays a very straightforward monotonic transition from monomeric to 

dimeric complexes with an increase of guest size, and get reasonable values for α and β. 

Afterwards, by using the same values of α and β, the assembly behavior of TEMOA 

complexes with alkane guests can be predicted. And we will compare our prediction with 

the experimental results. 

From the mass balance of cavitand hosts in bulk solvent, the total concentration of cavitand 

is listed as below. 

                    [1]𝑡𝑜𝑡𝑎𝑙 = [1: 0] + [1: 1] + 2([2: 0] + [2: 1] + [2: 2])                                (3.11) 

The total concentration of cavitand, [1]total is assumed to 3 mM, which is used in a very 

typical experiment. The bulk alkane guest concentration in water was determined from the 

following relation113,114. 

                                            [𝐺] =
𝑃𝐺

𝑅𝑇
exp (−

𝜇𝐺
𝑒𝑥

𝑅𝑇
)                                                                  (3.12) 

PG is the partial pressure of alkane guest in gas phase. μG
ex is the excess chemical potential 

of the guest in water (i.e. The solvation free energy of alkane guest). RT is the product of 

temperature and gas constant. For those guests (from C1 to C4) whose boiling points are 

below 25 ℃, the guest gas pressure was assumed to be 1 atm. For other guests whose 

boiling points are above 25 ℃, the guest partial pressures were assumed to adopt the vapor 

pressure of the pure alkane liquids at 25 ℃. Thus, the partial pressures at 25 ℃ can be 

determined from Wagner correlation fits to experiment115. The excess chemical potentials 

at infinite dilution in water were evaluated from standard free energy perturbation 
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techniques. We applied this method to L-OPLS alkanes in TIP4P/EW water. All the 

simulation details, guest partial pressures, excess chemical potential obtained from 

simulation, and final guest concentrations are included in appendix.  

All the concentrations of different complexes can be expressed by an equation of 

corresponding equilibrium constants and concentrations of guest and empty cavitand. After 

we substitute them into the mass balance equation of cavitand in water, the whole reaction 

network model will be in a form of quadratic equation in concentration of empty cavitand. 

    2(𝐾2:0 + 𝐾2:1𝐾1:1[𝐺] + 𝐾2:1𝐾1:1
2 [𝐺]2)[1: 0]2 

                               +(1 + 𝐾1:1[𝐺])[1: 0] − [1]𝑡𝑜𝑡𝑎𝑙 = 0                                                   (3.13) 

When this equation is solved, we can get the concentration of free guest in solvent. From 

that, the concentration of all the complexes can be evaluated. Therefore, the distribution of 

all assembly states for all guests can be determined.  

The finally fitted values of α and β were 2 ×10-4 and 8×10-11 M-1. The distribution of 1:0, 1:1, 

2:1, and 2:2 complexes between cavitand (OA and TEMOA) and alkane guests are reported 

below in figure 3.5. 
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Figure 3.5: (a) Distribution of OA/alkane assembly states between 1:0, 1:1, 2:1, 2:2 complexes as a 

function of guest size. (b) Predicted distribution of TEMOA/alkane assembly states between 1:0, 

1:1, 2:1, 2:2 complexes as a function of guest size. Symbols for the 1:0, 1:1, 2:1, 2:2 complexes are 

defined by figure legend. The population of 2:0 complexes was below 0.1% so that they are not 

reported. Error bars are not reported for clarity. 
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The progression of dominant OA complexes as a function of guest size is: empty single 

OA for no guest and C1; 1:1 complexes from C2 and C3; 2:2 complexes for guests from C4 

to C8; and 2:1 complexes for C9 and longer guests. This result is fundamentally consistent 

with the experiments63,67. The transition between 2:2 complexes and 2:1 complexes also 

lies between C8 and C9. The population of 2:0 complexes is negligible for the whole range 

of guest size. Therefore, it is not reported in figure 3.5. The only exception is C3 mainly 

formed 2:2 complex in experiments.       

The progression of dominant TEMOA complexes as a function of guest size is: empty 

single TEMOA for no guest; 1:1 complexes for C1 and C2; 2:2 complexes for guests from 

C3 to C5; then 1:1 complexes reappear for guests from C6 to C8; and finally, 2:1 complexes 

are dominating for C9 and longer guests. Thus, an obvious non-monotonic trend is 

determined from our simulation. 1:1 complexes are dominating again for medium-sized 

alkane guests. Our simulation also captured some other notable details in experiments. In 

experiments, C1 formed 1:1 complex with TEMOA. But with OA, this binding is much 

weaker, and it didn’t form 1:1 complex. It can be ascribed to the additional attractive van 

der Waals interactions between C1 and the four endo-methyl substituents of TEMOA. Our 

simulation is in agreement with the experiments. 1:1 TEMOA complex is dominant for C1, 

while 1:0 empty OA is dominant for C1.  The 1:1 complexes PMF minima also exhibits the 

more enhanced interaction between C1 and TEMOA. Another interesting observation is the 

destabilization of 2:1 TEMOA complex with C16. The population of 2:1 TEMOA complex 

decreases from nearly 100% to ~71% at C16. In experiments, OA will assemble into 2:1 

complexes with a wide range of guests from C9 to C25
64. However, for TEMOA, they will 

prefer larger assembly states like 4:2 tetrameric and 6:3 hexameric assemblies with guests 
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longer than C14
69. This destabilization of TEMOA dimer can be attributed to the 

increasingly repulsive PMF minima for 2:1 complex formation free energy beyond guests 

longer than C12. This decrease of TEMOA 2:1 complex population is accompanied by the 

increase of TEMOA 1:0 complex to ~26%. But the TEMOA 1:1 complex only increases 

to ~1%. The preferential growth of empty TEMOA population results from the diminishing 

solubility of alkane with increasing length. According to eq. (3.12), the solubility of C16 is 

on the order of 2pM. Therefore, the reaction network model will predict a huge increase of 

1:0 complex population. Actually, this increase begins from around C12 or C13. But the 

population of 2:1 complex is too significant (~100%) to make this increase notable.  

We can evaluate the average aggregation number of OA and TEMOA, which is the average 

number of complexed hosts averaged over all assembly states, as a function of guest size 

directly from the cavitand/alkane assembly states distribution. And it is reported below in 

figure 3.6.  
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In the case of OA, the average aggregation number gradually increases from one to two 

over the range of guests from C1 to C6. After that, it stays at two and never drop down. So, 

clearly the average aggregation number increases monotonically. There is a hump at C2, 

which is potentially an artifact or due to the statistical uncertainty since its size is smaller 

than the error bars from C1 to C3. In contrast to OA, the aggregation number of TEMOA is 

non-monotonic. It initially increases from 1 to ~1.6 from C1 to C5. Then it drops back to 1 

for C6 through C8. Then TEMOA reassemble into dimers for C9 and longer guests. All 

these predictions are excellently consistent with the variation of cavitand/alkane assembly 

behaviors and complex volumes with change of alkane chain length exhibited in 

experiments. 

Figure 3.6: Average cavitand aggregation number in cavitand/alkane complexes as a function of the 

alkane guest size. Results for OA and TEMOA are defined by the figure legend. Error bars are 

omitted for clarity. 
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Remember that the 2:2 complexes association free energy of OA and TEMOA exhibited 

distinct trends. It reached the minimum very early for TEMOA with shorter guests. 

Therefore, it can be hypothesized that the differences in 2:2 association free energy actually 

determines the totally different assembly behaviors of OA and TEMOA. We made several 

calculations to test this hypothesis. In the figure 3.7 shown above, we firstly substituted the 

Figure3.5 

Figure 3.7: Predicted OA average aggregation numbers as a function of guest 

size using the 𝜔2:2results of TEMOA are reported on top. Predicted TEMOA 

average aggregation numbers as a function of guest size using the 𝜔2:2results 

of OA are reported at bottom. Error bars are omitted for clarity. 

 



46 
 

 

ω2:2 results of TEMOA into the reaction network model of OA. And thereafter OA also 

exhibits a monotonic assembly behavior trend. Conversely, we also substitute the ω2:2 

results of OA into the reaction network model of TEMOA. In this case, the nonmonotonic 

aggregation behavior is suppressed, where it monotonically transits between monomeric to 

dimeric complexes. These results demonstrated that this non-monotonic assembly behavior 

of TEMOA is controlled by the formation of 2:2 complexes.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure3.6 

Figure 3.8: (a) Equilibrium separation distance between cavitand hosts of 2:1 and 2:2 

complexes at where PMF minimum occurred as a function of guest size. (b) Equilibrium 

separation distance between cavitand hosts of 2:1 and 2:2 complexes at where PMF 

minimum occurred as a function of total encapsulated guest van der Waals volume. 

Symbols are defined in the legend. 
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In figure 3.8(a), the inter-cavitand separations of 2:1 and 2:2 complexes at where the PMF 

minima occurred are plotted as a function of guest size. For OA 2:1 complex, the 

equilibrium separation is ~3.5 Å and independent of guest size up to C16. That means for 

the whole range of guests, the 2:1 complexes are stable. On the other hand, for TEMOA 

2:1 complex, the equilibrium separation is initially flat at ~4.2 Å up to C12. Beyond that, it 

increases with the guest chain length. In comparison to OA, the initial separation distance 

is slightly larger because of the protrusion of the endo-methyl substituents of TEMOA 

above the cavitand rim. For longer guests, the frustration of guest packing will lead to a 

destabilization of TEMOA dimer so that the separation distance will begin to increase. This 

is also reflected in the corresponding increase of ω2:1 of TEMOA for guests longer than 

C12. The reason is guests encapsulated in TEMOA dimer can only adopt predominantly 

extended conformations. But within OA, a succession of packing motifs, include some 

more compact packing motifs, can be adopted for longer guests. The limited flexibility of 

the guest within TEMOA dimer will have very negative contribution to the association free 

energy and finally make the dimer crack open.  

For 2:2 OA complex, the inter-cavitand equilibrium separation is independent of guest 

chain length, also at ~3.5 Å, up to C8. With longer guests starting from C9, it systematically 

increases with guest size. This is coincident with the fact that ω2:1 of OA reached the 

minimum at C7. For 2:2 TEMOA complex, the inter-cavitand equilibrium separation is also 

initially flat up to C5, and then begin to rise. It is also consistent with the narrower stability 

window displayed in the formation free energy result of this complex.  

In figure 3.8 (b), the equilibrium separation distance between cavitand hosts of 2:1 and 2:2 

complexes are plotted as a function of total encapsulated guest van der Waals volume. The 
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results of 2:1 complexes and 2:2 complexes are in great agreement with each other. The 

2:1 and 2:2 OA complexes equilibrium separation distances are the same up to a total 

encapsulated guest volume of ~300 Å3, which is approximately the volume of one C16 chain 

or two C8 chains. From that point, you may anticipate that for OA 2:1 complex, the 

separation distance will begin to increase from C18 since it started to increase for OA 2:2 

complex from C9. However, in experiments, OA still formed stable 2:1 complexes with 

C18. Both experiments64 and previous simulation65 in our group found that C18 adopted a 

hairpin-shaped packing motif with OA dimer, which was not observed in guests in 2:2 

complexes.  

For TEMOA 2:2 complexes, an excellent agreement between the 2:1 and 2:2 complexes’ 

separation distances are exhibited for whole range of guests. They both begin to increase 

beyond a total encapsulated guest volume of 220 Å3. This volume lies between the volume 

of one single C12, which is where the 2:1 TEMOA PMFs minima function reaches the 

minimum, and the volume of two C6 chains, which is the guest size where 2:2 TEMOA 

complexes firstly crack open.  Beyond this volume, the equilibrium separations for the 2:1 

and 2:2 TEMOA complexes also match with each other quantitatively. So, the alkane guest 

packing is a determinant of the equilibrium separations. And this equilibrium separation 

also depends largely on cavitand species. That indicates different cavitands with different 

internalized spaces dramatically influence guest packing.  

Since the only difference between TEMOA and OA are the four methyl groups on the rim 

of TEMOA. The different guest packing conditions can be ascribed to those rim substitutes. 

More detailly, the narrowing of TEMOA’s portal is significantly limiting the packing 

motifs available to the encapsulated guests, and therefore leads to different assembly 
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patterns. Here, we evaluate the lateral displacement of guest carbons at the seam between 

cavitand dimers in 2:1 complexes to quantify the width of the cavitand portals. The result 

is shown below in figure 3.9.  

 

 

 

 

 

 

Figure3.7  

Figure 3.9: Root mean square lateral displacement from the dimer centerline for the guest carbon 

closet to the seam in 2:1 complexes as a function of guest size. Symbols are defined in the legend. 

Error bars indicate one standard deviation. The inset picture illustrates the lateral displacement, ∆r. 

The centerline is defined by the line connecting the two virtual sites on the top plane of cavitand, 

which are the centers of both cavitand mouths.  
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Firstly, we identify the guest carbon closet to the midpoint of the cavitand dimer. Then the 

distance of this carbon atom from the centerline, which is connecting the centers of both 

cavitands’ mouths, is measured. Lastly, we plot the root mean square displacements as a 

function of guest size. For the whole range of guests, this displacement is largely restricted 

in case of TEMOA compared to OA. For both OA and TEMOA, they have the largest 

lateral displacement with C1, and this is because methane is small enough to explore both 

the dimer seam and the pocket depths. Beginning from C1, the both displacements initially 

decrease with the guest size. This is clearly due to that small guests are free to explore the 

whole seam area, while portions of larger guests are forced to stay in the equatorial region. 

Interestingly, the displacement of both OA and TEMOA will pass through a minimum and 

increase again with guest size. For the case of OA, this increase starts at C11 because longer 

guests will adopt a helical packing motif instead of a trans-enriched extended motif. In the 

case of TEMOA, helical packing motifs were never observed. But due to the restriction 

around the cavitand portal, the increase of this displacement is actually a result of the 

destabilization of TEMOA dimer. 

 

3.5 Conclusions 
 

We conducted molecular dynamics simulation to explain the surprising nonmonotonic 

switching between monomeric and dimeric assembly states of deep-cavity cavitand 

TEMOA with n-alkane guests of increasing length. The simulations showed that while the 

association free energies of monomeric 1:1 complexes of OA and TEMOA are 

qualitatively similar, 2:1 and 2:2 complexes have significant different association free 

energy behaviors for OA and TEMOA. The four endo-methyl substituents on rim of 
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TEMOA largely narrow the portal down, and therefore destabilize 2:1 TEMOA complexes 

with C12 and longer guests. And the conformational freedom of encapsulated guests within 

TEMOA dimer are restricted. This restriction will also have very negative contributions to 

the formation free energy of 2:2 TEMOA complexes with short and middle-sized guests. 

From our reaction network model incorporated with all the association free energies, this 

calculation accurately captured and predicted OA’s monotonic and TEMOA’s non-

monotonic assembly behaviors.  Our simulation also indicated TEMOA 2:1 complexes 

begin to crack open for guests longer than C16, which is consistent with the experiments 

where TEMOA formed larger multimeric complexes with those long guests.  

This work demonstrated one typical example that small chemical modification on 

constituents of a supramolecular self-assembly system will dramatically affect its 

structures and properties. And molecular dynamics simulation can play an important role 

in decoding the impact of different chemistry structures and helping the bottom-up design 

of self-assembly system. Moreover, interpreting the guest packing is crucial in determining 

the assembly states of self-assembly system and therefore switching their properties. 
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Chapter4  

The Progression of Assembly States as Function of Guest 

Sizes for a Newly Developed Deep-cavity Cavitand

 

4.1 Summary 
 

Tetra-exo-methyl octa-acid (TEXMOA) is another newly developed derivative in the 

family of deep-cavity cavitand host molecules. It has four methyl units pointing upwards 

on the exo positions of hydrophobic rim. As shown in experiments, the addition of four 

methyl groups on endo positions of the rim will change OA’s monotonic progression of 

assembly states as function of alkane chain length into TEMOA’s nonmonotonic 

progression trend.  In the last chapter, we presented a systematic computational study to 

show that this unusual nonmonotonic assembly progression can be attributed to the 

narrowed portal with four methyl groups. Therefore, the packing of two guest molecules 

within dimeric capsules became very frustrated and 2:2 assembly states were suppressed 

in the case of TEMOA. Here, the similar study and modeling was expanded to the assembly 

states progression of TEXMOA. Our simulation showed that a monotonic assembly states 

progression similar with that of OA was predicted. To some extent, the methylation of exo 

positions shifted the transition of assembly states towards longer guests. But the trend was 

not fundamentally changed.  
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4.2 Introduction 
 

Self-assembly behaviors and the process of forming into complexes are playing a 

nonnegligible role in many bio-systems such as the chaperonin complex regulating protein 

folding2, viral capsids stimulating DNA injections5,6, and other protein-ligand binding to 

achieve many basic functions in living organisms116,117. To study, and further make use of 

those unique self-assembly behaviors, various mechanisms, such as metal coordination12,13 

and hydrogen bonding14,15,22–24, were utilized and developed to generate well-defined 

supramolecular self-assembly systems. Hydrophobic effect was also identified as an 

important mechanism affecting the thermodynamics of biomolecular recognition50,118–120. 

And it is more easily to be utilized in biological applications mainly with aqueous 

environments due to its nontoxicity and its ability to distinguish polar and nonpolar groups.  

On the other hand, the design of supramolecular self-assembly system demands refinement. 

A small modification on the structure or arrangement of this molecular system may lead to 

significant different properties and behaviors. For instance, cucurbit[n]urils (CBn) are 

formed by a group of glycolurils connected by methylene bridges26,27,121. They exhibited 

significantly different binding affinities with different numbers of glycoluril units122. 

Computational work suggested that this is mutually determined by two counteracting 

effects. With increase of cavity size, the energy of individual water molecule decreases 

because they can form more hydrogen bonds with neighboring waters. But meanwhile 

more water molecules can be encapsulated in a larger cavity. As a result from these two 

factors, CB[7] stands out with the highest binding affinity because it obtains the maximum 

free energy gain by expelling all the waters out of the cavity44. Another example is the 

family of resorcinarene-based velcrands. In aqueous environment, they are presented in a 
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vase-like conformation by connecting the nitrogens of their benzimidazole groups with 

hydrogen-bonding of four water molecules. With this deep concave pocket, the original 

type of velcrand can bind with a wide range of suitably-sized guests including short 

tetraalkylammonium, N,N-Dimethylpyrrolidine, and adamantane123. Interestingly, a 

tetracarboxylate analogous form of the original velcrand exhibited a different binding 

preference. Cyclopentane is preferentially bound over cyclohexane in this analogous form 

velcrand. While for original type, the reverse is true. And the thermodynamics and kinetics 

behind the binding mechanism was modified by structural alternation on host molecules124. 

Another different form of velcrand derivative can form into complexes and bind with 

alkane guests. Short guest from heptane through undecane will get bound within the pocket 

and form a 1:1 complex125. While longer guests like tetradecane and heptadecane can 

trigger dimerization and formed 2:1 capsules with the hosts126. With a simple methylation 

of the benzamidazolones of this velcrand derivative, the assembly behaviors can be 

significantly adjusted. Utilizing the wider space provided by the methyl groups, host 

molecules can form 1:1 complex with longer guests from dodecane to tetradecane with a 

folded U-shaped motif. The methylene groups in the middle of the carbon chains resided 

the deepest inside the pockets127.  

To gain more understanding of the sophisticated relationship among supramolecular 

system structures, their assembly behaviors, and the driving mechanism behind it, a family 

of water-soluble deep-cavity cavitand host molecules were developed. They are formed by 

three rows of aromatic rings and there is a bowl-shaped hydrophobic pocket in the center. 

There are eight carboxylic acid groups on the feet and hydrophobic rim of cavitand to 

ensure water solubility56. The binding behaviors of octa-acid (OA, shown in Figure 4.1a) 



55 
 

 

and tetra-endo-methyl-octa-acid (TEMOA, shown in Figure 4.1b) were studied 

experimentally63 and computationally, as described in chapter 3. Significantly different 

assembly behaviors were observed for these two host molecules, though the only difference 

between their structures is the four methyl units on endo positions of TEMOA67. In the 

case of OA, there is a straightforward monotonic relationship between assembly states and 

guest lengths. Methane doesn’t bind with the hosts, and ethane forms a monomeric 1:1 

complex (denoted X:Y, where X is number of cavitands, and Y is number of n-alkane guests). 

With the increase of guest size, OA can form into dimeric 2:2 complexes with guests from 

propane through octane, where octane actually forms a mixture of 2:2 and 2:1 complexes. 

From nonane, all the longer guests form 2:1 complexes. In the case of TEMOA, an unusual 

nonmonotonic progression of assembly states were observed. 1:1 complexes were formed 

with methane and ethane, while 2:2 complexes were formed with guests from propane to 

hexane. 1:1 complex reemerged with the presence of heptane and octane. Finally, nonane 

and longer guests will form 2:1 complexes. Our computational work, as described in 

chapter 3, demonstrated that the packing of two alkane guests within TEMOA is very 

frustrated due to the narrowed portal by those four methyl units, and therefore the formation 

of 2:2 complex actually controls the whole assembly behavior.  

Since functionalization can lead to totally distinct assembly behaviors, the location of the 

functionalization potentially can be another important influencing factor. More importantly, 

we want to investigate the ability of our previous reaction network model to predict the 

assembly behavior of different cavitands before experiments. Here we performed a very 

similar simulation work on another derivative of OA, which is named as tetra-exo-methyl-

octa-acid (TEXMOA, shown in Figure 4.1c). It also has four methyl groups on the rim, but 
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they are on exo positions instead of endo positions. Thus, the methyl groups are extending 

outwards, and the month is not narrowed. Association free energies of distinct TEXMOA 

complexes (1:1,2:1 and 2:2) were evaluated based on potential of mean force between 

different constitutes by molecular dynamics simulation. A reaction network model was 

built up based on these association free energies to predict the distribution of different 

assembly states. And this prediction was compared with the assembly state distribution of 

OA and TEMOA. 

4.3 Methods 

 

The simulation details were exactly the same as that described in chapter 3. All the 

molecular dynamics simulation of TEXMOA complexes with n-alkane guests in water 

were performed using GROMACS 5.179. The cavitand was simulated using the 

Figure4. 1 

Figure 4.1: Top view and side view of cavitands involved in this study: a) structures of octa-acid (OA) b) 

structures of tetra-endo-methyl-octa-acid (TEMOA) c) structures of tetra-exo-methyl-octa-acid. 
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Generalized Amber Force Field (GAFF)70 with partial charges obtained from AM1-BCC 

calculations106. Each cavitand has a network charge of -6 e to match the protonation state 

at pH 7107. The n-alkane molecules were modeled using the L-OPLS all-atom force field105, 

which accurately captures the thermodynamic and conformational properties of long 

alkanes. Guests from methane (C1) to hexadecane (C16) were studied. In the simulation box, 

six sodium cations modeled by GAFF were included for each cavitand molecule to make 

the whole system neutral. Water molecules were modeled using TIP4P-EW potential108. 

Electrostatic interactions were treated using the particle mesh Ewald Summation method71 

with a cutoff of 9 Å in real space. Non-bonded Lennard-Jones interactions were truncated 

beyond a separation of 9 Å with a mean-field dispersion correction for longer range 

contributions to the energy and pressure. All the simulations were in an isothermal-isobaric 

ensemble at 298.15 K and 1 bar. The temperature and pressure were coupled by Nosé-

Hoover thermostat80,81 and Parrinello-Rahman barostat82, respectively. All the bonds 

involving hydrogens in cavitands and alkane guests were constrained using the LINCS 

algorithm86, while water was held rigid using the SETTLE algorithm87. The equations of 

motion were integrated using a time step of 2 fs.  

The potentials-of-mean force (PMF) between hosts and guests were used to quantitatively 

characterize the relative stability of different complexes. PMF is part of the association free 

energy between constituents of the self-assembly complexes along with a reaction 

trajectory, in this case it lies along the host’s four-fold (C4) rotational axis of symmetry. In 

these simulations, the hosts and guests were solvated by 3000-5000 water molecules. 

Restraint potentials were applied to two dummy atoms along the C4-axis of each host to 

perfectly align the cavitand along the z-axis of the simulation box. The first dummy atom 
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was determined by the central position of the four carbon atoms connecting the four feet 

of the cavitand to the first row of aromatic rings. The second dummy atom was determined 

by the average position of the four carbon atoms on the second row of aromatic rings lying 

closet to the cavitand portal. The “bottom” dummy atom was spatially restrained on the z-

axis of simulation box with a harmonic force constant of 100000 kJ/ (mol nm2). The vector 

connecting the two dummy atoms was also restrained to align with the z-axis using an 

angle restraint. The angle between this vector and the z-axis of simulation box was 

restrained to be zero degree with a harmonic angular constraint of 50000 kJ/(mol).  

In general, three distinct PMFs were considered. The first one is the interaction between a 

single empty cavitand and one alkane guest to form a 1:1 complex. In this first set of 

simulations, we determined the PMF between one TEXMOA and one alkane (C1 to C16). 

A series of overlapping windows from bulk water into the host hydrophobic pocket were 

used. The guest center was also restrained to the C4-axis of simulation box with a harmonic 

force constant of 100000 kJ/ (mol nm2). The center of the alkane guest was taken as the 

middle carbon along the backbone for guests with an odd number of carbon atoms. For 

those with an even number of carbon atoms, the average position of the n/2 and n/2+1 

carbon atoms was set as a dummy atom. This dummy atom was then restrained to the z-

axis by the same potential constant. The simulations in overlapping windows were 

conducted from 5 Å inside the hydrophobic pocket to 12.5 Å out into bulk water. This 

distance was measured based on the center of the top plane of cavitand, i.e. the position of 

the second dummy atom. Totally there are thirty overlapping windows. The minimums of 

harmonic umbrella potentials were separated in 0.5 Å increments, and the force constant is 

15000 kJ/ (mol nm2). Simulation in each window was firstly equilibrated for 1 ns, followed 
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by a 15 ns production run. Configurations were saved every 0.2 ps for analysis, and in total 

there are 750 frames in each window. The PMF of the association of 1:1 complex was 

reconstructed by the weighted histogram analysis method (WHAM)109.  

The second one is the interaction between a 1:1 complex and another empty cavitand to 

form a 2:1 complex. The PMF was determined between two TEXMOA cavitands. One of 

the hosts was in a 1:1 complex with a single guest (C1 to C16) inside it. The two cavitands 

were facing each other with their C4-axes restrained in mutual alignment with the z-axis of 

simulation box. This restraint potential was the same as that described in the setup of 1:1 

complex simulation. The alkane guest was free inside one of the cavitands’ pocket without 

any restraint. During the simulation, it will stay inside the pocket by hydrophobic 

interaction. Overlapping windows were applied from where the distance between the two 

top dummy atoms of cavitands is zero, to the state where this distance is 15.5 Å. Thirty-

one windows in total were simulated here. Again, the minimums of harmonic umbrella 

potentials were separated in 0.5 Å increments, and the force constant is 15000 kJ/ (mol 

nm2). All the other simulation details were same as that in the case of 1:1 complex.  

Finally, we also consider the interaction between two 1:1 complexes to form a 2:2 complex. 

We determined the PMF between two TEXMOA cavitands, where both hosts were in a 1:1 

complex with a single alkane guest (C1 to C13) inside it. As described above, the two 

cavitands were oriented to face one another. Their C4-axes were restrained in mutual 

alignment with the z-axis of simulation box. Once again, no restraints were applied to the 

guests. The rest of the simulation setup was identical to that of 2:1 complex PMF 

simulation.  
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In chapter 3, a reaction network model was developed to predict the distribution of different 

assembly states with presence of guests with different lengths. We will reemphasize the 

important entities in this model. Four reactions were involved in the whole equilibrium 

assembly process between n-alkane guests and all the host/guest complexes.  

                                         1: 0 + 𝐺 ↔ 1: 1                                                                               (4.1) 

                                           1: 0 + 1: 0 ↔ 2: 0                                                                           (4.2) 

                                            1: 1 + 1: 0 ↔ 2: 1                                                                           (4.3) 

                                            1: 1 + 1: 1 ↔ 2: 2                                                                           (4.4) 

Therefore, the equilibrium constants of these four reactions, K1:1, K2:0, K2:1, and K2:2, can 

be denoted by the corresponding quotients of concentrations of reaction product and the 

product of the concentrations of all reactants. Meanwhile, those equilibrium constants can 

be related to the Boltzmann weighting of the minima in the PMFs we simulated, and the 

functions are listed below. 

                                         𝐾1:1 =  𝛼 exp (−
𝜔1:1

𝑅𝑇
)                                                                      (4.5) 

                                           𝐾2:𝑥 =  𝛽 exp (−
𝜔2:𝑥

𝑅𝑇
)                                                                    (4.6) 

Here x = 0,1, or 2 means number of encapsulated guests. We introduced a monomeric pre-

factor α and a dimeric pre-factor β to make up the contributions missed in the PMF 

simulations here. These contributions include different reaction trajectories where no 

complex was formed, and different orientations the two hosts could be in110–112. In chapter 

3, we tuned these two pre-factors to reproduce the assembly progression trend of OA 
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observed in experiments. From there we determined α = 2 ×10-4 M-1 and β = 8 ×10-11 M-

1. In this calculation we will continue to use these two values to keep consistence.  

Here we still assume the total concentration of cavitand hosts is 3 mM in solvent. The host 

molecules were distributed into all distinct types of assembly complexes so that this total 

concentration equals the summation of the multiplication product of each assembly state’s 

concentration and the corresponding number of cavitand hosts in it.  

                       [1]𝑡𝑜𝑡𝑎𝑙 = [1: 0] + [1: 1] + 2([2: 0] + [2: 1] + [2: 2])                                (4.7) 

As in chapter 3, the bulk alkane guest concentration was determined from the relationship 

below. 

                                             [𝐺] =
𝑃𝐺

𝑅𝑇
exp (−

𝜇𝐺
𝑒𝑥

𝑅𝑇
)                                                                   (4.8) 

Here 𝜇𝐺
𝑒𝑥  is the excess chemical potential of the guest in water, RT is the product of 

temperature and gas constant, and 𝑃𝐺  is the gas phase alkane partial pressure. For short 

alkane guests from methane through butane, whose boiling points are below 298.15 K, the 

guest pressure was assumed to be 1 atm. In the case of longer guests, the guest partial 

pressure was assumed to be the vapor pressure of the pure alkane liquid at 298.15 K. The 

details about how to obtain the alkane partial pressures and alkane guest excess chemical 

potentials can be found in chapter 3 and Appendix B. And finally, based on mass balance 

of cavitand host molecules, a quadratic equation of free host concentration can be derived 

as below. 

2(𝐾2:0 + 𝐾2:1𝐾1:1[𝐺] + 𝐾2:1𝐾1:1
2 [𝐺]2)[1: 0]2 

                                           +(1 + 𝐾1:1[𝐺])[1: 0] − [1]𝑡𝑜𝑡𝑎𝑙 = 0                                            (4.9) 
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Once the free host concentration was solved, the concentrations of all the other assembly 

states can be determined. 

 

4.4 Results and Discussion 

 

 

In Figure4.2, the potential of mean force between C9 and TEXMOA from bulk water into 

the hydrophobic pocket along the C4-axis to form a 1:1 complex is shown in red curve. 

Clearly, the interaction between the alkane and TEXMOA is attractive.  The minimum of 

the PMF attractive well sits around the portal of TEXMOA (z 0 Å). This attractive 

interaction extends out into bulk water by ~7 Å. Compared to OA, it extends further into 

Figure 4.2: Potentials of mean force for association of 1:1, 2:1, and 2:2 complexes between nonane and 

TEXMOA. Z = 0 Å means the position of the face of the cavitand, which is on the left-hand side and facing 

right. Symbols for the 1:1, 2:1, and 2:2 interactions are defined in the figure legend. We omitted the error 

bars for clarity. 
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the bulk, partially due to the additional favorable van der Waals interactions between the 

alkane and those four methyl groups pointing forward. The attractive well depth (-72 

kJ/mol) is also deep enough to overcome the unfavorable solvation free energy of C9 in 

water (17 kJ/mol), which indicates a stable 1:1 complexation. This well depth is 

comparatively the same as that of 1:1 complex of OA and C9 (-70 kJ/mol). 

The attractive well depth of 2:1 TEXMOA/C9 complex (-77 kJ/mol) is not significantly 

deeper than that of 1:1 TEXMOA/C9 complex. But it still indicates more free energy gain 

by burying the part of C9 chain that is exposed to bulk solvent while forming monomeric 

complex. This deeper PMF well depth can also be attributed to the association between the 

aromatic rings forming the cavitand portal. Those hydrophobic groups prefer to get to a 

relative hydrophobic environment rather than stay in bulk water. The PMF minima of 2:1 

complex lies at ~4.8 Å, which is significantly larger compared to that in 2:1 OA/C9 

complex. TEXMOA has four methyl units at exo positions on its rim. Those extending-out 

functional groups will add some steric hindrance so that the two cavitands cannot associate 

so tightly as OA did in 2:1 complex. And this looser contact also contributes to the less 

attractive free energy between the two cavitands.  

In the case of 2:2 TEXMOA/C9 complex, the PMF minima is at ~-84 kJ/mol. This is even 

deeper than that of 2:1 TEXMOA/C9 complex. The distance between 2 cavitands’ portals 

when PMF minima occurs is ~4.9 Å, which is only about 0.1 Å further to the right than 

that for 2:1 TEXMOA/C9 complex. Though the extent of the 2:2 TEXMOA complex 

interaction still has a longer range than that of 2:1 TEXMOA complex. This range different 

is only about 1 Å, which means a much tinier difference than that in the case of OA. All of 

these reflect that the packing of 2 C9 chains within a TEXMOA dimeric capsule is not as 
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frustrated as that within an OA dimer. Note that the contact between two TEXMOA 

cavitands is looser and the equilibrium distance is larger. There is more available space 

within TEXMOA dimer to accommodate 2 C9 chains. The additional C9 molecule doesn’t 

have much repulsive contribution to the association free energy. In addition, more 

attractive interactions between the hydrophobic pocket and that additional alkane chain 

contributes to this deeper well depth. All of these can explain why 2:2 TEXMOA/C9 

complex exhibits a deeper well depth than 2:1 TEXMOA/C9 complex. 

We can quantitatively characterize the strength of binding between different constituents 

by the association free energy of each distinct assembly complex. And to some extent, the 

association free energy can be quantified by the minima of potential of mean force. In 

figure4.3, the PMF minima for the 1:1, 2:1, and 2:2 complexes as a function of number of 

carbon atoms in guest carbon chain was plotted. In 1:1 complex, for short sized guests from 

a) 𝛚𝟏:𝟏 

 

b) 𝛚𝟐:𝟏 

 

c) 𝛚𝟐:𝟐 

 

a) 𝛚𝟏:𝟏 

 

b) 𝛚𝟐:𝟏 

 

c) 𝛚𝟐:𝟐 

 

Figure 4.3: Potential of mean force minima determined for TEXMOA/alkane complex as a function of 

guest size. Part a, b, and c reports minima for 1:1, 2:1, and 2:2 complexes respectively. Error bars show 

one standard deviation. 
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methane to heptane, the association between host and guest becomes increasingly attractive 

with the increase of guest length. More methylene units can be encapsulated and contact 

with the hydrophobic inner pocket, and therefore more favorable van der Waals 

interactions were formed.  Compared to OA and TEMOA, this decrease of association free 

energy has a longer range because additional interactions can be formed between longer 

guest and the four methyl units extending into bulk water. But begin from guests slightly 

longer than the hydrophobic pocket, this increasingly attractive trend stopped, and it 

exhibited a flat plateau from octane. Longer guests extend out into bulk water so that no 

additional favorable interactions can be acquired. The PMF minima didn’t show significant 

changes for all the guests longer than octane.  

In the case of 2:1 complex, in general, the association free energy for guests in the whole 

range is attractive. For short alkanes from methane to pentane, it exhibited an increasing 

trend. But relatively larger error bars indicate that those association free energy values are 

still in neighborhood. This association free energy is more positive compared to that of OA 

and TEMOA because of the larger equilibrium distances and looser contact between the 

two cavitands. But similarly, from heptane, the association free energy underwent a very 

drastic decrease.  The 2:1 complex is further stabilized by the guests who can extend into 

the hydrophobic pocket of the second cavitand. They can fill up the inner space and gain 

benefits from two host molecules at the same time. This association free energy reaches a 

broad minimum centered at tetradecane. In essence, despite the four methyl groups on exo 

positions, this association free energy profile of TEXMOA 2:1 complex with a drastic 

decrease followed by a broad minimum is very similar with that of OA. Unlike TEMOA, 

these methyl groups extend outwards so that the portal of TEXMOA is not narrowed down. 
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Therefore, longer guests can accommodate themselves within TEXMOA capsules using 

more compact packing motifs. Similarly, this competition between more advantages from 

more favorable interactions and the disadvantages from frustrating guest conformations 

contributed to this broad minimum. This broad minimum emerged with longer guests in 

case TEXMOA, and it is also due to the larger space in the capsule brought by the longer 

distances between two cavitands.  

The association free energy of 2:2 TEXMOA complex was initially flat from methane to 

propane. Large error bars indicate relatively larger statistical fluctuation here. Beginning 

from butane, it exhibited a sharp decrease and became more and more attractive. A broad 

minimum also emerged from octane to decane. After that, formation of 2:2 complex 

became strongly unfavorable and the association free energy profile increased very quickly. 

Compared to TEMOA and OA, this turning point appeared very late. 2:2 complexes with 

longer guests are much more stable in the case of TEXMOA. As what we discussed above, 

the larger equilibrium distance between two TEXMOA cavitands provides more interior 

space for the packing of 2 longer carbon chains within dimeric capsules. And according to 

chapter 3, this difference in 2:2 complex association free energy profile may lead to totally 

different assembly patterns.  
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From the network reaction model detailly described in chapter 3 and in methodology part 

here, the predicted equilibrium distribution of TEXMOA/Cn complexes as a function of 

alkane chain length is plotted in figure 4.4. In general, it is a monotonic progression with 

increasing guest size. From the beginning, methane didn’t bind with the host. Ethane also 

exhibited a weak inclination to bind, and 1:0 complex, which means an empty cavitand  

 

monomer, dominated. With the increase of guest size, monomeric 1:1 complex dominated 

for guests from propane to pentane, dimeric 2:2 complex dominated for guests from hexane 

Figure 4.4: Predicted distribution of TEXMOA/alkane assembly states between 1:0, 1:1, 2:1, 2:2 complexes 

as a function of guest size. Symbols for the 1:0, 1:1, 2:1, 2:2 complexes are defined by figure legend. The 

population of 2:0 complexes was below 0.1% so that they are not reported. Error bars are not reported for 

clarity. 
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to decane, and finally dimeric 2:1 complex dominated for guests from undecane to 

hexadecane. A negligible population of 2:0 complex, which means an empty capsule, was 

also predicted and it was not plotted in figure 4.4. And there is also no empty cavitand 

dimers observed in experiments. Though TEXMOA exhibited a very similar assembly 

behavior with that of OA, some significant differences can still be observed. For small 

sized guests like ethane, the tendency to assemble into 1:1 complex is weaker. For 

TEXMOA, all the transition between distinct assembly states were shifted and occurred 

with longer guests. The transition from 1:1 complex to 2:2 complex lies between pentane 

and hexane, and the transition from 2:2 complex to 2:1 complex occurs between decane 

and undecane. This difference can be attributed to the different PMF minima. The 

formation free energy of TEXMOA 2:1 complex with middle-sized guests like pentane is 

much more unfavorable than that of OA. And conversely, the formation free energies of 

TEXMOA 2:2 complex, especially with long guests such as decane and undecane, are more 

attractive and negative compared to OA.  

This monotonic assembly trend can be more easily recognized from the average host 

molecule aggregation number in each TEXMOA assembly complex, which is shown in 

figure4.5 below. From no guest to ethane, the aggregation number is near one because their 

inclination to bind with TEXMOA is very weak. The aggregation number increases from 

one to near two over the range of guests from propane to heptane. During this stage, 

majority of TEXMOA firstly form into 1:1 complex with propane and butane. 

Progressively, a mixture of 1:1 and 2:2 complexes were formed with presence of pentane 

and hexane. With heptane, 2:2 complex dominated. From octane, the aggregation number 

stays around two, which indicates TEXMOA mainly assemble into dimeric capsules. It is 
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clearly that methylation on exo positions doesn’t have fundamental impact on deep-cavity 

cavitand’s assembly behavior.  

 

 

 

 

 

 

 

 

 

 

 

The minor change brought by methyl groups on exo positions can be explained by their 

structures. To get a deeper understanding of it, the equilibrium separation distances 

between two cavitands in dimeric capsules are plotted in figure 4.6 as a function of guest 

sizes. The equilibrium separation of 2:1 TEXMOA complexes is ~4.8 Å. It is independent 

of guest size in the whole range of alkane guests. Their equilibrium separations are 

significantly larger than that of 2:1 OA complexes (~3.5 Å). This larger inter-cavitands 

distance directly reflects the looser contact and less interactions between two hosts. As 

Figure 4.5: Average TEXMOA aggregation number in TEXMOA/alkane 

complexes as a function of the alkane guest length. 
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mentioned above, it is the main contributor to the less attractive association free energy of 

2:1 TEXMOA complexes with short and middle-sized guests, compared to that of 2:1 OA 

complexes. But for longer guests, larger inner space in a hydrophobic environment is 

generated to accommodate them within the capsules. Some compact packing motifs can be 

adopted since the month of TEXMOA is not narrowed down.  

In the case of 2:2 TEXMOA complexes, up to heptane, the inter-cavitands equilibrium 

distance stays at 0.48 Å. This is consistent with the separation distance in 2:1 complex. 

From octane it starts to slightly increase, but it is still in the neighborhood of 0.48 Å. 

Beginning from tridecane, 2:2 TEXMOA complexes became instable with a dramatically  

Figure 4.6: Equilibrium separation distance between cavitand hosts of 2:1 and 2:2 TEXMOA complexes at 

where PMF minimum occurred as a function of guest size. 
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increasing separation distance. In contrast to OA, likewise, due to the larger inner space 

resulted from the four methyl groups extending forwards, 2:2 TEXMOA dimer is stable 

for a wider range of guests including nonane and decane. This explains the shift of the 

transition between 2:2 and 2:1 complexes towards longer guest regions. 

 

4.5 Conclusion 

 

We conducted and presented a molecular dynamics simulation of the assembly and 

complexation of a modified deep-cavity cavitand derivative, TEXMOA. A monotonic 

assembly behavior was predicted from the network reaction model we developed. It 

progressively transits from 1:1 complex to 2:2 complex, then finally to 2:1 complex with 

the increase of guest sizes. The methylation on exo positions of the hydrophobic rim 

doesn’t introduce fundamental change in assembly profiles since the exo-pointing methyl 

units extend the distances between cavitands and create a more comfortable environment 

for longer guests. As a result, 2:2 complexes are stabilized for a wider range of alkane 

guests, including some that will trigger disassociation of 2:2 complex in TEMOA. 

Furthermore, compared to OA, the transition between distinct assembly states are shifted 

towards longer guests also because of the difference in association free energies introduced 

from the stretched capsules. From this work, it can be concluded that even the same 

functionalization on a different position of supramolecular host molecules will lead to 

significantly different assembly behaviors. A minor change in supramolecular system 

design actually affects the whole body. 
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Chapter5  

Pressure Induced Wetting and Dewetting of the Non-polar 

Pocket of Deep-Cavity Cavitands in Water 

 

5.1 Summary 
 

Hydrophobic interactions drive the binding of non-polar ligands to the oily pockets of 

proteins and supramolecular species in aqueous solution. As such, the wetting of host 

pockets is expected to play a critical role in determining the thermodynamics of guest 

binding. Here we use molecular simulations to examine the impact of pressure on the 

wetting and dewetting of the non-polar pockets of a series of deep-cavity cavitands in water. 

The portals to the cavitand pockets are functionalized with both non-polar (methyl) and 

polar (hydroxyl) units oriented either pointing upwards or inwards towards the pocket. We 

find wetting of the pocket is favored by the hydroxyl units and dewetting is favored by the 

methyl units. The distribution of waters in the pocket is found to exhibit a two-state like 

equilibrium between wet and dry states with a free energy barrier between the two states. 

Moreover, we demonstrate that the pocket hydration of the cavitands can be collapsed onto 

a unified absorption isotherm by assuming the effective pressures within each cavitand 

pocket differ by a shift pressure that depends on the chemical identity and number of 

functional units placed about the portal. These observations lead to the development of a 

two-state capillary evaporation model that accurately describes the equilibrium between 

states and natural gives rise to the effective shift pressures observed from simulation. This 
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work demonstrates that the hydration of supramolecular host pockets can be tuned 

following simple design rules that in turn are expected to impact the thermodynamics of 

guest complexation. 

 

5.2 Introduction 
 

Near water vapor/liquid coexistence, idealized, purely repulsive hydrophobic surfaces in 

aqueous solution are predicted to be enshrouded within a vapor-like layer as a result of the 

preferential self-hydration of water over interfacial wetting95,128–132. Confining water 

between non-polar mesoscale surfaces or within non-polar pockets is subsequently 

predicted to nucleate solvent evaporation, magnifying attractive hydrophobic interactions 

between non-polar moieties95,133–137. This nebulous vapor layer, however, is suppressed by 

ubiquitous van der Waals interactions that draw liquid water back into contact with the 

solute surface138. Nevertheless, water density fluctuations next to realistic, extended 

hydrophobic surfaces have been shown to be akin to those at a vapor/liquid interface139, 

indicating the neighboring solvent density alone is insufficient for quantifying the 

hydrophobicity of meso-scale and larger interfaces140. 

The potential relevance of hydrophobic dewetting phenomena is highlighted by 

experimental and theoretical results indicating that the non-polar cavities of some proteins 

spontaneously dry in water to impact their function. For instance, crystallographic and 

molecular simulation studies of the L99A mutant of T4 lysozyme provided some of the 

first evidence of a drying transition within a protein’s non-polar cavity49. While dry at 

atmospheric pressure, water was shown to cooperatively fill lysozyme’s internal non-polar 

cavity with increasing pressure (~1000 bar) providing a mechanism for protein 
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denaturation. Alternately, the conduction of sodium across pentameric ligand-gated ion 

channels is regulated by subtle iris-like conformational changes about the transmembrane 

pore141. In the open-state the pore is fully hydrated, but in the closed-state hydrophobic 

isoleucine residues constrict the aperture and induce drying of a 15 Å long segment of the 

channel. This blocks free ion passage despite the fact the pore is still large enough to permit 

solvent egression. Similar vapor-lock gating mechanisms have been proposed for the 

nicotinic acetylcholine receptor142 and Escherichia Coli’s small mechanosensitive 

channel143. Finally, NMR and molecular dynamics simulation studies have found that the 

ligand-binding pocket of bovine β-lactoglobulin is largely devoid of water at ambient 

conditions, with only fleeting filling events50. Dewetting of this hydrophobic pocket is 

thereby expected to impact the kinetics and thermodynamics of fatty acid binding to this 

apoprotein.  

Considering the wetting of a hemispherical non-polar pocket in water, Setny et al.144 

examined the stability of water in the pocket is dependent on the approach of non-polar 

ligands. When the ligand was far away, water was found to freely fluctuate between all 

possible hydration states from zero (dry) to ten (wet) waters within the pocket with 

practically no free energy differences between states. As the ligand approached the pocket 

opening the hydration free energy landscape was found to dramatically change to a bimodal 

distribution between wet and dry states with a barrier between them. Upon ligand binding 

the dry state becomes dominant. This drying-mediated ligand binding in this model system 

was shown to be dominated by a favorable enthalpy of association resulting from gaining 

water-water attractive interaction upon release from the pocket and opposed by an 

unfavorable entropy of association45,145. This observation stands in opposition to traditional 
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descriptions of hydrophobic interactions, which associate non-polar solute aggregation 

with a strongly favorable entropy resulting from the release of structured waters from non-

polar surfaces146. Indeed, enthalpically driven association has been experimentally 

observed for guests binding to proteins and supramolecular species in water42,119. Nau and 

co-workers41,147 have interpreted this “non-classical hydrophobic interaction” in terms high 

energy waters that forfeit hydrogen-bonds within non-polar pockets. They have 

demonstrated a strong correlation between lost hydrogen-bonds and the binding constants 

between a range of supramolecular hosts and non-polar guests. This correlation, however, 

does not account for the equilibrium between wet and dry states observed by Setny et al144. 

and theoretically predicted for water under non-polar confinement.  

Deep-cavity cavitands are a class of water soluble, bowl-shaped supramolecular host 

species possessing a non-polar guest binding pocket that is approximately 8 Å deep with a 

portal opening approximately 8 Å wide (Figure 5.1)56,61. These supramolecular hosts 

resemble the model hydrophobic pockets considered by Setny and co-workers45,144,145. 

Appropriately sized non-polar and amphipathic guests readily bind to cavitand pocket 

facilitated by hydrophobic interactions. As such, understanding the hydration of the 

cavitand pocket is expected to help elucidate the role of the solvent in driving guest 

recognition and binding107. Recently, we demonstrated through a combination of both 

experiment and simulation that the hydration of the non-polar pocket of cavitands depends 

sensitively on the functionalization of the host portal, and the detailed information can be 

found in Appendix F. In particular, it was established that while water wets the pocket of 

the non-functionalized parent cavitand octa-acid (OA, Figures 5.1 and 5.2), the pocket of 

tetra-endo-methyl octa-acid (TEMOA, Figures 5.1 and 5.2), differing from OA by four 
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methyl units oriented towards the pocket, is dry during a significant fraction of the time. 

Dewetting of the pocket was found to be consistent with thermodynamic equilibrium 

between liquid and vapor states driven by interfacial forces. The drying of TEMOA was 

manifest in stronger binding of sodium alkyloate guests compared to OA, favored by a 

dominant enthalpy and opposed by a weaker entropy in agreement with the “non-classical 

hydrophobic interaction”. This work illustrated that hydration of supramolecular hosts is a 

potential synthetic design target for tailoring guest binding, subject to subtle changes in the 

environment ringing the binding site. 

Seeking to expand our prior work, we report here a molecular dynamics simulation study 

of the impact of the functionalization of deep-cavity cavitands on the hydration of their 

non-polar binding pockets. In addition to the parent, non-functionalized, cavitand octa-acid 

(OA), we consider seven additional cavitands with varying functionalities (Figure 5.1): 

Mono-endo-methyl octa-acid (MEMOA), 1,3-di-endo-methyl octa-acid (DEMOA), tri-

endo-methyl octa-acid (TrEMOA), tetra-endo-methyl octa-acid (TEMOA), tetra-exo-

methyl octa-acid (TEXMOA), tetra-endo-hydroxyl octa-acid (TEHOA), and tetra-exo-

hydroxyl octa-acid (TEXHOA). The portals of the functionalized cavitands are ringed by 

either non-polar (methyl) or polar (hydroxyl) units that are oriented either at inward 

pointing endo positions or upward pointing exo positions relative to the host pocket 

(Figures 5.1 and 5.2). In addition, the series OA, MEMOA, DEMOA, TrEMOA, and 

TEMOA examines the impact of increasing the hydrophobicity of the portal. We analyze 

pocket hydration in terms of the spatial distribution of waters about the entire host, pocket 

hydration probability distributions, and the mean water absorption within the pocket. The 

thermodynamics of water absorption are subsequently quantified within the context of a 
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hydration distribution model. Finally, we construct a two-state capillary evaporation model 

based on our results to gain insight into the forces governing the extent of pocket hydration 

and the role of the functional units ringing the portal. 

 

5.3 Method 
 

Molecular dynamics simulation of a range of functionalized cavitands in water were 

performed using GROMACS 5.179. Simulations were performed in the isothermal-isobaric 

ensemble at 25 °C with pressures ranging from -1000 bar to 2500 bar. The temperature and 

pressure were controlled using a Nosé-Hoover thermostat80,81 and Parrinello-Rahman 

barostat82, respectively. Water was modeled using the TIP4P/EW potential108. The 

cavitands and their counterions were modelled using the Generalized Amber Force Field70. 

The charge of each cavitand was set to be -6e to match the protonation state at pH 7107. The 

four benzoic acid groups around the rim of cavitand and two of the four benzoic acid groups 

on the feet were deprotonated (Figure 5.1). And the partial charges of each atom were 

obtained by AM1-BCC calculations following geometry optimization106. Eight distinct 

cavitands with varying functional units added about the portal to the hydrophobic pocket 

were simulated (Figure 5.1): Octa-acid (OA), mono-endo-methyl-octa-acid (MEMOA), 

1,3-di-endo-methyl-octa-acid (DEMOA), and tri-endo-methyl-octa-acid (TrEMOA), tetra-

endo-methyl-octa-acid (TEMOA), tetra-exo-methyl-octa-acid (TEXMOA), tetra-endo-

hydroxyl-octa-acid (TEHOA), and tetra-exo-hydroxyl-octa-acid (TEXHOA). These 

cavitands exhibit varying degrees of methylation (OA, MEMOA, DEMOA, TrEMOA, 

TEMOA), orientation of methyl units relative to the portal (TEXMOA), and orientations 

of polar hydroxyl units about the portal (TEHOA and TEXHOA). Non-bonded Lennard-
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Jones interactions were truncated beyond a separation of 9 Å with a mean-field dispersion 

correction for longer-range contributions to the energy and pressure. Cross Lennard-Jones 

interactions between unlike species were determined using Lorentz-Berthelot combining 

rules148. Particle mesh Ewald Summation with a real space cutoff of 9 Å was applied to 

calculate electrostatic interactions71. Bond-lengths involving hydrogens for the cavitands 

were held fixed using the LINCS algorithm86, while water was held rigid using SETTLE87.  

In each simulation, a single cavitand was solvated in 2000 water molecules. Production 

runs were conducted for 200 ns following an equilibration run of 5 ns. The equations of 

motion were integrated using a 2-fs time step. Configurations were saved every 1 ps for 

post-simulation analysis of thermodynamic averages. 

Water densities about the cavitands were determined by assuming the hosts effectively 

symmetric about their C4-axis (Figure 5.2). This approximation allows us to apply a 

cylindrical coordinate system to cavitand to bin water densities about the cavitand and 

characterize pocket hydration.  

The number of waters within the cavitand pockets, 𝑛, was determined by constructing a 

hexahedron bounding the pocket and counting the number of waters within the polyhedron. 

The top face of the hexahedron was determined by constructing a plane fitted through the 

four diphenyl ether oxygen atoms ringing the pocket portal, while the bottom face was 

determined by the carbon atoms as the bottom of the pocket. The remaining 4 faces were 

determined by planes passing through oxygen atoms at the portal and carbon atoms at the 

bottom following the 4-fold rotational symmetry of the cavitand. Hydration state 

probability distribution functions were determined from analysis of the number of waters 

in the pocket over saved configurations.  
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Finally, we considered the impact of the number of waters with a host pocket on its partial 

molar volume. The partial molar volume of OA as a function of the pocket hydration state 

was determined by taking the difference in the average simulation volume of the cavitand 

with 𝑛 waters in the pocket less the average volume of a simulation box of water with the 

same number of waters in it 

                                      𝑣(𝑛) =  〈𝑉(𝑛)〉𝑐+𝑤 −  〈𝑉〉𝑤,                                              (5.1) 

Where the angled brackets (〈… 〉) indicate simulation averages of the system volume 

determined with (𝑐 + 𝑤) and without (𝑤) the cavitand, while the argument 𝑛 indicates the 

number of waters in the host pocket. 

 

Figure 5.1:  Chemical structures of the eight deep-cavity cavitands simulated here. 
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5.4 Results and Discussion 

 

Cavitand Pocket Hydration. The average water density about OA, TEXMOA, TEMOA, 

and TEHOA is illustrated in Figure 5.3. The density in these plots is cylindrically averaged 

about the host C4-axis of symmetry to clearly visualize the water distribution. The 

cavitands sit in the U-shaped black outline in these plots, corresponding to the location of 

Figure 5.2： Molecular snapshots of the parent cavitand, octa-acid (OA), and an endo-functionalized, tetra-

endo-methyl octa-acid, and exo-functionalized cavitand (TEMOA), tetra-exo-hydroxyl octa acid (TEHOA), 

host. The body of the parent cavitand is illustrated in licorice format, while the functional units are illustrated 

using a van der Waals representation. The cavitands are shown from the side showing the height of the walls 

of the pocket from the top and looking down into the pocket through the portal. The four-fold C4-axis of 

rotational symmetry is denoted by the purple arrow pointing through the side view and up from the pocket 

of OA. 
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the heavy atoms of the host where the water density is zero. Water readily packs about the 

outside of the cavitands as indicated by the high-density regions (𝜌 > 1.2 g/cm3, denoted 

in blue) from the rim of the pocket to the foot of the cavitand, forming approximately three 

water shells. In the case of OA (Figure 5.3a), water readily enters the hydrophobic pocket 

and packs against the inner walls of the host, however there is a region of depleted water 

density along the centerline of the cavitand within the pocket where the density drops to 

zero. This depletion is attributable to the van der Waals attractions between the waters and 

cavitand drawing the solvent to the inner walls of the host. One of the most significant 

absorption regions for water is the bottom of the pocket, where a large increase in water 

density is observed. This absorption site is big enough for a single water, which enjoys 

hydrogen-bonding with the four inner pointing hydrogens at the bottom of the pocket 

(Figures 5.1 and 5.2). ). The distribution of water about TEXMOA (Figure 5.3b) closely 

follows that of OA, with only a slight depletion of waters near the rim of the pocket due to 

the presence of the four exo-pointing methyl units at the top of the cavitand. More 

significant perturbations in the water density are observed for TEMOA (Figure 5.3c). 

While the packing of water on the exterior of TEMOA is comparable to that for OA and 

TEXMOA, the water density along the inner walls of TEMOA’s pocket is reduced. We do 

observe, however, a slight increase in the water density at the top of the pocket, which we 

believe can be attributed to favorable attractive interactions between water and the four 

endo-pointing methyls. For TEHOA we find water rewets the cavitand pocket as indicated 

by the increase in water density along the inner walls this host (Figure 5.3d), comparable 

to the wetting of OA and TEXMOA.  An additional increase in water density is observed 

at the top of TEHOA’s pocket (𝑧 ≈  5 Å) supported by hydrogen-bonding between the 
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endo hydroxyl units and water that makes pocket hydration favorable. We conclude from 

the analysis of water’s density that while the distribution of water outside of all the 

cavitands are effectively the same, the hydration of the hydrophobic pocket depends 

sensitively on the rim functionalization.  

 

 

 

Figure 5.3: Average water density distribution about the hosts OA (a), TEXMOA (b), TEMOA (c), and 

TEHOA (d). The water density is cylindrically averaged about the C4-axis of symmetry for each of the hosts, 

with 𝑟 corresponding to the radial distance from the C4-axis and 𝑧 indicating the vertical rise relative the 

cavitand center-of-mass. The densities follow the color key on the righthand side of the figure. 
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The hydration of the host pocket is dynamic, with the number of waters within the cavitand 

continuously fluctuating. To capture the fluctuating nature of the pocket hydration, it is 

more informative to consider the probability distribution of hydration states. Figure 5.4 

shows the hydration number probability distribution for water in OA, MEMOA, DEMOA, 

TrEMOA, and TEMOA at 1 bar and 2500 bar, illustrating the impact of increasing the 

hydrophobicity of the pocket portal. At atmospheric pressure OA exhibits a unimodal 

probability distribution (Figure 5.4a), with 4 waters being the most probable hydration state. 

This distribution is not symmetric as would be expected for a normal distribution but is 

skewed slightly towards lower occupancy states. As such, while the probability of 

observing 8 (= 4 + 4) waters in OA’s pocket is effectively zero, the probability of observing 

an empty pocket (0 = 4 - 4) is finite. This asymmetry is accentuated as the portal 

methylation increases. While we never observe more than 8 waters in the pocket, the 

probability of observing an empty pocket systematically increases from 1% for OA to 36% 

for TEMOA. Moreover, increasing portal methylation changes the distribution from 

unimodal for OA and MEMOA to bimodal for DEMOA, TrEMOA, and TEMOA. The 

second peak of the bimodal distributions occurs for the empty pocket, with a minimum 

between the two peaks occurring at 𝑛 = 1. The position of the primary peak shifts from 4 

waters for OA through TrEMOA to 3 waters for TEMOA. While not a true phase 

equilibrium between a liquid and vapor, the rise of the second, low-density state with 

increasing endo-methylation is reminiscent of capillary evaporation driven by decreasing 

pore wettability (see below). While not shown here, the hydration distribution for water in 

TEXMOA is practically indistinguishable from that of OA. This suggests that pointing the 

methyl units away from the pocket limits their influence on pocket hydration. 
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Figure 5.4: Hydration number probability distributions for water in the pockets of OA and endo-methyl 

functionalized hosts (MEMOA, DEMOA, TrEMOA, and TEMOA) at 25° and pressures of 1 bar (a) and 

2500 bar (b). The figure symbols are defined in the legend. Error bars are comparable in size or smaller than 

the symbols. 
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It may be thought that the increasing methylation may impact the shape of the pocket, 

thereby playing a role in the hydration state distributions observed at atmospheric pressure. 

If we increase the pressure to 2500 bar, the dry (𝑛  = 0) state is suppressed and the 

distributions are unimodal (Figure 5.4b). The most probable pocket hydration state at 

elevated pressure is 5 waters as a result of pressure pushing more waters into the pocket. 

While there are subtle differences between the hydration distributions for all the cavitands, 

the shapes of the distributions are practically the same. This suggests no significant role 

for portal functionalization on the shape and volume of the pocket available for water 

absorption. 

Figure 5.5: Hydration number probability distributions for water in the pockets of OA and the hydroxyl 

functionalized hosts (TEHOA and TEXHOA) at 25°C and 1 bar. The figure symbols are defined in the 

legend. Error bars are comparable in size or smaller than the symbols. 
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In difference to methylation, adding polar hydroxyl units about the portal can drive the host 

pocket to be more favorably wetted. The impact of functionalizing the portal with hydroxyl 

units placed at the exo- and endo-positions at atmospheric pressure is shown in Figure 5. 

While the methyl units play almost no role in the hydration of TEXMOA, for TEXHOA 

we find the larger occupancy states are preferentially stabilized compared to the OA. As 

such, the 𝑛 = 4 and 5 occupancy states are slightly more probable for TEXHOA than OA. 

For TEHOA, the shift to higher pocket occupancy states is even more profound with 𝑛 = 5 

becoming the more probable hydration state, with the distribution becoming more 

symmetric. 

The pocket hydration state can be manipulated by changing the system pressure, as 

suggested in Figure 5.4. In Figure 5.6 we provide a more detailed account of the pressure 

dependence of the pocket hydration distribution for OA and TEMOA. While we only 

observed a unimodal hydration distribution for OA above, Figure 5.6a shows that a second 

maximum in the distribution can be obtained by dropping the pressure to negative values, 

placing the water under tension (metastable). Specifically, as the pressure drops the 

probability of observing OA to be empty increases from 1% at 1 bar to 12% at -750 bar. 

The first hint of a secondary maximum for the empty cavitand occurs at -500 bar (not 

shown), where the probability of observing an empty cavitand is more probable than 

observing a single water in the pocket (i.e., 𝑝(0) > 𝑝(1)). The empty cavitand is even 

more probable at -750 bar. Similar to the hydration distribution for TEMOA reported above 

(Figure 5.4a), OA under tension exhibits another maximum at 𝑛 = 4 separated from the 

empty state by a minimum (free energy barrier) at 𝑛  = 1.  While the empty cavitand 

presumably could further stabilized by dropping the pressure further, the simulations 
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became too unstable and failed. The pressure induced stabilization of the empty cavitand 

is even more prominent for TEMOA (Figure 5.6b), which is empty ~90% of the time at -

750 bar. At this pressure, the hydration probability distribution for TEMOA is a 

monotonically decreasing function of the occupation state and a second maximum is not 

observed. Comparing OA and TEMOA, the hydration distributions for OA correspond 

roughly to that for TEMOA at a pressure 1000 bar greater. Overall the pressure 

Figure 5.6: Impact of pressure on the hydration number probability distributions for water in the pockets 

of OA (a) and TEMOA (b) at 25°C. The figure symbols are defined in the legend. Error bars are 

comparable in size or smaller than the symbols. 
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dependencies of the hydration distributions for OA and TEMOA are consistent with water 

exhibiting two-state like equilibria between a dewetted/empty state and wetted/filled state. 

 

Thermodynamics of Pocket Hydration. Rather than the individual hydration state 

probabilities, an alternate way of examining pocket hydration is to consider the average 

number of waters in a cavitand pocket as a function of pressure. The average number of 

waters in the pocket is determined by the sum 

                                                       〈𝑛〉 = ∑ 𝑖𝑝(𝑖)∞
𝑖=1 .                                                     (5.2) 

We compare 〈𝑛〉 as a function of pressure for all the simulated cavitands in Figure 5.7. 

Generally speaking, the mean hydration number is an increasing function of pressure for 

all the cavitands. The hydrophobic, endo-functionalized cavitands typically have lower 

occupation numbers than OA at constant pressure, with 〈𝑛〉 systematically decreasing with 

increasing methylation. Conversely, TEHOA exhibits greater pocket hydration than OA 

over the entire pressure range. The impact of functionalization of the exo-position by either 

methyl or hydroxyl units, on the other hand, only exerts a minor perturbation on the pocket 

hydration relative to OA. For the most hydrophobic pockets (e.g., DEMOA through 

TEMOA), the water binding isotherm appears sigmoidal, indicating water absorption is 

cooperative. As the pocket hydrophobicity decreases, however, the water binding 

isotherms systematically shift to lower pressures, obscuring the sigmoidal shape of the 

binding isotherms for the more hydrophilic cavitands (e.g., TEHOA). Taken together, these 

binding isotherms suggest water wets the pocket following two-state-like behavior as 

suggested by the probability distributions described above.  
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We can construct an analytical expression for the absorption isotherm of an individual 

cavitand by considering the pressure dependence of the pocket hydration free energies. 

Specifically, the relative hydration free energy of a host pocket with 𝑛 waters in it is  

                                               ∆𝐺(𝑛) = −𝑘𝑇𝑙𝑛 (
𝑝(𝑛)

𝑝(4)
),                                        (5.3) 

where we have chosen 𝑛 = 4 as the reference state from which we measure the free energy. 

Assuming that for each hydration state the water inside the cavitand pocket is 

incompressible, the pressure dependence of the pocket hydration free energies can be 

expressed as 

Figure 5.7: Mean pocket hydration numbers for all simulated cavitand hosts as a function of pressure at 25°C 

as determined from simulation and fits to the hydration distribution model (hdist). The figure symbols are 

defined in the legend. Error bars are comparable in size or smaller than the symbols. 
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                                       ∆𝐺𝑃(𝑛) = ∆𝐺1(𝑛) + (𝑃 − 1 𝑏𝑎𝑟) × ∆𝜈(𝑛),                                    (5.4) 

where ∆𝐺1(𝑛) is the pocket hydration free energy at 1 bar pressure, and ∆𝜈(𝑛) is the 

relative pocket hydration volume. We can subsequently obtain ∆𝐺1(𝑛)  and ∆𝜈(𝑛)  by 

linear regression of the pocket free energies from simulation obtained following eq. (5.3) 

as a function of pressure. The occupation probabilities can subsequently be recovered from 

eq. (5.4) following the relationship  

                                                      𝑝(𝑛) = 𝛼𝑒𝑥𝑝 (−
∆𝐺𝑃(𝑛)

𝑘𝑇
),                                       (5.5a) 

where the normalization constant 𝛼 is determined as 

                                                           𝛼 =
1

∑ 𝑒𝑥𝑝(−
∆𝐺(𝑛)

𝑘𝑇
)∞

𝑛=0

.                                          (5.5b) 

Taken together we refer to this as the hydration distribution model (hdist).  

The relative hydration free energies of OA for a number of different hydration states (𝑛) 

are plotted as a function of pressure in Figure 5.8. The free energies are approximately 

linear functions pressure as described by eq. (5.4), consistent with the assumption that the 

waters in the pocket are to a first approximation incompressible. Qualitatively similar 

results were obtained for all the cavitands. In Figures 5.9 and 5.10 we plot ∆𝐺1(𝑛) and 

∆𝜈(𝑛), respectively, for OA obtained from least squares fitting of the hydration distribution 

model. As suggested by the hydration state distributions discussed above, ∆𝐺1(𝑛) for OA 

(Figure 5.9) is approximately parabolic (i.e., Gaussian distribution) near its minimum at 𝑛 

= 4. The free energy for the dry state (𝑛 = 0), however, is significantly lower than would 

be anticipated based on a quadratic polynomial. The fitted hydration volumes (Figure 5.10), 

on the other hand, are a decreasing function of the number of waters within the pocket, 

consistent with the partial molar volume of the cavitand decreasing as the pocket fills with 
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water. If the volumes of water within the pocket matched that of water in the bulk, then we 

would expect ∆𝜈(𝑛) to be given as  

                                                      ∆𝜈(𝑛) ≈ (4 − 𝑛) × 𝜈𝑤,                                                            (5.6) 

where 𝜈𝑤 = 18.06 cm3/mol corresponds to the molar volume of bulk water. The bulk water 

approximation semi-quantitatively captures the 𝑛 of the hydration volume, however, the 

fitted values of ∆𝜈(𝑛) deviate from linearity (Figure 5.10). Specifically, ∆𝜈(𝑛) is concave 

up, with the volume of the first water that enters the cavity, ∆∆𝜈(0,1) = ∆𝜈(0) − ∆𝜈(1) = 

25.0 cm3/mol, considerably greater than that of the bulk, and the volume of the seventh 

water that enters the cavity, ∆∆𝜈(6,7) = ∆𝜈(6) − ∆𝜈(7) = 6.6 cm3/mol, considerably less 

than that of the bulk. Thus, water is compressed as we try to squeeze more and more waters 

into the pocket. We obtain excellent agreement comparing the changes in the relative 

partial molar volumes of OA as a function of the number of waters in its pocket determined 

directly from simulation (eq. (5.1)) against that for the hydration distribution model, giving 

us confidence that the model accurately reflects the physical volume of the cavitand. 

Interestingly, while ∆𝐺1(𝑛) is distinct for each of the cavitands, ∆𝜈(𝑛) for all the cavitands 

are approximately equal to one another (Figure 5.10 inset).  
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Figure 5.8：Relative pocket hydration free energies for DEMOA for water occupancy states of 𝑛 = 0, 2, 4, 

6, and 8 evaluated using eq. (5.3) as a function of pressure. Points indicate simulation results and lines 

indicate fits to eq. (5.4). The figure symbols are defined in the legend. Error bars are neglected for clarity. 
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Figure 5.9: Relative pocket hydration free energies for OA at 25°C and 1 bar evaluated from simulation (via 

eq. (5.3)) and fits to the hydration distribution (hdist, eq. (5.4)) and unified distribution (udist, eq. (5.7)) 

models. The figure symbols are defined in the legend. Simulation error bars are comparable in size or smaller 

than the symbols. 
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We compare the mean pocket hydration numbers obtained from the hydration distribution 

model against those determined from simulation in Figure 5.7. Overall, the model does an 

excellent job describing the water absorption isotherms to the cavitand pockets, validating 

the assumptions underlying the model. Moreover, the model allows us to evaluate the 

hydration numbers at pressures not considered in our simulations and more clearly observe 

the sigmoidal shapes of the binding isotherms. 

The differences between the binding isotherms for all the hosts reported in Figure 5.7 to a 

first approximation appear to be horizontally shifted relative to one another. In addition, 

Figure 5.10: Relative pocket hydration volumes for OA at 25 °C evaluated directly from simulation at 1 bar 

(eq. (5.1)) and fits to the hydration distribution (hdist, eq. (5.4)) and unified distribution (udist, eq. (5.7)) 

models. We compare these results against the relative volumes one would obtain using the bulk volume of 

water following eq. (5.6). The inset figure compares the volumes determined from eq. (5.4) for all the 

simulate hosts against that determined from the unified distribution model (eq. (5.7)). The figure symbols are 

defined in the legend. Simulation error bars in the main figure indicate one standard deviation. 
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the relative cavitand volumes obtained from fitting eq. (5.4) to the simulation results are 

quantitatively similar to one another (Figure 5.10 inset). We therefore propose that the 

water absorption isotherms for all the hosts can be fitted to a unified absorption isotherm 

following the functional form for the free energy 

                      ∆𝐺𝑃(𝑛) = ∆𝐺1
∗(𝑛) + (𝑃 + 𝑃𝑠ℎ𝑖𝑓𝑡 − 1 𝑏𝑎𝑟)∆𝜈∗(𝑛),                                (5.7) 

where ∆𝐺1
∗(𝑛) and ∆𝜈∗(𝑛) correspond to the universal pocket hydration free energy and 

hydration volume, and 𝑃𝑠ℎ𝑖𝑓𝑡 is a host dependent pressure shift measured relative to OA 

(i.e., 𝑃𝑠ℎ𝑖𝑓𝑡 = 0 for OA). We refer to this as the unified distribution model (udist). The 

parameters in eq. (5.7) have subsequently been obtained by performing a non-linear least 

squares fit to the pocket hydration free energies of all the simulated cavitands.  

The unified distribution model is compared against the mean hydration numbers for all the 

cavitands in Figure 5.11 collapsed onto a unified absorption isotherm using the fitted shift 

pressures. Overall the unified absorption isotherm achieves an excellent quantitative 

description of water absorption over the entire pressure range. The fitted results for ∆𝐺1
∗(𝑛), 

∆𝜈∗(𝑛), and 𝑃𝑠ℎ𝑖𝑓𝑡 are reported in Figures 5.9, 5.10, and 5.12, respectively. We observe 

excellent agreement between the universal results for ∆𝐺1
∗(𝑛) and ∆𝜈∗(𝑛) with ∆𝐺1(𝑛) 

and ∆𝜈(𝑛) for OA (Figures 5.9 and 5.10), establishing OA as an excellent reference host 

to describe water absorption. 𝑃𝑠ℎ𝑖𝑓𝑡 , on the other hand, shows distinct trends with the 

degree and polarity of the portal functionalization. The largest effect is observed for endo-

methyl functionalization, with 𝑃𝑠ℎ𝑖𝑓𝑡 monotonically decreasing from OA to TEMOA with 

each added methyl unit, corresponding to increasing destabilization wetted state by methyl 

functionalization. In the case of endo-hydroxyl functionalization, TEHOA exhibits a 

positive value for  𝑃𝑠ℎ𝑖𝑓𝑡 , corresponding to stabilization of the wetted state within the 
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pocket. The magnitude of 𝑃𝑠ℎ𝑖𝑓𝑡 for TEHOA is only about 60% that for TEMOA, however, 

indicating that endo-methyl functionalization plays a greater role on pocket hydration than 

endo-hydroxyl functionalization. As for the exo-methyl units, TEXMOA exhibits a 

negative value of 𝑃𝑠ℎ𝑖𝑓𝑡, although its magnitude is less than that for MEMOA despite the 

fact TEXMOA has four times as many methyl units. Similarly, TEXHOA exhibits a 

positive value for 𝑃𝑠ℎ𝑖𝑓𝑡 that is lower in magnitude than that for TEHOA. We conclude 

then that while exo-functionalization plays a role in stabilizing/destabilization water within 

pocket, the magnitude of this effect is not as significant as that observed for endo-

functionalization. 

Figure 5.13 illustrates the pocket hydration free energies of the endo-functionalized hosts 

TEHOA, OA, MEMOA, DEMOA, TrEMOA, and TEMOA in order of increasing 

hydrophobicity at 1 bar from simulation and fitted to the unified distribution model. Overall 

the unified distribution model provides an excellent quantitative descript of the pocket 

hydration free energies for these cavitands, supporting the proposition that the impact of 

portal functionalization can be treated as a shift in the effective pressure. Importantly, 

increasing the hydrophobicity of the pocket portal leads to systematic stabilization of the 

dry state as indicated by the increasing depth of ∆𝐺1(0). Even for TEHOA, however, the 

free energy exhibits a shoulder at 𝑛 = 0, suggesting a latent inclination for TEHOA’s 

pocket to dry. This inclination subsequently becomes dominant for TEMOA. For the hosts 

MEMOA through TEMOA, the model predicts the dry state is separated from the wet state 

by a free energy barrier (i.e., maximum) at 𝑛 = 1 This supports the proposition that the 

water absorption within the cavitand pockets is akin to a two-state like vapor/liquid 

transition, albeit on a microscopic scale. Presumably if we could make the pocket more 
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hydrophobic, we would expect to observe only a single free energy minimum for the dry 

state. The lack of additional endo sites and complication of adding conformational degree 

of freedom for larger functional units, however, suggests that this may not be easily to 

achievable. 

 

 

 

 

Figure 5.11: Unified absorption isotherm for all the simulated cavitand hosts as a function of effective pocket 

pressure ( 𝑃 + 𝑃𝑠ℎ𝑖𝑓𝑡 ) at 25°C. Points indicate simulation results and lines indicate fits to the unified 

distribution model (eq. (5.7)). The figure symbols are defined in the legend. Error bars are comparable in size 

or smaller than the symbols. 
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Figure 5.12: Shift pressures for the unified distribution model (eq. (5.7)) and capillary evaporation models 

for all the hosts as a function of the number of functional units 𝑁. The shift pressures are measured relative 

to the parent cavitand OA. The points indicate shift pressures for the unified distribution model (eq. (5.7)) 

obtained from fits to all the simulated hosts. The specific hosts are identified next to the points. The lines 

indicated shift pressures obtained for the capillary evaporation model (eq. (5.14)) for endo-methyl and endo-

hydroxyl functionalization. The capillary evaporation model assumes the shift pressures of the exo-

functionalized hosts are zero. 
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Capillary Evaporation Model of Cavitand Hydration. Here we describe a capillary 

evaporation model in an effort to rationalize the impact of portal functionalization on water 

absorption into cavitand pockets. This model is based on the idea that the system 

thermodynamics can be described using interfacial free energies associated with the 

cavitand surfaces contacting water or vacuum (water absence), which is clearly an 

approximation when applied to the molecular-level. Nevertheless, this model reproduces 

many of the salient elements of water absorption described above. Our physical picture of 

the cavitand in water underlying our capillary evaporation model is illustrated in Figure 

Figure 5.13: Impact of increasing portal hydrophobicity on relative pocket hydration free energies for the 

series of endo-functionalized hosts TEHOA, OA, MEMOA, DEMOA, TrEMOA, and TEMOA at 25°C and 

1 bar. Points indicate simulation results (eq. (5.3)) and lines indicate fits to the unified distribution model 

(eq. (5.7)). The figure symbols are defined in the legend. Simulation error bars are comparable in size or 

smaller than the symbols. Results are successively shifted downward by 2 kJ/mol from TEHOA to TEMOA 

for clarity. 
 



100 
 

 

5.14. Here, the parent cavitand, OA, is assumed to be a bowl-shaped pocket (indicated in 

gray) with an inner surface area of 𝐴𝑝𝑜𝑐𝑘. The portal to the binding pocket (indicated in 

green) has a cross sectional area of 𝐴𝑝𝑜𝑟𝑡 in the absence of any added endo-functional units 

(methyl or hydroxyl). Finally, each endo-functional unit (indicated in red) ringing the 

pocket blocks an area of 𝐴𝑓𝑢𝑛𝑐 from the portal. The volume of the cavitand, 𝜈𝑐𝑎𝑣, is defined 

by the region bonded by the pocket and portal. We neglect the impact of exo-functional 

units in this model, which were shown above to have a minimal impact on water absorption 

relative to OA. 

 

 

 

Figure 5.14: Schematic illustration of the endo-functionalized hosts used to develop the capillary evaporation 

model. The host pocket, portal, and functional units are identified in gray, green, and red, respectively, along 

with their corresponding areas, 𝐴𝑝𝑜𝑐𝑘 , 𝐴𝑝𝑜𝑟𝑡 , and 𝐴𝑓𝑢𝑛𝑐 . The cavitand volume, 𝜈𝑐𝑎𝑣 , is bounded by the 

pocket and portal surfaces.  
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The cavitand pocket is open to bulk water, permitting free exchange through the portal. In 

this case, water absorption equilibrium is described by the grand potential of the open 

system associated with the cavitand volume133,134,149,150. The grand potential of the dry 

pocket with 𝑁 endo-functional units is  

                        Ω𝑑𝑟𝑦 = 𝛾𝑐𝑣𝐴𝑝𝑜𝑐𝑘 + 𝛾𝑙𝑣(𝐴𝑝𝑜𝑟𝑡 − 𝑁𝐴𝑓𝑢𝑛𝑐) + 𝛾𝑓𝑣𝑁𝐴𝑓𝑢𝑛𝑐,                              (5.8) 

where 𝛾𝑐𝑣 , 𝛾𝑙𝑣 , and 𝛾𝑓𝑣  are the cavitand/vacuum, liquid water/vacuum, and functional 

unit/vacuum interfacial free energies, and 𝑁 (= 0 to 4) is the number of endo functional 

units. The dry state here is assumed to be a vacuum rather than a vapor, as would normally 

be assumed for larger volumes. The pressure inside the dry pocket is zero (i.e., vacuum) 

and therefore does not contribute to eq. (5.8). The grand potential of the wet pocket is 

                                         Ω𝑤𝑒𝑡 = 𝛾𝑐𝑙𝐴𝑝𝑜𝑐𝑘 + 𝛾𝑓𝑙𝑁𝐴𝑓𝑢𝑛𝑐 − 𝑃𝜈𝑐𝑎𝑣,                                          (5.9) 

where 𝛾𝑐𝑙 and 𝛾𝑓𝑙 are the cavitand/liquid water and functional unit/liquid water interfacial 

free energies, respectively, and 𝑃 is the bulk pressure. 

Given that the probability of observing the dry or wet state is proportional to the Boltzmann 

weighting of their respective grand potentials (i.e., 𝑝𝑑𝑟𝑦/𝑤𝑒𝑡 ∝ exp (−Ω𝑑𝑟𝑦/𝑤𝑒𝑡/𝑘𝑇)), the 

probability of observing the wet state is 

𝑝𝑤𝑒𝑡 =
exp (−Ω𝑤𝑒𝑡/𝑘𝑇)

exp (−Ω𝑤𝑒𝑡/𝑘𝑇) + exp (−Ω𝑑𝑟𝑦/𝑘𝑇)
 

                                           =
1

1+exp (ΔΩ/𝑘𝑇)
 ,                                                                (5.10) 

where 

                                                          ΔΩ = Ω𝑤𝑒𝑡 − Ω𝑑𝑟𝑦 

            = (𝛾𝑓𝑙 + 𝛾𝑙𝑣 − 𝛾𝑓𝑣)𝑁𝐴𝑓𝑢𝑛𝑐 + [(𝛾𝑐𝑙 − 𝛾𝑐𝑣)𝐴𝑝𝑜𝑐𝑘 − 𝛾𝑙𝑣𝐴𝑝𝑜𝑟𝑡] − 𝑃𝜈𝑐𝑎𝑣.           (5.11) 
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Thus, based on this model water is expected to follow a Fermi function, characteristic of 

two-state thermodynamic equilibrium. Considering that 𝜈𝑐𝑎𝑣 is positive, eq. (5.10) predicts 

the cavitand is dry for low pressures (i.e., 𝑝𝑤𝑒𝑡 = 0 for low or even negative 𝑃), and wetting 

occurring with increasing pressure (i.e., 𝑝𝑤𝑒𝑡 = 1 for large 𝑃). This agree with our simplest 

expectations from above. The transition point between dry and wet states (ΔΩ = 0) occurs 

at the pressure 

                            𝑃𝑡𝑟𝑎𝑛𝑠 =
(𝛾𝑓𝑙+𝛾𝑙𝑣−𝛾𝑓𝑣)𝑁𝐴𝑓𝑢𝑛𝑐+[(𝛾𝑐𝑙−𝛾𝑐𝑣)𝐴𝑝𝑜𝑐𝑘−𝛾𝑙𝑣𝐴𝑝𝑜𝑟𝑡]

𝜈𝑐𝑎𝑣
,                               (5.12) 

which may occur at positive or negative pressures depending on the degree of rim 

functionalization, and values of the associated interfacial free energies.  

Assuming that 𝜈𝑐𝑎𝑣 is the same across all the hosts examined, the capillary evaporation 

model provides a direct rationalization of the collapse of the water absorption isotherms 

onto a universal curve and the shift pressures. Assuming OA (𝑁 = 0) as a reference host, 

the shift pressure can be determined by equating eq. (5.11) for a functionalized host with 

that of OA at a pressure of 𝑃 + 𝑃𝑠ℎ𝑖𝑓𝑡 

               (𝛾𝑓𝑙 + 𝛾𝑙𝑣 − 𝛾𝑓𝑣)𝑁𝐴𝑓𝑢𝑛𝑐 + [(𝛾𝑐𝑙 − 𝛾𝑐𝑣)𝐴𝑝𝑜𝑐𝑘 − 𝛾𝑙𝑣𝐴𝑝𝑜𝑟𝑡] − 𝑃𝜈𝑐𝑎𝑣 

              = [(𝛾𝑐𝑙 − 𝛾𝑐𝑣)𝐴𝑝𝑜𝑐𝑘 − 𝛾𝑙𝑣𝐴𝑝𝑜𝑟𝑡] − (𝑃 + 𝑃𝑠ℎ𝑖𝑓𝑡)𝜈𝑐𝑎𝑣,                       (5.13) 

which yields 

                                           𝑃𝑠ℎ𝑖𝑓𝑡 = −
(𝛾𝑓𝑙+𝛾𝑙𝑣−𝛾𝑓𝑣)𝐴𝑓𝑢𝑛𝑐

𝜈𝑐𝑎𝑣
𝑁.                                         (5.14) 

 

Based on this model we expect the shift pressure to be a linear function of the degree of 

endo-functionalization, qualitatively similar to that reported in for the sequence OA to 

TEMOA in Figure 5.12. The negative shift pressures observed for methyl functionalization 
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can be explained within the context of eq. (5.14). Specifically, we expect for liquid water 

that 𝛾𝑓𝑙 is positive, that water unfavorably wets hydrophobic functional units, and that 𝛾𝑙𝑣 

is greater than 𝛾𝑓𝑣 given the lower surface tension of water compared to that of liquid 

alkanes. As a result, 𝑃𝑠ℎ𝑖𝑓𝑡 is anticipated to be negative for methyl unit functionalization, 

as observed in Figure 5.12. For the hydroxyl units to exhibit a positive shift pressure, we 

must have the combination of terms 𝛾𝑓𝑣 − 𝛾𝑓𝑙 to be greater than 𝛾𝑓𝑙. This could result from 

a combination of wetting of the hydroxyl unit by water to be very favorable (𝛾𝑓𝑙 < 0) and 

exposure of the unit to vacuum being exceptionally unfavorable (𝛾𝑓𝑣 > 𝛾𝑙𝑣). A definitive 

rationalization for the positive shift pressures of the hydroxyl units, however, is not 

immediately apparent based on macroscopic considerations. 

A shortcoming of applying the capillary evaporation model as described above is that eq. 

(5.10) only describes the probability of observing a dry or wet state, while the absorption 

isotherms reported above indicate continued filling of the cavitand with increasing pressure 

above the wetting transition. This suggests the water within the pocket is compressible. We 

subsequently model the mean wet state pocket water occupancy as  

                                          𝑛𝑤𝑒𝑡 = 𝑛0exp [𝜅0(𝑃 + 𝑃𝑠ℎ𝑖𝑓𝑡)],                                   （5.15） 

where 𝑛0 is the mean wet state occupancy at zero pressure and 𝜅0 is the compressibility of 

water within the host pocket. While we assumed zero compressibility of the individual 

water occupancy states in eqs. (5.4) and (5.7) above, the hydration distribution models 

described above do capture the compression of waters within the pocket (e.g., Figures 5.7 

and 5.15). This is a result of the fact that equilibrium tips towards states with lower volumes 

in response to increasing pressure (e.g., Figure 5.10), compressing waters within the pocket 

as described by eq. (5.15). The effective pressure of water inside the wetted pocket in this 
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expression is taken as 𝑃 + 𝑃𝑠ℎ𝑖𝑓𝑡. This is necessary for the model to achieve a universal 

collapse. In this case, the shift pressure can be interpreted as being analogous to the Laplace 

pressure, the pressure differential across a curved interface.   

Given that the application of macroscopic interfacial free energies down to molecular-scale 

phenomena is questionable and that the individual interfacial free energies are not 

independent of one another in eq. (5.11), we lump them together as 

                                          𝛼 = (𝛾𝑓𝑙 + 𝛾𝑙𝑣 − 𝛾𝑓𝑣)𝐴𝑓𝑢𝑛𝑐                                             (5.16a) 

 

and 

                                     𝛽 = (𝛾𝑐𝑙 − 𝛾𝑐𝑣)𝐴𝑝𝑜𝑐𝑘 − 𝛾𝑙𝑣𝐴𝑝𝑜𝑟𝑡.                                         (5.16b) 

 

The mean pocket occupancy for the capillary evaporation model is finally determined as 

                             〈𝑛〉 = 𝑝𝑤𝑒𝑡𝑛𝑤𝑒𝑡 + (1 − 𝑝𝑤𝑒𝑡)𝑛𝑑𝑟𝑦 = 𝑝𝑤𝑒𝑡𝑛𝑤𝑒𝑡                                     

                                      =
𝑛0exp [𝜅0(𝑃+𝑃𝑠ℎ𝑖𝑓𝑡)]

1+exp {[𝛽−(𝑃+𝑃𝑠ℎ𝑖𝑓𝑡)𝜈𝑐𝑎𝑣]/𝑘𝑇}
,                                    (5.17) 

where the mean dry state occupancy, 𝑛𝑑𝑟𝑦, is zero. The shift pressure in here is determined 

as 𝑃𝑠ℎ𝑖𝑓𝑡 = −𝛼𝑁/𝜈𝑐𝑎𝑣 , where 𝛼  adopts different values for methyl and hydroxyl 

functional units. In this expression, 𝛼, 𝛽, 𝑛0, 𝜅0, and 𝜈𝑐𝑎𝑣 are treated as fitting parameters. 

To connect the volume of the cavitand pocket to the molecular scale packing of water 

within its confines, we assume 

                                                              𝜈𝑐𝑎𝑣 = 𝑛0/ 𝜌𝑤,                                               (5.18) 

where 𝜌𝑤 here is the bulk number density of water (1/𝜌𝑤  = 30 Å3) at atmospheric pressure.  



105 
 

 

In Figure 5.15 we compare the least squares fit of the capillary evaporation model (fit 

parameters reported in Table 5.1) as a function of 𝑃 + 𝑃𝑠ℎ𝑖𝑓𝑡 against the simulation results 

for water absorption in the endo-functionalized hosts: OA, MEMOA, DEMOA, TrEMOA, 

TEMOA, and TEHOA. Overall, the model provides a near quantitative description of water 

absorption as a function of pressure, supporting the assumption water absorption within 

hosts is well described as a two-state equilibrium. Moreover, we find semi-quantitative 

agreement between 𝑃𝑠ℎ𝑖𝑓𝑡’s obtained from the capillary evaporation model against those 

obtained by fitting eq. (5.7) (Figure 5.12). Consideration of specific parameters reported in 

Table 5.1 further supports the reasonableness of the proposed capillary evaporation model. 

Given the fact that water loses hydrogen-bonding partners when it enters the host pocket, 

it is sensible to expect adsorbed waters to be more compressible. This is born out comparing 

the fitted compressibility of water in the pocket against that for bulk TIP4P/Ew water, 4.75 

× 10-5 bar-1, that is the fitted compressibility is 50% greater than the bulk compressibility. 

For a wetted OA pocket at atmospheric pressure with 𝑛0 = 4.269 waters, the universal 

binding model described in the previous section anticipates a pocket volume (e.g., Figure 

5.10) of ∆∆𝜈∗(0, 𝑛0) = ∆𝜈∗(0) − ∆𝜈∗(4.269) = 82.2 cm3/mol = 136 Å3 (∆𝜈∗(4.269) was 

determined by interpolation between ∆𝜈∗(4)  and ∆𝜈∗(5) ). This volume is in good 

agreement with that obtained by fitting 𝜈𝑐𝑎𝑣, differing only by ~7%. It may be thought, 

however, that the assumption that the cavitand volume is described by eq. (5.18) is 

erroneous. If we relax this assumption and make 𝜈𝑐𝑎𝑣 itself a fitting parameter we obtain a 

best fit value of 128.9 Å3, differing by less than 1%. Taken together these observations 

support our proposition that drying of supramolecular host pockets is driven by capillary 

evaporation. 
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Figure 5.15: Comparison between the mean pocket hydration numbers as a function of the effective pocket 

pressure ( 𝑃 + 𝑃𝑠ℎ𝑖𝑓𝑡 ) for the endo-functionalized hosts determined from simulation and the capillary 

evaporation model (eq. (5.17)) at 25°C. The figure symbols are defined in the legend. Error bars are 

comparable in size or smaller than the symbols. 
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5.5 Conclusion 

 

In conclusion, we have reported a molecular simulation and theoretical analysis of the 

absorption of water into the hydrophobic pockets of deep-cavity cavitands in solution over 

a broad range of pressures. The portals of these cavitands were functionalized with 

hydrophobic (methyl) and hydrophilic (hydroxyl) units, that adopted either inwards (endo) 

or upwards (exo) orientations with respect to the pocket. Our simulations found that wetting 

of the pocket, as captured by the mean water occupancy, is directly controlled by 

hydrophobicity of the portal, with more hydrophobic units tilting equilibrium towards 

lower pocket occupancies and hydrophilic units tilting toward higher pocket occupancies. 

Directing the functional units in an exo (upwards) orientation from the pocket significantly 

reduces their impact on pocket occupancy, indicating the effect on pocket hydration is local. 

Table 5.1: Capillary evaporation model parameters obtained by least squares fitting of 

simulation results for OA, MEMOA, DEMOA, TriEMOA, TEMOA, and TEHOA. 
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From a thermodynamic perspective, water absorption within host pockets appears to be 

governed by equilibrium between dry (empty) and wet (filled) states, separated by a free 

energy barrier associated with the first water entering the host pocket. Filling of the pocket 

is driven by lowering of the host volume with increasing pressure, in accordance with Le 

Chatlier’s principle. Considering the pocket occupancy distributions, our analysis 

demonstrated that water absorption across all hosts could be collapsed onto a unified 

absorption isotherm, in which the absorption isotherms of chemically distinct cavitands 

could be mapped onto one another via a shift pressure. The shift pressure is positive for 

hydrophilic functional units and progressively negative for hydrophobic functional units. 

Finally, we demonstrated that the absorption equilibrium could be described by a two-state 

capillary evaporation model, which describes equilibrium as resulting from a balance of 

interfacial free energies for wetting/drying of the internal surfaces of the cavitand and the 

bulk system pressure. This model captures many of the salient features observed from our 

simulations, including the collapse of the absorption isotherms for a range of cavitands 

onto a unified isotherm and the signs of the shift pressures for the hydrophobic and 

hydrophilic functional units. 

This work demonstrates that the wetting behavior of a supramolecular host pocket can be 

directly tuned by functionalizing the portal to the binding site. In particular, the pocket can 

be dewetted using hydrophobic functional units or more strongly wetted using hydrophilic 

functional units. This, in turn, is sure to impact the binding of guests by the host since 

evacuation of the pocket is a necessary step for the guest to settle into the binding site. 
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Chapter6  

Characterization of wetting and dewetting behaviors within 

deep-cavity cavitand pockets using Indirect Umbrella 

Sampling (INDUS)

 

6.1 Summary 

 

The wetting and dewetting behaviors are vital factors controlling the thermodynamics and 

driving forces of the host-guest binding and assembly behaviors led by hydrophobic effect. 

These behaviors can be affected by the hydrophobicity distribution on the surface and 

within the binding sites of host molecules. Here we use molecular dynamics simulation 

and advanced sampling techniques (INDUS) to study the wetting behaviors and 

hydrophobicity distribution within pockets of different deep-cavity cavitand host 

molecules. From the cylindrical water density distributions, we find waters in hydrophobic 

pockets responded differently to gradually increasing biasing potentials with different 

functionalization on the rim of cavitand. These different responses were further verified by 

the profile of water numbers in the whole observation volume as a function of biasing 

potential strengths. In addition, we demonstrated that individual locations within the 

pockets exhibit differences in hydrophobicity. This difference was reflected in different 

levels of ease to displace water molecules. Moreover, this ease of expelling waters 

corresponds to the hydrogen bonding distribution patterns of individual water within 

pockets. This work demonstrated that the hydration of supramolecular host pockets is 
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complicated even with minor structural modification. And INDUS is efficient in serving 

as probes for these sophisticated behaviors.  

 

6.2 Introduction 
 

Water plays a nonnegligible role in the molecular binding and surface behaviors, especially 

in the form of hydrophobic effect. This significance is being amplified for biomolecules 

such as protein. Hydrophobicity is a dominating driving force for protein folding151. The 

hydrophobic side chains of protein can be guided by the polar water environment and form 

packed hydrophobic core152. The long-range water-mediated force and hydration structure 

were demonstrated to determine the protein aggregation propensity. And it leads to  

different solubilities for positively and negatively charged protein residues153. Not only 

restricted to be near surface, water molecules can enter the confined regions and cavities 

of proteins. The release of trapped water was shown to be a vital step in the formation of 

amyloid fibrils, which is associated with a variety of neurodegenerative diseases154. The 

solvation of protein cavities will induce entropic and enthalpic penalties and therefore 

stabilize the protein-ligand complexes155. A recent study of hydrogen bonding structures 

revealed hydration within the pocket of bovine trypsin with a lack of hydrogen bonds. The 

ligand binding was also fueled by this phenomenon156. As mentioned in previous chapters, 

self-dewetting also occurred within protein pockets. Under ambient pressure, both the 

pocket of the mutant L99A of lysozyme and the binding cavity of bovine β-lactoglobulin 

were found to be mostly dry49,50. It will place significant influence on the protein-ligand 

binding mechanisms.  
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Therefore, quantifying the local hydrophobicity near molecular surface and inside binding 

cavities can provide us a detailed picture of molecular scale interactions and how waters 

respond to a specific environment. Observed in both experiments and computational 

studies, enhancement of water density fluctuations and cavity formation were reported near 

hydrophobic surfaces95,132,157,158. Based on the quantitative correlation between the water 

contact angle on a particular surface and the cavity formation free energy near it159, Patel 

developed a method to evaluate the hydration free energies , 𝜇𝑣
𝑒𝑥, of cavities of arbitrary 

shapes and sizes160. By applying an unfavorable biasing potential proportional to the 

number of water molecules in the observation volume 𝑣, 𝜙𝑁𝑣, the waters can be displaced 

from the probe volume. The free energy of removing all the waters from an observation 

volume, 𝑣, just equals to the free energy needed to create a cavity with the same shape and 

size. Therefore, the hydrophobicity in a certain location near a hydrophobic surface can be 

characterized by the quantitative relationship relating the hydration free energy, 𝜇𝑣
𝑒𝑥, to the 

average number of water molecules in the volume, ⟨𝑁𝑣⟩
𝜙

, as a function of 𝜙. The brief 

derivation is from Patel’s work160 and described here.  

When an unfavorable potential coupled linearly to number of waters in 𝑣 is applied, the 

Hamiltonian of the whole system became: 

                                                       𝐻𝜙 = 𝐻0 + 𝜙𝑁𝑣                                                                          (6.1) 

Here 𝐻0 is the Hamiltonian for a normal system without any extra biasing potentials. If the 

partition function associating with 𝐻𝜙 is 𝑄𝜙. Then 𝑄𝜙 will be: 

                                              Q𝜙 = ∑ exp (−𝛽(𝐻0 + 𝜙𝑁𝑣))𝑁𝑣
                                                  (6.2) 
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Based on this, the first derivative of ln 𝑄𝜙 with respect to −𝛽𝜙 is the mean of 𝑁𝑣. 

Likewise, the second derivative is the variance of 𝑁𝑣.  

                               
∂ ln 𝑄𝜙

∂(−𝛽𝜙)
=  

1

Q𝜙
∑ exp (−𝛽𝑁𝑣

𝐻0 − 𝛽 𝜙𝑁𝑣) ∗ 𝑁𝑣 = ⟨𝑁𝑣⟩
𝜙

                  (6.3) 

                                             
∂2 ln 𝑄𝜙

∂(−𝛽𝜙)2
=

∂⟨𝑁𝑣⟩𝜙

∂(−𝛽𝜙)
= ⟨𝑁𝑣

2⟩
𝜙

− ⟨𝑁𝑣⟩
𝜙

2                                 (6.4) 

If integrating equation 6.3, you can have: 

                                            ∫ ln 𝑄𝜙′
𝜙

0
= − ∫ ⟨𝑁𝑣⟩𝜙′ ∗

𝜙

0
𝛽 𝑑𝜙′                                       (6.5) 

                                              
𝑄𝜙

𝑄0
= exp (−𝛽 ∫ ⟨𝑁𝑣⟩𝜙′

𝜙

0
𝑑𝜙′)                                          (6.6) 

Besides, the expression on the left, 𝑄𝜙/𝑄0, is related to the probability, 𝑃𝑣(𝑁), of 

observing 𝑁 water molecules in observation volume, 𝑣, without biasing potential, 𝜙. 

              
𝑄𝜙

𝑄0
=

∑ exp (−𝛽(𝐻0+𝜙𝑁𝑣))𝑁𝑣

∑ exp (−𝑁𝑣 𝛽𝐻0)
= ⟨exp (−𝛽𝜙𝑁

𝑣
)⟩

0
= ∑ 𝑃𝑣(𝑁) ∗ exp (−𝛽𝜙𝑁𝑁 )      (6.7) 

By defining z = exp (−β𝜙), equation 6.7 can be simplified as:  

               
𝑄𝜙

𝑄0
= ∑ 𝑃𝑣(𝑁) ∗ 𝑧𝑁

𝑁 = 𝑃𝑣(0) ∗ 𝑧0 + 𝑃𝑣(1) ∗ 𝑧1 + ⋯ + 𝑃𝑣(𝑁) ∗ 𝑧𝑁              (6.8) 

If 𝜙 → ∞, 𝑧 → 0: 

                                𝑃𝑣(0) =  
𝑄𝜙

𝑄0
|𝑧→0 , 𝑃𝑣(𝑁) =

1

𝑁!

∂𝑁

∂z𝑁
(

𝑄𝜙

𝑄0
) |𝑧→0                                 (6.9) 

If we consider equation 6.6 and 6.9, together with β𝜇𝑣
𝑒𝑥 = − ln 𝑃𝑣(0)161: 

                          exp(−𝛽 ∫ ⟨𝑁𝑣⟩𝜙
∞

0
𝑑𝜙) = 𝑃𝑣(0) , ∫ ⟨𝑁𝑣⟩𝜙

∞

0
𝑑𝜙 = 𝜇𝑣

𝑒𝑥                      (6.10) 
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The final expression in equation 6.10 is the central result in this derivation. It is also the 

most important equation applied in this Indirect Umbrella Sampling method (INDUS). 

Basically, during this process, biasing potentials with different 𝜙 values were applied to 

the observation volume. When 𝜙 is larger, the number of waters within this volume is less. 

By applying a range of 𝜙 values until 𝜙 is very large or there is no water in the observation 

volume, we can simulate the process of creating a cavity in solvent. And the free energy, 

𝜇𝑣
𝑒𝑥, required to create this cavity can be evaluated by doing this integral over the whole 

range of 𝜙 values from zero. In addition, with any value of 𝜙, we can characterize how 

water molecules respond to biasing potentials with different strengths. 

In this chapter, we will apply INDUS method to two hosts in the family of deep-cavity 

cavitand molecules, octa-acid (OA) and tetra-endo-methyl octa-acid (TEMOA), which 

have well-defined binding sites to mimic protein cavities. Their structures are illustrated in 

figure 6.1 and their differences are highlighted in figure 6.2. As introduced in detail in 

previous chapters, they are both supramolecular host molecules possessing hydrophobic 

pockets in the center and formed by three rows of aromatic pockets56,67. This pocket is 

roughly 8-9 Å in diameter and 8 Å in deep. Eight carboxylic groups are decorating the rim 

and the feet to assure their water solubilities. Distinct assembly complexes can be formed 

by encapsulating different sized guests within the non-polar environment of the 

pockets56,57,63,64,66,68,69. As described in Chapter 5 and in Appendix F, water absorption 

inside the pockets can be altered by the methylation on endo-positions of the rim. And it 

places significant influence on the host-guest binding behaviors. Here, the local 

hydrophobicity around the cavitands and inside the binding pockets can be investigated by 

creating cavities centered on heavy atoms of cavitand. The water density and hydrogen 
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bonding distributions were evaluated to illustrate this water-expelling process and measure 

the ease to displace water molecules in certain locations. Moreover, the susceptibility of 

hydration numbers in the whole observation volume of both cavitands were also calculated. 

And we showed their profiles matched the universal shape of that of many proteins162.  

 

 

 

 

 

 

 

 

Figure 6.1: structures of octa-acid (OA), tetra-endo-methyl octa-acid (TEMOA). 
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6.3 Method 

 

All the molecular dynamics simulation with Indirect Umbrella Sampling method 

(INDUS)163 were conducted by a properly modified package of GROMACS 201679. For 

each simulation, one single cavitand was solvated in 2994 water molecules. The cavitand 

molecule was modeled using the Generalized Amber Force Field (GAFF)70 with partial 

charges obtained from the AM1-BCC calculations106. To be consistent with the protonation 

state at pH 7107, the total net charge of a single cavitand was set to be -6e. The four benzoic 

acid groups ringing the rim of the cavitand and two of the four benzoic acid groups on the 

feet were deprotonated to get the net charge state. For each single cavitand, six sodium 

cations were put into the system to make the whole simulation box neutral. Those sodium 

Figure 6.2: Molecular snapshots of octa-acid (OA) (a), and, tetra-endo-methyl 

octa-acid (TEMOA) (b). The body of the parent cavitand is illustrated in licorice 

format, while the methyl units are highlighted using a van der Waals 

representation. Top views and side views are both shown.  
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cations were also modeled using GAFF70. TIP4P-EW potential108 was used to model the 

water molecules. Nonbonded Lennard-Jones interactions were truncated using a cutoff of 

9 Å. The short-range electrostatic interactions were also truncated with a real space cutoff 

of 9 Å. While the long-range electrostatic interactions were treated by the particle mesh 

Ewald Summation method71. All the simulations were performed in the isothermal-isobaric 

ensemble at 298.15 K and 1 bar.  The temperatures were coupled using the Nosé-Hoover 

thermostat80,81, while the pressures were controlled using Parrinello-Rahman barostat82. 

The equations of motion were integrated with a time step of 2 fs. The oxygen-hydrogen 

bonds in water molecules were held rigid using SETTLE87, while all the other bonds 

involving hydrogens were constrained using the LINCS algorithm86.  

To apply the unfavorable biasing potentials, all the atoms of  cavitand molecule was held 

fixed by a harmonic restraint with a spring constant of 1000 kJ/(mol nm2) in three 

dimensions. Therefore, the cavitand was restrained in the center of the simulation box. 

Centered on each heavy atom (carbon and oxygen) of cavitand, a biasing potential was 

applied to a spherical observation volume and bias the number of coarse-grained water 

molecules160,163,164. To use a spherical observation volume, the inner shell radius, RLOWs, 

and the outer shell radius, RHIGHs, were set to be -0.5 nm and 0.6 nm, respectively. 

Therefore, the effective cavity radii for both oxygen and nitrogen atoms were 0.6 nm. With 

the presence of this biasing potential, the Hamiltonian regulating the system is: ℋ𝜙 =

ℋ0 + 𝑈𝜙(𝑁�̃�), where ℋ0  is the Hamiltonian of the unbiased system, 𝑁�̃�  is the coarse-

grained water number, and 𝑈𝜙 is the biasing potential parameterized by 𝜙, which regulated 

the strength of the biasing potential164. The Gaussian coarse-graining function with a 

standard deviation of 𝜎  = 0.01 nm and a truncation cutoff of 𝑟𝑐  = 0.02 nm was used. 
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Specifically, the biasing potential is in a combination form of a harmonic part and a linear 

part157,160:  

                                                𝑈𝜙(𝑁�̃�) =  
𝜅

2
(𝑁�̃� − 𝑁∗)2 + 𝜙𝑁�̃�                                             (6.11) 

Here since each observation volume is small, we set κ = 0. It became a simple linear type 

potential. The parameter 𝜙 denotes the strength of this potential. A series of windows with 

increasing 𝜙 values were simulated. The 𝜙 values ranges from 0 to 10 kJ/mol with a 1 

kJ/mol increment. In the case of OA, some inner states with 𝜙 from 2.1 kJ/mol to 3.9 

kJ/mol with an increment of 0.1 kJ/mol were also simulated. While for TEMOA, biasing 

simulations with 𝜙 from 0.1 kJ/mol to 1.9 kJ/mol with the same finer increment of 0.1 

kJ/mol were conducted. All the biasing simulations were equilibrated for 1 ns followed by 

10 ns production run. The number of waters, 𝑁𝑣, and coarse-grained water numbers, 𝑁�̃�, 

observed in volume 𝑣 as a function of simulation time were recorded for each window. The 

susceptibility 𝜒𝑣 = −
𝜕<𝑁𝑣>𝜙

𝜕(𝛽𝜙)
= < 𝛿𝑁𝑣

2 >𝜙  can also be obtained from those data. The 

probability of observing N water molecules in volume 𝑣, 𝑃𝑣(𝑁), can be further evaluated 

by WHAM algorithm109.  

The wetting behavior around the cavitand and inside the hydrophobic pocket under the 

impact of the biasing potentials were characterized via several different techniques. First 

of all, the water density about the cavitand was evaluated in a cylindrical symmetric 

coordinate by assuming their rotational symmetry about their C4-axes. The water density 

can be accounted within bins of this coordinate and averaged over the azimuthal angle q. 

In a similar way, the number of hydrogen bonds of each water molecule formed with other 

water molecules can also be determined and we applied this cylindrical coordinate system 
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to cavitand to bin hydrogen bonding numbers about the cavitand. Specifically, for each 

water molecule, the number of hydrogen bonds it formed as an acceptor or a donor with 

other water molecules can be determined separately. We used a geometrical criterion to 

determine if a hydrogen bond is formed. When the donor-acceptor distance is smaller than 

or equal to 0.3 nm, and the hydrogen-donor-acceptor angle is smaller than or equal to 30o, 

a hydrogen bond is believed to exist. And if this donor or acceptor belongs to a certain 

water molecule, the number of its hydrogen bonds as a donor or acceptor will 

correspondingly add one. 

In the same cylindrical symmetric coordinate, we can also measure the ease of expelling 

the water from the observation volume with the biasing potential in different regions. In a 

certain window, if the water density in a bin was firstly observed to drop below 5% of its 

initial level without any biasing potential, the bin was defined to be “empty” in this window. 

Therefore, each bin was labeled as the window number where it was firstly observed to be 

“empty”, which indicated the strength of the biasing potential needed to expel water from 

that region.  

 

6.4 Result and Discussion 
 

In figure 6.3, the average water density around and inside OA in the presence of increasing 

biasing potentials on each heavy atom (oxygen and carbon) of cavitand are illustrated. The 

number in the window label indicates the strength of the linear biasing potential (i.e., the 

𝜙 value). Window 1 means 𝜙 = 1 kJ/mol, and Window 5 means 𝜙 = 5 kJ/mol, etc. The 

water densities were cylindrically averaged about the cavitand’s C4-axis of symmetry and 
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the azimuthal angle θ. In window 0, which means no extra repulsive biasing potential was 

applied, it is a normal simulation of a single OA solvated in water, except that the cavitand 

was manually restrained in the center of the simulation box. The big black U-shape region 

indicates where the cavitand was placed. It is the location where all the heavy atoms of 

cavitand occupied and therefore the water density is zero. It can be clearly observed that 

approximately three water solvation shells were formed around the cavitand indicated by 

the high-density blue regions (𝜌 > 1.2 g/cm3). The most prominent one is that nearest blue 

layer wrapping the cavitand from the hydrophobic rim to the feet of cavitand at bottom. It 

is also not surprising to see water molecules, as polar solvents, prefer to stay near the 

deprotonated carboxylic acid groups on the rim and feet. Near the junction area of the first 

and the second layers of aromatic rings, where there are eight oxygen atoms serving as the 

jointing points, waters are also observed to sticking there. Water enters the inner pocket 

and prefers to adhere to the inside walls of the cavitand. In contrast, there is a depletion of 

water in the upper middle part of the pocket denoted by black color. In the previous chapter, 

this was attributed to the favorable van der Waals interactions between waters and cavitand 

inner walls attracting water molecules to stay near the walls. 
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Figure 6.3: Average water density distributions about OA in presence of biasing potentials on each heavy 

atom of the cavitand with increasing strengths. The water density is cylindrically averaged about the C4-axis 

of symmetry for each of the hosts, with 𝑟  corresponding to the radial distance from the C4-axis and 𝑧 

indicating the vertical rise relative the cavitand center-of-mass. The densities follow the color key on the 

righthand side of the figures. 
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At the bottom of the hydrophobic pocket, there is a region showing a significant high 

density of water. This region can accommodate one water molecule, and it can easily form 

hydrogen bonds with the four hydrogens on the waist of cavitand pointing inwardly (Figure 

6.1 and Figure 6.2). In window 1, the water density distribution doesn’t show significantly 

different picture compared to that of window 0. This figures the biasing potentials of 𝜙 = 

1 kJ/mol were not strong enough to expel water out of the pocket. When 𝜙 was increased 

to 2 kJ/mol, a clear depletion of water near the inner side walls can be observed. Those 

blue regions were partitioned and became significantly narrower. When 𝜙  reached 3 

kJ/mol, the turning point appeared. Almost all the water molecules inside the pocket, no 

matter which portion they originally stayed, were removed. A large region that is void of 

water and in black color emerged in the center of the pocket surrounded by wide red regions. 

Occasionally, there were water molecules remain inside, but the water density is already 

very thin. Moreover, the first and second solvation shells were also affected and became 

blurred. In window 4 and window 5, under the impact of very strong biasing potentials, the 

black void region spread like a volcanic eruption. No water molecules can be found inside 

the pocket or near the top of cavitand. The first layer of solvation shell disappeared, and 

the second layer was pushed far away from the cavitand and almost coincided with the 

third solvation shell. In contrast, the water near bottom of the cavitand were not largely 

affected. That might be because there is a denser distribution of heavy atoms on upper part 

of the cavitand. Thus, with the same 𝜙 value, the area near the upper part underwent 

stronger biasing potentials synthetically. But it can also be attributed to the strong 

hydrophobicity on rim and the second layer of aromatic rings.  
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By more windows with biasing potentials with 𝜙 from 2.0 kJ/mol to 3.9 kJ/mol in 0.1 

kJ/mol increments, the water activity profile under the impact of external repulsive 

potentials can be more carefully observed. As shown in figure 6.4, some representative 

windows were selected, and it is also easier for us to compare the abilities of different 

locations inside the pocket to accommodate and adsorb water molecules. Initially, the water 

molecules near the inner walls left the pocket very early. Though they can still form 

favorable van der Waals interactions with cavitand atoms and other water molecules in 

neighborhood, once their neighbors were expelled out of the pocket, this interaction will 

get broken. Especially for the water molecule near the cavitand portal who may serve as 

the connector between the encapsulated water molecules and the external water network, 

they stayed near the hydrophobic rim, and with additional biasing potentials they can easily 

get out into the bulk. As a result, this connection will be cut off in a relative early stage. In 

contrast, you can still find a significant water density at the bottom of cavitand when 𝜙 = 

2.6 or 2.7 kJ/mol. The water density was even not zero when 𝜙 was as high as 3.1 kJ/mol. 

As mentioned before, the stabilization of water molecules at the bottom is mainly ascribed 

to the strong hydrogen-bonding with the inner pointing four hydrogens. The result here 

also indicates that the water molecule at the bottom is isolated. Its stabilization doesn’t 

quite depend on the interactions with other water molecules inside.  
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Figure 6.4: Average water density distributions about OA in presence of biasing potentials on each heavy 

atom of the cavitand with increasing strength in finer increments. The water density is cylindrically averaged 

about the C4-axis of symmetry for each of the hosts, with 𝑟 corresponding to the radial distance from the C4-

axis and 𝑧 indicating the vertical rise relative the cavitand center-of-mass. The densities follow the color key 

on the righthand side of the figures. 
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As observed in previous chapters and in figure 6.5, when 𝜙 = 0, (i.e., no extra biasing 

potential), the water density inside the inner pocket of TEMOA is significantly lower. The 

waters encapsulated are more isolated, and there is an interface across the cavitand portal 

splitting the dry and wet regions. There is still a region of depleted water density along the 

centerline of the pocket. But relatively, this region is deeper inside the pocket in the case 

of TEMOA, and correspondingly, the water density in the upper pocket is higher due to 

more van del Waals interactions with the four additional methyl groups on the rim. The 

distribution of water density outside TEMOA pocket is very similar with that in the case 

of OA.  

Once the biasing potential was in effect, the inner pocket of TEMOA was evacuated with 

even very small potential strength, 𝜙  = 1 kJ/mol. It is nature to observe this rapid 

evacuation when combined with TEMOA’s tendency to dry itself under ambient pressure 

and having less hydration number within the pocket. The more stable waters at bottom of 

the pocket were also removed when 𝜙 reached 2 kJ/mol. With the four additional methyl 

units on endo positions of the rim, the evacuation process of the waters in inner pocket is 

actually still very similar with that in OA, but with a few windows in advance. However, 

the water molecules outside and near the top of TEMOA were not easier to get expelled 

from the observation volume. When 𝜙 was increased from 2 kJ/mol to 3 kJ/mol, only the 

water density right above the pocket had a significant decrease. The speed of this 

evacuation had noticeably slowed down. When 𝜙 was further elevated to 5 kJ/mol, the 

water density distribution was almost identical to that of OA with the same biasing 

potential strength. Thus, the methylation of endo positions on the rim of cavitand 

significantly influenced the wetting behaviors inside the pocket and near portal, but the 
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solvation shell around the cavitand was not affected. Likewise, even with a large biasing 

potential, the water shells near the bottom of TEMOA were not largely impacted. The firm 

interactions with carboxylic acid groups can help stabilize those waters.  

After investigating more windows, as some of them are shown in figure 6.6,  with 𝜙 values 

between 0 kJ/mol and 2.0 kJ/mol and finer increments, we found that the waters staying 

near the inner-walls were removed when 𝜙  = 0.4 kJ/mol. In window 0.4, The water 

depletion region occupied the most portion of the inner space, indicated by a huge black 

and red area along the centerline. This water depletion region quickly spread to the whole 

pocket with further increase of 𝜙. As what we observed in OA, the waters staying at bottom 

have much stronger resistance to the biasing potentials. Though the blue region rich in 

water was also shrinking with the increase of biasing potential strengths, it can still be 

detected when 𝜙 = 1.2 kJ/mol. In fact, even when 𝜙 = 1.9 kJ/mol (shown in Appendix D), 

a small blue region can still be observed in the same location at bottom. Through all the 

windows, some back and forth phenomenon, i.e., water density unexpectedly increased 

with the strengthening of biasing potential compared to previous windows, can be noticed 

in small local domain. This can be partially ascribed to the small increment of 𝜙, which is 

only 0.1 kJ/mol. Not all the water densities in every single location have the same 

sensitivity to a small perturbation of the biasing potential, but the general trend followed 

as what we expected.  
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Figure 6.5: Average water density distributions about TEMOA in presence of biasing potentials on each 

heavy atom of the cavitand with increasing strengths. The water density is cylindrically averaged about the 

C4-axis of symmetry for each of the hosts, with 𝑟 corresponding to the radial distance from the C4-axis and 

𝑧 indicating the vertical rise relative the cavitand center-of-mass. The densities follow the color key on the 

righthand side of the figures. 
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Figure 6.6: Average water density distributions about TEMOA in presence of biasing potentials on each 

heavy atom of the cavitand with increasing strength in finer increments. The water density is cylindrically 

averaged about the C4-axis of symmetry for each of the hosts, with 𝑟 corresponding to the radial distance 

from the C4-axis and 𝑧 indicating the vertical rise relative the cavitand center-of-mass. The densities follow 

the color key on the righthand side of the figures. 
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In general, the ease of expelling water from a volume of observation can be used to 

characterize the hydrophobicity of a certain location. Here, we evaluated the sequence of 

evacuation occurrence in different regions inside and outside the hydrophobic pocket. 

Basically, in each window, if the local water density in a certain bin decreased by more 

than 95% compared with the last window, we assumed that this bin was evacuated in this 

window and will be labeled by the window number, which is also the value of 𝜙, the value 

of the parameter regulating the strength of biasing potential applied in this window. For a 

more hydrophobic region, it is easier to expel water from this region so the evacuation will 

happen earlier. By this method, the ease of evacuation in different locations was mapped 

in figure 6.7 and was indicated by different colors. The white region indicating the 

locations of all the heavy atoms of cavitand hosts where water never occupied. The black 

region outside the cavitand denotes, which is labeled as -1,  the locations where water 

density never decreased by 95% compared to previous window. Those locations are far 

away from the hydrophobic pocket and the portal of cavitand. This means though large 

biasing potentials, even with 𝜙 of 10 kJ/mol, can affect the first and second solvation shells, 

they were not able to dry the region far away from the cavitand thoroughly. The color map 

inside the hydrophobic pocket is also consistent with what we covered previously in the 

cylindrical water density distributions. Initially, in window 1 and 2, waters were only 

expelled in local positions that are nearest to the inner walls. When 𝜙 reached to 3 kJ/mol, 

the expelling has spread to a large portion of side and lower pocket. With the further 

strengthening of biasing potentials, the evacuation also occurred in the middle, upper parts 

of the pocket, and in the regions near the portal. When 𝜙 is larger than 5 kJ/mol, gradually, 
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the water density above the cavitand rim, and near the side and feet of the cavitand, 

exhibited a large extent of decrease.  

 

 

 

 

 

 

 

 

 

 

In the case of TEMOA, as shown in figure 6.8, the behavior of water outside the pocket, 

especially above the portal, is nearly identical to that of OA. The waters around the feet of 

TEMOA were more unlikely to be removed even with a strong biasing potential, where 𝜙 

reached 10 kJ/mol. TEMOA’s inner pocket exhibited a totally different behavior. The 

water molecules near the side walls were instantly removed in the first window that the 

Figure 6.7: The map of evacuation sequence inside and around OA in cylindrical symmetric coordinate. 

All the regions are labeled as the window number where the local water density dropped by more than 

95% compared to the previous window. This label  follows the color key on the righthand side of the 

figure. 
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biasing potentials took effect. When 𝜙 reached 2 kJ/mol, the more stable waters at bottom 

of the pocket and the waters near the centerline were also expelled out of the observation 

volume. The water density of the whole interior space, including the water depletion region 

in the upper part of the pocket, underwent a significant decrease before 𝜙 was elevated to 

4 kJ/mol. The wetting behaviors and its reaction to the external potentials inside the 

hydrophobic pocket are sensitive to the methylation of the endo positions on the rim. And 

it is also consistent with the observation of self-dewetting behavior of TEMOA discussed 

in detail in chapter 4.  

 

 

 

 

 

 

 

 

 

 

Figure 6.8: The map of evacuation sequence inside and around TEMOA in cylindrical symmetric 

coordinate. All the regions are labeled as the window number where the local water density dropped 

by more than 95% compared to the previous window. This label  follows the color key on the righthand 

side of the figure. 
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From the distribution of hydrogen bond number of each water molecule inside the pocket 

and around the cavitand, a familiar pattern can be recognized. In the case of OA, which is 

shown in figure 6.9, the regions in red means the average number of hydrogen bonds of a 

water molecule forms in this bin is larger than or equal to three, which is the case in the 

whole bulk area around the cavitand. Very interestingly, in the water-depleted area, which 

is in the upper middle part of the pocket, the average hydrogen bond number is also near 

the level of the bulk water. The tendency to form hydrogen bonds exhibits a weakening 

trend when it is approaching the cavitand walls. In the area near the wall, where the water 

prefers to stay, the average hydrogen bond number drops to around 1.5, which is shown by 

green color. The water density near the upper pocket, where waters can form more 

hydrogen bonds, is much lower than that near the cavitand wall where less hydrogen bonds 

can be formed. It indicates that water sacrificed the hydrogen bonding at the portal of 

cavitand and formed attractive van der Waals interactions with the cavitand walls. The 

hydrogen bonding distribution inside the pocket corresponds to the pattern shown in the 

evacuation regions in figure 6.7. In general, water molecules can be expelled more easily 

in the regions where less hydrogen bonds can be formed. It can be noticed that the green 

region near the wall in figure 6.9 fits with the yellow region in figure 6,7, where waters 

were expelled when 𝜙 = 3kJ/mol. The red region in the upper pocket near the portal also 

has the same shape as the green region where waters were evacuated in window 4. In this 

calculation, the hydrogen bonds between waters in pocket and the atoms of cavitand were 

not accounted. For the water molecules staying at the bottom of the pocket, if we include 

their hydrogen bonding with the four inner pointing hydrogens at the bottom of the pocket, 
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they can form more hydrogen bonds than their neighbors near the side wall. Therefore, it 

needs stronger biasing potential to remove the waters at bottom.  

 

 

In the case of TEMOA, as shown in figure 6.10,  generally less hydrogen bonds can be 

formed within the pocket due to a drier environment with much less hydration numbers. 

But it can still be observed that van der Waals interactions with the cavitand attracted 

waters to get inside the pocket in expense of hydrogen bonding.  In the two segregated 

water-depleted regions near the portal and in the middle of the pocket, respectively, 2-2.5 

hydrogen bonds can be formed for each water in average. In contrast, the water-rich regions 

Figure 6.9: The distribution of average water-water hydrogen bonds of each water molecule inside and 

around OA in cylindrical symmetric coordinate. All the regions are labeled as the number of hydrogen bonds. 

This label  follows the color key on the righthand side of the figure. 
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shown by green color can only form approximately 1.5 hydrogen bonds with neighbor 

waters. This green region roughly convers two areas. One is in the middle pocket separating 

the two water-depleted regions, along with the areas near the side wall. Another is the 

whole lower part of the pocket. These two areas can both be evacuated very easily 

according to figure 6.8 with a value of 𝜙 less than or equal to 2 kJ/mol. By comparison, 

the yellow regions with 2-2.5 hydrogen bonds cannot be evacuated until 𝜙   reached 

3kJ/mol. Thus, in both OA and TEMOA, water molecules can be expelled with weaker 

biasing potentials in the regions where less hydrogen bonds can be formed with neighbor 

waters.  

 

Figure 6.10: The distribution of average water-water hydrogen bonds of each water molecule inside and 

around TEMOA in cylindrical symmetric coordinate. All the regions are labeled as the number of hydrogen 

bonds. This label  follows the color key on the righthand side of the figure. 
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Figure 6.11 (a) and 6.12 (a) shows how water molecules inside the pocket and in the whole 

solvation shell respond to the unfavorable biasing potential, 𝜙𝑁�̃�, in OA and TEMOA . 

⟨𝑁𝑣⟩𝜙  is defined as the average number of water molecules in the whole observation 

volume with a certain 𝜙 value. As described in the methodology part, this observation 

volume is defined as the union of all the spherical volumes centered on the initial positions 

of all the heavy atoms (carbon and oxygen) of cavitand. For both OA and TEMOA, the 

radius of each spherical sub-volume was chosen to be 0.6 nm. This whole observation 

volume contains approximately 260 water molecules in total. By applying biasing 

potentials with different strengths, the perturbation of water molecules within the affected 

volumes can be observed as a function of 𝛽𝜙 , where 𝛽 = 1/𝑘𝐵𝑇  . Here 𝑘𝐵  is the 

Boltzmann constant and 𝑇  is the temperature. In both cases of OA and TEMOA, the 

decrease of ⟨𝑁𝑣⟩𝜙  with increasing 𝜙  is in a sigmoid shape, which is similar with that near 

a hydrophobic CH3-terminated SAM (self-assembled monolayer) surface162. The water 

molecules were not expelled gradually. Instead, initially the displacement of water 

molecules is slow when the biasing potential is weak. When the strength of biasing 

potential accumulated to a relatively large level, a large proportion of water will be 

displaced collectively. This phenomenon can be observed more obviously in figure 6.11 

(b) and 6.12 (b), where the susceptibility of total water number in the observation volume 

to the biasing potential strength, 𝜒𝑣 = −
𝜕<𝑁𝑣>𝜙

𝜕(𝛽𝜙)
, was plotted as a function of 𝛽𝜙. It shows 

a prominent peak around 𝜙 = 2𝑘𝐵𝑇 where the biasing potential is strong enough to trigger 

this collective dewetting in the solvation shells of cavitand. Very interestingly, Amish et  
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al162 and coworkers stated that this peak in 𝜒𝑣 around 𝜙 = 2𝑘𝐵𝑇 is an universal signature 

of protein surfaces. No matter the sizes, the biological functions, and the distribution of 

hydrophobic and hydrophilic regions on the surface, this collective dewetting phenomenon 

is a general property for proteins. Our results here on the surfaces of cavitands, which has 

well defined hydrophobic pockets and is studied as a mimic of protein binding sites, agree 

with their conclusions. And this general susceptibility was attributed  to the 0.5 ratio of 

Figure 6.11: (a) Average number of water molecules in the observation volume inside and around OA 

affected by biasing potentials,  ⟨𝑁𝑣⟩𝜙,  as a function of 𝛽𝜙. (b) Corresponding susceptibility, 𝜒𝑣, in the 

same observation volume as a function of 𝛽𝜙. 

 

 

Figure 6.12: (a) Average number of water molecules in the observation volume inside and around TEMOA 

affected by biasing potentials,  ⟨𝑁𝑣⟩𝜙,  as a function of 𝛽𝜙. (b) Corresponding susceptibility, 𝜒𝑣, in the same 

observation volume as a function of 𝛽𝜙. 
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hydrophobic heavy atoms on all the different protein surfaces. These atoms make the whole 

protein surface susceptible to those unfavorable biasing potentials162.  

Though, on the macro level, waters in the solvation exhibited similar susceptibility in the 

solvation shells of both cavitands. Slight differences can be noticed and indicated different 

hydration properties within the hydrophobic pockets. In the case of OA, the decrease of 

⟨𝑁𝑣⟩𝜙 is concave down when 𝛽𝜙 is small. In contrast, the profile of ⟨𝑁𝑣⟩𝜙 in the case of 

TEMOA shows a slight concave-up shape in the early stage. This early stage corresponds 

to the evacuation of the inner pockets and the areas above the portals of OA (𝜙 = 2.0-4.0 

kJ/mol) and TEMOA (𝜙 = 0-2.0 kJ/mol). Here,  ⟨𝑁𝑣⟩𝜙 and 𝜒𝑣 were plotted as a function 

of 𝛽𝜙 with a smaller increment to have a finer illustration of the drying process. For OA, 

the concave-down shape of ⟨𝑁𝑣⟩𝜙 profile indicates the evacuation was accelerated with 

strengthened biasing potentials. The drying of the pocket requires the accumulation of 

biasing potential strengths to a certain degree. And after the drying of the inner pocket, the 

drastic displacement of water molecules in solvation shells immediately started. For 

TEMOA, the concave-up shape of ⟨𝑁𝑣⟩𝜙 profile tells a different story. Once the biasing 

potentials took effect, the evacuation of the inner pocket occurred in the very beginning of 

the whole process. However, after that the displacement of waters in the rest of observation 

shells didn’t start directly. It requires additional accumulation of biasing potential strengths. 

All of these are consistent with what we found in the cylindrical water density distributions 

in each window. And this difference is also reflected in the plot of 𝜒𝑣. In the case of OA, 

from the beginning, it is an increasing function of 𝛽𝜙, and the slope gets steeper until the 

prominent peak appears. For TEMOA, in general 𝜒𝑣 is flat as a function of 𝛽𝜙 in the early 

stage. But it also has fluctuations and a gentle descent trend can be noticed. This 
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inconspicuous local minimum appears around where 𝜙 = 1𝑘𝐵𝑇. This difference is not very 

obvious due to the small capacity of inner pockets for water molecules compared with the 

bulk. But it verifies our observations before.  

 

6.5 Conclusion 

 

In conclusion, we utilized an advanced sampling method (INDUS) to apply biasing 

potentials with controllable strengths centered in every heavy atom of deep-cavity 

cavitands. From that, the hydrophobicity and the ease of displacing water molecules in 

different locations can be quantified and compared. The cavitands studied here are OA 

(octa-acid) and TEMOA (tetra-endo-methyl-octa-acid). TEMOA differs from OA by 

having four methyl positions on its hydrophobic rim that adopted inwards (endo) 

orientations with respect to the pocket. Our simulations found that water molecules in the 

inner pockets responded differently to the unfavorable biasing potentials. Within OA, the 

inner water molecules cannot be evacuated until the strengths of biasing potentials were 

accumulated to a certain extent.  In contrast, it is very easy to displace the water molecules 

within the hydrophobic pocket of TEMOA. The drying occurred immediately when the 

biasing potential took effect. The bulk waters in the solvation shells of both cavitands 

exhibited very similar behaviors under the affection of biasing potentials. This observation 

corresponds to the findings in previous chapters that TEMOA has a strong tendency to 

dewet its inner pockets by itself. And here their different reactions to external unfavorable 

potentials were also verified by a variety of distinct computational characterizations.  



138 
 

 

By studying the water density distribution within the pockets under effects from potentials 

with varying strengths, water molecules resided in different regions of the pocket showed 

diverse responses. Basically, the waters near the side walls of cavitands are the first to be 

removed from pocket. The waters staying at the bottom of the pocket are more durable to 

the increasing potentials. The waters near the water-depleted areas of the upper pocket are 

the last ones to be displaced.  

Finally, we also found there is connection between the hydrogen bonding distribution for 

each individual water within the pocket and the ease to displace it. In general, in a certain 

location, water molecules can be expelled out of the pocket easily if it is harder for them 

to form hydrogen bonding with their neighbor waters. In addition, we found evidence 

showing water molecules were attracted into the pocket by interactions with atoms on 

cavitands and sacrificed their hydrogen bonding with other water molecules. 
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Chapter7  Conclusion

 

In Chapter 2, we reported a precise analysis of the second osmotic viral coefficients for 

small hydrophobic moieties such methane and ethane, and also for their alcohol 

counterparts, methanol and ethanol. Over a wide range of temperatures, our simulations 

quantitatively agree with available experimental results. It demonstrated that molecular 

simulation accurately captures the molecular-scale hydrophobic interactions, and the 

second osmotic virial coefficient is a good way to measure and quantify it.  

In Chapter 3, we turned to deep-cavity cavitand systems. By advanced sampling methods 

(Umbrella Sampling), the association free energy of distinct assembly states of two 

cavitands (OA and TEMOA) with different sized n-alkane guests can be characterized. 

There are three different assembly states, 1:1, 2:1, and 2:2 complexes. By a network 

reaction model, the progression and the probability distribution of assembly states as a 

function of guest size can be predicted. This model accurately reproduces the distinct 

progression trends observed experimentally for OA and TEMOA. In addition, we showed 

that the methyl units on endo-positions of TEMOA significantly narrowed its opening 

portals and make the packing of two n-alkane guests very frustrated. Therefore, the balance 

between monotonic and dimeric complexes are disrupted and a non-monotonic assembly-

state progression trend emerges. This work is extended in Chapter 4, and we applied the 

same model and technique to a newly developed cavitand host molecule, TEXMOA. It can 
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be predicted that, by shifting the methyl units from endo-positions to exo-positions, the 

non-monotonic progression trend was suppressed. All the transition between states 

occurred with longer guests compared to OA. All of these provide a guidance on the design 

of supramolecular hos/guest systems can be based on very small structural modifications 

on hosts and precise choose of guests.  

The hydration behaviors were studied by simulation and models in Chapter 5. By a 

systematic study of a series of cavitand host molecules with different extents of 

functionalization (methyl or hydroxyl) on either exo- or endo-positions of rim, we found 

the hydration condition within pocket can be controlled by functionalization. In general, 

wetting state is favored by hydroxylation on endo-positions, while dry state is favored by 

methylation correspondingly. From probability distribution of hydration numbers, a two-

state behavior can be observed and there is a free energy barrier at n=1 between the dry 

and wet states. The hydration condition is largely dependent on system pressures, and we 

also showed the absorption isotherm of different cavitands can be shifted to a unified shape 

by assuming the effective pressures for each cavitand are differed by a shift pressure. 

Finally, a capillary evaporation model was developed to explain the equilibrium between 

the dry and wet states within pockets. And this equilibrium is governed by the balance of 

interfacial free energies for drying/wetting the interior spaces. This result provides us a 

potential new design route to shift the wetting states within molecular binding states. The 

first observation of the self-dewetting phenomenon for TEMOA and its impact on host-

guest binding can be found in Appendix F.  

Lastly, in Chapter 6, we applied a new advanced sampling approach (INDUS) to 

qualitatively characterize  the hydrophobicity on the whole surface and pocket of cavitand. 
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In the presence of unfavorable biasing potentials, water molecules exhibited totally 

different behaviors. In general, waters inside TEMOA are more easily to be displaced 

compared to that within OA. We also observed different eases of expelling water from 

individual locations and it is also connected with the opportunities to form hydrogen-

bonding. The indication of water entering the pocket for favorable van der Waals 

interactions in expense of hydrogen bonds with neighbor water molecules were also 

noticed. Finally, on surface of cavitand, we also observed a collective dewetting 

phenomenon, which is regarded as a general property for proteins.  

For the future work, lots of things can be done and investigated by molecular simulation 

for the family of cavitands. The binding with anion guests is one of them since ion binding 

is a sophisticated process. This binding can occur not only within pockets but also may 

happen in other sites like the feet or rim. Its impact on binding and reactions happening 

within cavitand pocket is another huge and important topic. On the assembly states side, 

the formation of hetero-dimers (two different types of cavitands in one dimer) can be 

studied by umbrella sampling, and even with wider range of guests (not limited to long n-

alkane guests). The work about INDUS reported in the Chapter 6 is a preliminary 

exploratory study. Deeper insights can be provided for the hydration both within pocket 

and on surface if a detailed quantitative hydrophobicity map can be prepared for cavitand 

based on this technique. In a word, the family of cavitands and its binding or hydration has 

lots of potential work in the aspect of molecular simulation.
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Appendix A  
Supporting information for “Second Osmotic Virial 

Coefficients of Short Alkanes and Their Alcohol 

Counterparts in Water as a Function of Temperature”

 

The second osmotic viral coefficients of methane, ethane, methanol, and ethanol were 

determined from calculation using equation 2.2 and are reported in Table A1. The 

simulation results for methane were previously reported in former research of our group76. 

 

 

 

 

 

 

 

 

 

 

T(K)

methanol methane ethanol ethane

275 21.3 (1.5) 32.2 (1.6) 38.9 (2.5) 50.9 (2.4)

280 21.2 (2.6) 17.5 (2.2) 32.1 (2.0) 49.7 (2.6)

285 15.8 (1.8) -15.4 (2.2) 10.2 (2.1) 33.1 (3.0)

290 11.4 (2.0) 15.2 (2.3) 2.2 (2.4) 26.3 (1.6)

295 17.4 (2.2) -5.2 (2.2) 12.9 (2.2) 22.6 (1.7)

300 26.7 (1.5) 4.5 (2.1) 9.5 (1.6) 16.5 (2.6)

305 9.1 (1.4) -8.1 (2.3) -2.4 (1.8) 5.8 (2.4)

310 24.2 (1.9) -3.0 (2.3) -7.2 (2.5) -0.4 (1.8)

315 13.0  (2.3) -18.4 (2.3) 8.9 (2.4) -24.6 (2.6)

320 7.8 (1.9) -18.7 (2.3) -7.1 (2.5) -16.4 (1.9)

325 10.2 (1.9) -25.4 (2.4) -0.7 (2.1) -34.4 (2.0)

330 3.7 (1.2) -29.3 (2.3) -17.3 (2.7) -49.7 (2.3)

335 5.6 (1.1) -36.6 (2.3) -15.9 (1.8) -63.7 (1.6)

340 1.4 (1.9) -40.3 (2.4) -13.0 (2.7) -66.6 (2.5)

345 5.3 (1.1) -35.3 (2.2) -16.8 (2.8) -72.2 (2.4)

350 8.3 (1.7) -42.4 (2.2) -19.6 (2.0) -85.1 (1.9)

355 5.1 (1.5) -53.0 (2.3) -32.1 (2.7) -108.0 (2.8)

360 -2.4 (1.9) -53.6 (2.5) -16.9 (2.2) -120.9 (2.8)

365 2.2 (2.2) -58.1 (2.5) -7.8 (2.5) -122.0 (1.7)

370 -0.5 (1.5) -68.0 (2.5) -28.0 (1.7) -137.2 (2.1)

B2 (cm
3
/mol)

Table A 1: Second osmotic virial coefficients of methanol, methane, ethanol, and ethane in water 

determined from molecular simulation as a function of temperature. The numbers in parentheses indicate 

a statistical error of one standard deviation. 

 



143 
 

 

Appendix B  
Supporting information for “Guest Controlled 

Nonmonotonic Deep Cavity Cavitand Assembly State 

Switching”

 

The potential of mean force for association of 1:1, 2:1, and 2:2 complexes of OA and 

nonane shown in figure 3.3 are drawn from a systematic analysis of the PMFs of all three 

complexes between cavitands and alkane guests. The cavitands are OA and TEMOA. The 

guests are all hydrocarbon molecules from methane to hexadecane. The PMF minima and 

the corresponding separation distances between two cavitands at where the PMF minima 

occurs shown in figure 3.4 and 3.8 are also directly from this study. Here, all the PMFs 

between one single cavitand (OA or TEMOA) and one n-alkane (C1 to C16) along the C4-

axis to form 1:1 complexes are presented in Figure B1. Likely, the PMFs between two 

cavitands (OA or TEMOA) with one n-alkane guest (C1 to C16) sitting inside one of the 

cavitands along the collinear C4-axes to form 2:1 complexes are presented in Figure B2. 

Figure B3 illustrates the PMFs between two cavitands (OA or TEMOA) with one n-alkane 

guest (C1 to C11 for OA, and C1 to C9 for TEMOA) sitting in the non-polar pocket of 

each of the cavitands along the collinear C4-axes to form 2:2 complexes. Figure B4 exhibits 

the PMFs between two empty cavitands (OA or TEMOA) along the collinear C4-axes to 

form 2:0 complexes.  
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FigureB 1: Potential of mean force between a single cavitand and one single n-alkane guest to form a 

1:1 complex. The results of OA and TEMOA are shown in a and b, respectively. The legend in the 

upper figure is illustrating the legend for different guests. This legend also applies to all the PMF 

figures shown below. We also didn’t show the error bars for clarity. 
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FigureB 2: Potential of mean force between two cavitands with one single n-alkane guest sitting in the 

hydrophobic pocket of one of the cavitands to form a 2:1 complex. The results of OA and TEMOA are 

shown in a and b, respectively. We also didn’t show the error bars for clarity. 
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FigureB 3: Potential of mean force between two cavitands with one single n-alkane guest sitting in 

the hydrophobic pocket of each of the cavitands to form a 2:1 complex. The results of OA and 

TEMOA are shown in a and b, respectively. The alkane guests considered for OA are from C1 to C11. 

And guests from C1 and C9 are considered for TEMOA. Longer guests will lead to unstable complexes 

in simulation. We also didn’t show the error bars for clarity.  
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In chapter 3, in order to evaluate the molar concentration of cavitand in aqueous solution 

at 298.15 K and 1 bar, the excess chemical potential of each n-alkane guest need to be 

calculated. The excess chemical potential, which is also the solvation free energy of the n-

alkane guests can be evaluated by the Bennett acceptance ratio method165,166. The 

molecular simulations to calculate the solvation free energy were conducted for one single 

n-alkane guest in 500-1000 TIP4P-EW water molecules. The number of waters depends 

on the length of n-alkane guest. All the other simulation setups (forcefields, nonbonded 

Lennard-Jones interactions, electrostatic interactions, dynamic integration scheme, 

FigureB 4: Potential of mean force between two empty cavitands to form an empty dimer. The legend is 

identifying the different colors and symbols for OA and TEMOA. The error bars are also neglected for clarity.  
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thermostats, barostat, etc.) are exactly the same as that described in chapter 3. During the 

simulation, the interactions between water and n-alkane guest were gradually turned off. A 

coupling parameter, λ, was introduced to describe the ratio remnant interaction to the full 

interaction. There are two main phases in the whole transformation process. Firstly, the 

partial charges on all the carbon and hydrogen atoms of n-alkane guests were turned off in 

0.25λ increments from 1 to 0. Here 1 means full interactions and 0 means all interactions 

are turned off. After that, the Lennard-Jones interactions between water and n-alkane were 

turned off in 0.1λ increments from 1 to 0. Therefore, there are totally 16 states in the whole 

process. The simulation in each state was run by 5 ns for data production following a 1 ns 

equilibration run.  

Table B1 below shows the gas phase partial pressure (the determination of guest partial 

pressure has been described in chapter 3), excess chemical potential, and molar solubility 

of all the n-alkane guests. Though the guest concentrations are very small in water, as 

described in chapter 3, their associations with cavitands are large enough to attract guests 

into pockets of cavitand to form complexes.   
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guest PG (bar) μ
ex

G (kJ/mol) [G] (M)

C1
1.013 9.687(42) 8.21(14)×10

-4

C2
1.013 10.272(67) 6.48(18)×10

-4

C3
1.013 11.057(88) 4.72(17)×10

-4

C4
1.013 12.61(11) 2.524(12)×10

-4

C5 6.834×10
-1

13.82(12) 1.045(51)×10
-4

C6 2.018×10
-1

14.92(14) 1.98(11)×10
-5

C7 6.105×10
-2

15.68(17) 4.41(30)×10
-6

C8 1.875×10
-2

16.59(18) 9.37(68)×10
-7

C9 5.837×10
-3

16.94(20) 2.53(20)×10
-7

C10 1.834×10
-3

18.66(21) 3.98(34)×10
-8

C11 5.803×10
-4

19.64(23) 8.49(77)×10
-9

C12 1.856×10
-4

19.86(26) 2.49(26)×10
-9

C13 5.934×10
-5

21.75(28) 3.71(41)×10
-10

C14 1.941×10
-5

22.40(30) 9.3(11)×10
-11

C15 6.295×10
-6

22.85(31) 2.52(31)×10
-11

C16 2.056×10
-6

24.02(34) 5.13(71)×10
-12

TableB 1: n-alkane gas phase pressures (PG), excess chemical potentials (𝜇𝐺
𝑒𝑥), and molar guest solubility 

([G]) in water at 298.15 K. Standard errors in the last two digits for the excess chemical potential and guest 

concentration are reported in parentheses.  
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Appendix C  
Supporting information for “The Progression of Assembly 

States as Function of Guest Sizes for a Newly Developed 

Deep-cavity Cavitand”

 

The potential of mean force for association of 1:1, 2:1, and 2:2 complexes of TEXMOA 

and nonane shown in figure 4.2 are chosen from a systematic analysis of the PMFs of all 

three complexes between TEXMOA and alkane guests. The PMF minima and equilibrium 

inter-cavitand separations reported in figure 4.3 and 4.6 were also taken from the PMFs 

listed here. Figure C1 reports the PMFs between an empty TEXMOA with an n-alkane 

guest along cavitand’s C4-axis to form 1:1 complexes. The guests studied here ranges from 

C1 to C16. Similarly, Figure C2 reports the PMFs between an empty TEXMOA and a 1:1 

complex,  which has a single guest (also from C1 to C16) residing inside the inner pocket 

freely, along the C4-axis to form 2:1 complexes. Figure C3 reports the PMFs between two 

1:1 TEXMOA complexes with a single guest in each pocket (from C1 to C13) along the C4-

axis to form 2:2 complexes. The PMF between two empty TEXMOA hosts along the C4-

axis to form 2:0 complexes are reported in Figure C4. 
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FigureC 1: Potential of mean force between a single n-alkane guest and a TEXMOA to form a 1:1 complex 

in water. The figure symbols are identified in the legend. Error bars are neglected for clarity.  
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FigureC 2: Potential of mean force between a single n-alkane guest and a TEXMOA to form a 2:1 complex 

in water. The figure symbols are identified in the legend. Error bars are neglected for clarity.  
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FigureC 3: Potential of mean force between a single n-alkane guest and a TEXMOA to form a 2:2 complex 

in water. The figure symbols are identified in the legend. Error bars are neglected for clarity.  
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FigureC 4: Potential of mean force between two empty TEXMOA hosts to form a 2:0 complex in water. 

Error bars are neglected for clarity. 
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Appendix D  

Supporting information for “Water Absorption and 

Dewetting Phenomenon in Deep Cavity Cavitand and The 

Effect of Modification of Cavitand Structure

Figure D1-D8 present all the hydration distributions in the non-polar pockets.  

FigureD 1: The probability distribution, p(n), of number of water molecules within the hydrophobic pocket 

of OA as a function of the number of waters, n, determined from simulations at 298.15 K. The pressure 

ranges from -750 bar to 2500 bar. The colors indicating different pressures are identified in the figure legend. 

The error bars in the figure indicate one standard deviation. 

 



156 
 

 

 

 

 

 

FigureD 2: The probability distribution, p(n), of number of water molecules within the hydrophobic pocket 

of MEMOA as a function of the number of waters, n, determined from simulations at 298.15 K. The pressure 

ranges from -750 bar to 2500 bar. The colors indicating different pressures are identified in the figure legend. 

The error bars in the figure indicate one standard deviation. 
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FigureD 3: The probability distribution, p(n), of number of water molecules within the hydrophobic pocket 

of DEMOA as a function of the number of waters, n, determined from simulations at 298.15 K. The pressure 

ranges from -750 bar to 2500 bar. The colors indicating different pressures are identified in the figure legend. 

The error bars in the figure indicate one standard deviation. 

 



158 
 

 

 

 

 

 

 

 

 

FigureD 4: The probability distribution, p(n), of number of water molecules within the hydrophobic pocket 

of TriEMOA as a function of the number of waters, n, determined from simulations at 298.15 K. The pressure 

ranges from -750 bar to 2500 bar. The colors indicating different pressures are identified in the figure legend. 

The error bars in the figure indicate one standard deviation. 
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FigureD 5: The probability distribution, p(n), of number of water molecules within the hydrophobic pocket 

of TEMOA as a function of the number of waters, n, determined from simulations at 298.15 K. The 

pressure ranges from -750 bar to 2500 bar. The colors indicating different pressures are identified in the 

figure legend. The error bars in the figure indicate one standard deviation. 
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FigureD 6: The probability distribution, p(n), of number of water molecules within the hydrophobic pocket 

of TEXMOA as a function of the number of waters, n, determined from simulations at 298.15 K. The 

pressure ranges from -750 bar to 2500 bar. The colors indicating different pressures are identified in the 

figure legend. The error bars in the figure indicate one standard deviation. 
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FigureD 7: The probability distribution, p(n), of number of water molecules within the hydrophobic pocket 

of TEHOA as a function of the number of waters, n, determined from simulations at 298.15 K. The pressure 

ranges from -750 bar to 2500 bar. The colors indicating different pressures are identified in the figure legend. 

The error bars in the figure indicate one standard deviation. 
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FigureD 8: The probability distribution, p(n), of number of water molecules within the hydrophobic pocket 

of TEXHOA as a function of the number of waters, n, determined from simulations at 298.15 K. The pressure 

ranges from -750 bar to 2500 bar. The colors indicating different pressures are identified in the figure legend. 

The error bars in the figure indicate one standard deviation. 
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The linear models relating the change of Gibbs free energy from certain hydration state to 

the reference state to pressures for all the cavitands are shown here in figure D9-D16.  

 

 

 

 

FigureD 9: Change of free energy from certain states and the reference state with different pressures (data 

points), and the linear trendline fitted to the data (line). The cavitand here is OA, and temperature is 298.15 

K. The colors indicating different hydration numbers are identified in the figure legend.   
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FigureD 10: Change of free energy from certain states and the reference state with different pressures (data 

points), and the linear trendline fitted to the data (line). The cavitand here is MEMOA, and temperature is 

298.15 K. The colors indicating different hydration numbers are identified in the figure legend.   
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FigureD 11: Change of free energy from certain states and the reference state with different pressures (data 

points), and the linear trendline fitted to the data (line). The cavitand here is DEMOA, and temperature is 

298.15 K. The colors indicating different hydration numbers are identified in the figure legend.   
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FigureD 12: Change of free energy from certain states and the reference state with different pressures (data 

points), and the linear trendline fitted to the data (line). The cavitand here is TriEMOA, and temperature is 

298.15 K. The colors indicating different hydration numbers are identified in the figure legend.   
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FigureD 13: Change of free energy from certain states and the reference state with different pressures (data 

points), and the linear trendline fitted to the data (line). The cavitand here is TEMOA, and temperature is 

298.15 K. The colors indicating different hydration numbers are identified in the figure legend.   

 

 

 

 

 

 



168 
 

 

 

 

 

 

 

 

FigureD 14: Change of free energy from certain states and the reference state with different pressures (data 

points), and the linear trendline fitted to the data (line). The cavitand here is TEXMOA, and temperature is 

298.15 K. The colors indicating different hydration numbers are identified in the figure legend.   
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FigureD 15: Change of free energy from certain states and the reference state with different pressures (data 

points), and the linear trendline fitted to the data (line). The cavitand here is TEHOA, and temperature is 

298.15 K. The colors indicating different hydration numbers are identified in the figure legend.   
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FigureD 16: Change of free energy from certain states and the reference state with different pressures (data 

points), and the linear trendline fitted to the data (line). The cavitand here is TEXHOA, and temperature is 

298.15 K. The colors indicating different hydration numbers are identified in the figure legend.   

 



171 
 

 

 

The figures D17-D24 present the change of volume from a certain hydration state to the 

reference state (n=4) for all the cavitands. This volume difference is directly got from the 

subtraction of two simulation box volumes. 

 

 

 

 

FigureD 17: The change of system volume with OA in water from all hydration states to reference state as a 

function of number of water molecules in pocket. The data points are directly obtained from simulation data 

in cubic centimeters per mole of cavitand measured in Gromacs. The colors indicating different pressures are 

identified in the figure legend.  The thick red curve is the change of volume from the slopes of fitted model 

predictions. 
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FigureD 18: The change of system volume with MEMOA in water from all hydration states to reference state 

as a function of number of water molecules in pocket. The data points are directly obtained from simulation 

data in cubic centimeters per mole of cavitand measured in Gromacs. The colors indicating different pressures 

are identified in the figure legend.  The thick red curve is the change of volume from the slopes of fitted 

model predictions. 
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FigureD 19: The change of system volume with DEMOA in water from all hydration states to reference state 

as a function of number of water molecules in pocket. The data points are directly obtained from simulation 

data in cubic centimeters per mole of cavitand measured in Gromacs. The colors indicating different pressures 

are identified in the figure legend.  The thick red curve is the change of volume from the slopes of fitted 

model predictions. 
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FigureD 20: The change of system volume with TriEMOA in water from all hydration states to reference 

state as a function of number of water molecules in pocket. The data points are directly obtained from 

simulation data in cubic centimeters per mole of cavitand measured in Gromacs. The colors indicating 

different pressures are identified in the figure legend.  The thick red curve is the change of volume from the 

slopes of fitted model predictions. 

 



175 
 

 

 

 

 

 

 

 

FigureD 21: The change of system volume with TEMOA in water from all hydration states to reference state 

as a function of number of water molecules in pocket. The data points are directly obtained from simulation 

data in cubic centimeters per mole of cavitand measured in Gromacs. The colors indicating different pressures 

are identified in the figure legend.  The thick red curve is the change of volume from the slopes of fitted 

model predictions. 
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FigureD 22: The change of system volume with TEXMOA in water from all hydration states to reference 

state as a function of number of water molecules in pocket. The data points are directly obtained from 

simulation data in cubic centimeters per mole of cavitand measured in Gromacs. The colors indicating 

different pressures are identified in the figure legend.  The thick red curve is the change of volume from the 

slopes of fitted model predictions. 
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FigureD 23: The change of system volume with TEHOA in water from all hydration states to reference state 

as a function of number of water molecules in pocket. The data points are directly obtained from simulation 

data in cubic centimeters per mole of cavitand measured in Gromacs. The colors indicating different pressures 

are identified in the figure legend.  The thick red curve is the change of volume from the slopes of fitted 

model predictions. 
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FigureD 24: The change of system volume with TEXHOA in water from all hydration states to reference 

state as a function of number of water molecules in pocket. The data points are directly obtained from 

simulation data in cubic centimeters per mole of cavitand measured in Gromacs. The colors indicating 

different pressures are identified in the figure legend.  The thick red curve is the change of volume from the 

slopes of fitted model predictions. 
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The comparisons between the fitted probability distributions of hydration numbers (the 

curve) and the same distributions directly from simulation (the data points) of all the 

cavitands are presented here in figure D25-D32. 

 

 

 

 

 

 

FigureD 25: The probability distribution, p(n), of number of water molecules within the hydrophobic 

pocket of OA as a function of hydration number, n. The data directly got from simulation (the data points) 

and the distribution evaluated from the fitted thermodynamic model (the curve) are both illustrated and 

compared with each other in the figure. The pressures are -500 bar, 1 bar, 500 bar, and 2000 bar. The colors 

indicating different pressures are identified in the figure legend.   
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FigureD 26: The probability distribution, p(n), of number of water molecules within the hydrophobic 

pocket of MEMOA as a function of hydration number, n. The data directly got from simulation (the data 

points) and the distribution evaluated from the fitted thermodynamic model (the curve) are both illustrated 

and compared with each other in the figure. The pressures are -500 bar, 1 bar, 500 bar, and 2000 bar. The 

colors indicating different pressures are identified in the figure legend.   
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FigureD 27: The probability distribution, p(n), of number of water molecules within the hydrophobic pocket 

of DEMOA as a function of hydration number, n. The data directly got from simulation (the data points) and 

the distribution evaluated from the fitted thermodynamic model (the curve) are both illustrated and compared 

with each other in the figure. The pressures are -500 bar, 1 bar, 500 bar, and 2000 bar. The colors indicating 

different pressures are identified in the figure legend.   
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FigureD 28: The probability distribution, p(n), of number of water molecules within the hydrophobic pocket 

of TriEMOA as a function of hydration number, n. The data directly got from simulation (the data points) 

and the distribution evaluated from the fitted thermodynamic model (the curve) are both illustrated and 

compared with each other in the figure. The pressures are -500 bar, 1 bar, 500 bar, and 2000 bar. The colors 

indicating different pressures are identified in the figure legend.   
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FigureD 29: The probability distribution, p(n), of number of water molecules within the hydrophobic pocket 

of TEMOA as a function of hydration number, n. The data directly got from simulation (the data points) and 

the distribution evaluated from the fitted thermodynamic model (the curve) are both illustrated and compared 

with each other in the figure. The pressures are -500 bar, 1 bar, 500 bar, and 2000 bar. The colors indicating 

different pressures are identified in the figure legend.   
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FigureD 30: The probability distribution, p(n), of number of water molecules within the hydrophobic pocket 

of TEXMOA as a function of hydration number, n. The data directly got from simulation (the data points) 

and the distribution evaluated from the fitted thermodynamic model (the curve) are both illustrated and 

compared with each other in the figure. The pressures are -500 bar, 1 bar, 500 bar, and 2000 bar. The colors 

indicating different pressures are identified in the figure legend.   
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FigureD 31: The probability distribution, p(n), of number of water molecules within the hydrophobic pocket 

of TEHOA as a function of hydration number, n. The data directly got from simulation (the data points) and 

the distribution evaluated from the fitted thermodynamic model (the curve) are both illustrated and compared 

with each other in the figure. The pressures are -500 bar, 1 bar, 500 bar, and 2000 bar. The colors indicating 

different pressures are identified in the figure legend.   
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FigureD 32: The probability distribution, p(n), of number of water molecules within the hydrophobic pocket 

of TEXHOA as a function of hydration number, n. The data directly got from simulation (the data points) 

and the distribution evaluated from the fitted thermodynamic model (the curve) are both illustrated and 

compared with each other in the figure. The pressures are -500 bar, 1 bar, 500 bar, and 2000 bar. The colors 

indicating different pressures are identified in the figure legend.   
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Appendix E  
Supporting information for “Characterization of wetting 

and dewetting behaviors within deep-cavity cavitand 

pockets using Indirect Umbrella Sampling (INDUS)”

 

The water density distributions inside and around cavitand host molecules in cylindrical 

symmetrical coordinates shown in figure 6.3-6.6 are drawn from a systematical analysis of 

the responses of waters to unfavorable biasing potentials with gradually increasing 

strengths. These biasing potentials were centered on each heavy atom of the cavitands. 

Here figure E1 and E2 illustrate the water density distributions inside and around OA in 

the same cylindrical coordinate. The strength regulating parameter 𝜙 ranges from 0 to 10 

kJ/mol with a 1 kJ/mol increment. Similarly, figure E3 and E4 show the water density 

distribution in presence of TEMOA with the same strengths of biasing potentials. In 

addition, more windows with a finer changing process of 𝜙  values were simulated to 

investigate the impact of unfavorable potentials on the hydration of inner pockets. Figure 

E5 through E7 exhibit the water density distributions inside and around OA with 𝜙 values 

from 2.1 kJ/mol to 3.9 kJ/mol with an increment of 0.1 kJ/mol. Correspondingly, figure E8 

through E10 report the water density distributions in case of TEMOA with 𝜙 values from 

0.1 kJ/mol to 1.9 kJ/mol.  
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FigureE 1 Average water density distributions about OA in presence of biasing potentials on each heavy atom 

of the cavitand with increasing strengths. The value of  𝜙 is from 0-5 kJ/mol with an increment of 1 kJ/mol. 

The water density is cylindrically averaged about the C4-axis of symmetry for each of the hosts, with 𝑟 

corresponding to the radial distance from the C4-axis and 𝑧 indicating the vertical rise relative the cavitand 

center-of-mass. The densities follow the color key on the righthand side of the figures. 
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FigureE 2: Average water density distributions about OA in presence of biasing potentials on each heavy 

atom of the cavitand with increasing strengths. The value of  𝜙 is from 6-10 kJ/mol with an increment of 1 

kJ/mol. The water density is cylindrically averaged about the C4-axis of symmetry for each of the hosts, with 

𝑟 corresponding to the radial distance from the C4-axis and 𝑧 indicating the vertical rise relative the cavitand 

center-of-mass. The densities follow the color key on the righthand side of the figures. 
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FigureE 3: Average water density distributions about TEMOA in presence of biasing potentials on each 

heavy atom of the cavitand with increasing strengths. The value of  𝜙 is from 0-5 kJ/mol with an increment 

of 1 kJ/mol. The water density is cylindrically averaged about the C4-axis of symmetry for each of the 

hosts, with 𝑟 corresponding to the radial distance from the C4-axis and 𝑧 indicating the vertical rise relative 

the cavitand center-of-mass. The densities follow the color key on the righthand side of the figures. 
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FigureE 4: Average water density distributions about TEMOA in presence of biasing potentials on each 

heavy atom of the cavitand with increasing strengths. The value of  𝜙 is from 6-10 kJ/mol with an increment 

of 1 kJ/mol. The water density is cylindrically averaged about the C4-axis of symmetry for each of the hosts, 

with 𝑟 corresponding to the radial distance from the C4-axis and 𝑧 indicating the vertical rise relative the 

cavitand center-of-mass. The densities follow the color key on the righthand side of the figures. 
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FigureE 5: Average water density distributions about OA in presence of biasing potentials on each heavy 

atom of the cavitand with increasing strengths. The value of  𝜙 is from 2.1-2.6 kJ/mol with an increment of 

0.1 kJ/mol. The water density is cylindrically averaged about the C4-axis of symmetry for each of the hosts, 

with 𝑟 corresponding to the radial distance from the C4-axis and 𝑧 indicating the vertical rise relative the 

cavitand center-of-mass. The densities follow the color key on the righthand side of the figures. 
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FigureE 6: Average water density distributions about OA in presence of biasing potentials on each heavy 

atom of the cavitand with increasing strengths. The value of  𝜙 is from 2.7-2.9 kJ/mol and 3.1-3.3 kJ/mol 

with an increment of 0.1 kJ/mol. The water density is cylindrically averaged about the C4-axis of symmetry 

for each of the hosts, with 𝑟 corresponding to the radial distance from the C4-axis and 𝑧 indicating the vertical 

rise relative the cavitand center-of-mass. The densities follow the color key on the righthand side of the 

figures. 
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FigureE 7: Average water density distributions about OA in presence of biasing potentials on each heavy 

atom of the cavitand with increasing strengths. The value of  𝜙 is from 3.4-3.9 kJ/mol with an increment of 

0.1 kJ/mol. The water density is cylindrically averaged about the C4-axis of symmetry for each of the hosts, 

with 𝑟 corresponding to the radial distance from the C4-axis and 𝑧 indicating the vertical rise relative the 

cavitand center-of-mass. The densities follow the color key on the righthand side of the figures. 
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FigureE 8: Average water density distributions about TEMOA in presence of biasing potentials on each 

heavy atom of the cavitand with increasing strengths. The value of  𝜙 is from 0.1-0.6 kJ/mol with an 

increment of 0.1 kJ/mol. The water density is cylindrically averaged about the C4-axis of symmetry for 

each of the hosts, with 𝑟 corresponding to the radial distance from the C4-axis and 𝑧 indicating the vertical 

rise relative the cavitand center-of-mass. The densities follow the color key on the righthand side of the 

figures. 
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FigureE 9: Average water density distributions about TEMOA in presence of biasing potentials on each 

heavy atom of the cavitand with increasing strengths. The value of  𝜙 is from 0.7-0.9 kJ/mol and 1.1-1.3 

kJ/mol with an increment of 0.1 kJ/mol. The water density is cylindrically averaged about the C4-axis of 

symmetry for each of the hosts, with 𝑟 corresponding to the radial distance from the C4-axis and 𝑧 indicating 

the vertical rise relative the cavitand center-of-mass. The densities follow the color key on the righthand side 

of the figures. 
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FigureE 10: Average water density distributions about TEMOA in presence of biasing potentials on each 

heavy atom of the cavitand with increasing strengths. The value of  𝜙 is from 1.4-1.9 kJ/mol with an 

increment of 0.1 kJ/mol. The water density is cylindrically averaged about the C4-axis of symmetry for each 

of the hosts, with 𝑟 corresponding to the radial distance from the C4-axis and 𝑧 indicating the vertical rise 

relative the cavitand center-of-mass. The densities follow the color key on the righthand side of the figures. 

 

 



198 
 

 

Appendix F  

Customizable Drying of Hydrophobic Pockets and its 

Influence on Guest Binding

 

F.1 Introduction 

As the adage goes “oil and water do not mix”, water molecules are predicted to dewet 

large-scale non-polar solutes128,131,132. Unique phenomenon and attractive interactions still 

exist between oil and water. For instance, water was found to be able to transmit through 

the carbon nanotube and exhibited a dry-filled two-state transition167. Within the inner 

cavity and space of supramolecular host molecules like cyclodextrin and cucurbiturils, 

water molecules can stay and be even shielded inside. These has been called “high-energy” 

waters and can lead to significant impact on the host/guest binding processes41. 

Demonstrated both by experiments119 and simulations45, the displacement and evacuation 

of these water molecules from the cavities and pockets can make the binding process 

dominated by enthalpy components. It is in contrast to the classical mechanism behind 

hydrophobic interaction stating the main driving force is the entropically favored release 

of more structured waters near hydrophobic environment146. Particularly, in biological area 

this dewetting phenomenon is more prominently detected showing some non-polar cavities 



199 
 

 

of proteins are dry when dissolved in water. Cooperative water filling was observed in a 

hydrophobic cavity of lysozyme by high-pressure crystallography and molecular 

simulation49. This ~160 Å3 containing mutant L99A was found to be empty at ambient 

pressure and can accommodate up to 4 water molecules under elevated pressures. While 

the shape of the protein was not changed during the whole process. A similar phenomenon 

was shown in the larger nonpolar binding cavity (~315 Å3) of bovine β-lactoglobulin50. By 

MRD, 13C NMR, and molecular simulation, it can be concluded that this large pocket is 

completely dry. Thus, it could potentially bind with non-polar guests and ligands very 

efficiently.  

To mimic the hydrophobic environment of protein cavities and to investigate the 

mechanism behind the binding process, three deep-cavity cavitand host molecules were 

developed. In figure F1, the structures of Octa-acid (OA, host 1), tetra-endo-methyl octa-

acid (TEMOA, host 2), and tetra-exo-methyl octa-acid (TEXMOA, host 3) are illustrated. 

All of them are formed by three rows of aromatic rings and has a bowl-shaped hydrophobic 

pocket. The feet and rim of cavitand are decorated by eight carboxylic acid groups to enable 

water solubility. The hydrophobic pocket is approximately 8 Å in diameter and 8-9 Å deep. 

TEMOA differs from OA by having four methyl units on the rim and they are pointing 

inwards. The synthesis and host-guest binding of OA and TEMOA were reported 

previously56,67,69,168. In general, with four methyl units on endo-positions, the portal is 

narrowed, and the packing of guests is restricted. The binding kinetics, guest affinities, and 

assembly states will be affected67,169. TEXMOA is a newly developed derivative of OA, 

and its only structural variation is moving the four methyl units from the endo-positions to 

the exo-positions of rim. Those methyl units are pointing upwards, but essentially the 
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hydrophobic pockets are identical to that of OA. Both OA and TEMOA are able to form 

2:1 dimeric capsules with suitably sized hydrophobic guests61. TEMOA can even form into 

tetrameric and hexameric complexes69. Besides, they can also form into 1:1 complexes 

with anions like perchlorate and amphiphiles such as short chain fatty acids169–171.  

Here we studied the hydration inside the pockets of all three cavitands using molecular 

dynamics simulation. The influence of temperature and pressure on the hydration 

conditions were also investigated. The partial molar volume of each cavitand was also 

evaluated from simulation to figure out the differences of the pocket shapes. As a result, 

we reveal the evidence of wetting/dewetting within the hydrophobic pockets. And this 

hydration is dominantly controlled by the positions of the methyl groups relative to the 

portals. In an effort to study its impact on host/guest binding behaviors, the drying free 

energy of the pockets were evaluated from simulation results. The association free energy 

between a cavitand and a single guest molecule to form a 1:1 complex was calculated by 

umbrella sampling. These free energy terms were also break down to enthalpic and entropic 

components to have a better understanding of the connection between hydration and 

binding. Several experimental results using densimetry and calorimetry were conducted by 

our collaborators’ groups to have a comparison.  
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F.2 Methods 

 

We conducted molecular simulations of cavitands in water using GROMACS 5.179 to study 

their inner hydration numbers and partial molar volumes. All the simulations were 

performed in isothermal-isobarric ensemble with a systematic combination of different 

temperatures and pressures. Simulations were conducted for all three cavitands at 1 bar and 

a range of temperatures from 278.15 K to 368.15 K with an increment of 10 K. Besides, to 

investigate the impact of pressure, simulations were also conducted for them at 298.15 K 

and a range of pressures from 1 bar to 2500 bar with a 500-bar increment. The temperature 

and pressure were controlled by Nosé-Hoover thermostat80,81 and Parrinello-Rahman 

barostat82, respectively. The cavitands were modeled using the Generalized Amber Force 

FigureF 1: a) structures of octa-acid (OA, host 1), tetra-endo-methyl octa-acid (TEMOA, host 2), and tetra-

exo-methyl octa-acid (TEXMOA, host 3); b) Space-filling representations of three hosts and highlighting the 

structural effects of methylation on the endo-positions (host 2) and exo-positions (host 3).   
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Field (GAFF)70. To match the deprotonation state at pH 7107, the network charge of 

cavitand was set to be -6e. The four benzoic acid groups around the rim of cavitand and 

two of the four benzoic acid groups on the feet were deprotonated. And to make the whole 

system neutral, six sodium counterions, which are also modeled by GAFF, were introduced 

for each cavitand. The partial charges of each atom were initially obtained by AM1-BCC 

calculations following geometry optimization106. As described in the discussion part below, 

to take the impact of electronic polarization on cavitand volumes into consideration and 

have a comparison with experimental data, we rescale the partial charges, including the 

charges of sodium counterions, by multiplying 75%. Waters were modeled using the 

TIP4P/EW potential108. A 9 Å cut-off was used to truncate the non-bonded Lennard-Jones 

interactions with a mean-field dispersion correction for longer-range contributions to the 

energy and pressure. Long range electrostatic interactions were treated using particle-mesh 

Ewald summation71 with a real space cutoff of 9 Å. Bonds involving hydrogens in the hosts 

were constrained using the LINCS algorithm86. The bonds in water molecules were held 

rigid using SETTLE87. The equations of motion were integrated using a 2-fs time step. All 

the simulations were equilibrated by 5 ns followed by a 100 ns production run. 

Configurations were saved every 1 ps for analysis afterwards.  

We assumed a cavitand as a hexahedron constructed from six planes formed by atoms on 

the cavitand, and therefore to determine the number of waters within a cavitand. The top 

face of the cavitand pocket was determined by constructing a plane through the eight 

diphenyl ether oxygen atoms on the rim of the cavitand. While the bottom face of the 

cavitand was constructed by fitting the plane based on the four carbon atoms connecting 

the cavitand feet and the last row of aromatic rings at bottom. The four planes on the side 
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were determined by three sites. Two of them are the diphenyl ether oxygens connecting a 

single benzoic acid moiety to the second layer of aromatic rings. Another site is the average 

position of the two correspondingly nearest carbon atoms that define the bottom plane. For 

a specific water molecule, if its oxygen atom was found to be within this constructed 

hexahedron, it was considered to be within the inner pocket of cavitand. The average 

positions of the atoms defining the top and bottom plane are illustrated by two dummy sites 

highlighted in figure F2. The line passing through these two dummy sites is defined as the 

four-fold rotational axis of symmetry (C4-axis) for the cavitand.  

In addition, the potential of mean force (PMF) between the assembly constituents of 1:1 

guest/cavitand complex was also evaluated by umbrella sampling. Here we focused on the 

interaction between a single hexanoate and a single cavitand to form a 1:1 complex. All 

three cavitand hosts, OA, TEMOA, and TEXMOA were considered. The hexanoate guest 

was modeled by the OPLS all-atom force field172. Seven sodium cations, modeled with 

GAFF70, were put in the simulation box to compensate for the total -7e net charges, six of 

them are from the cavitand and one is from the carboxylate ion of hexanoate. The PMF 

were evaluated from bulk water into the cavitand pocket along the host’s C4-axis. The 

cavitand and the guest were solvated by 2669-2674 water molecules modeled using TIP4P-

EW potential108. As described in previous chapters, two dummy atoms were created for a 

cavitand. The first one was determined according to the average position of the four carbon 

atoms connecting the feet to the bottom row of aromatic rings. The second one was 

determined by the average positions of the four carbon atoms on the second row of aromatic 

rings and are closest to the open month. The vector connecting these two dummy atoms 

were restrained to be parallel with the z-axis of the simulation box with an angular restraint 



204 
 

 

of 50000 kJ/(mol). Another harmonic position restraint of 100000 kJ/(mol nm2) was 

applied to keep the bottom dummy atom on z-axis. Therefore, the C4-axis of cavitand 

always coincided with the z-axis. Forty overlapping windows from -7 Å deep-inside the 

cavitand pocket to 13 Å out into the bulk solvent. This distance was measured from the top 

dummy atom, which represents the center of the portal of cavitand defined based on the 

positions of the four carbon atoms on the second row of aromatic rings and are closest to 

the open month. The center of the hexanoate was also restrained on z-axis by a potential 

with a harmonic force constant of 100000 kJ/(mol nm2). This guest center was defined as 

the position of a dummy atom, which was determined as the average positions of the third 

and fourth carbon atoms along the chain backbone. In this series of overlapping windows, 

the harmonic umbrella potential minimums were separated in 0.5 Å increments with a force 

constant of 15000 kJ/(mol nm2). In general, all the simulations were conducted in the 

isothermal-isobaric ensemble. Temperature and pressure were coupled using Nosé-Hoover 

thermostat80,81 and Parrinello-Rahman barostat82. Pressure was at 1 bar. Replica exchange 

calculations173 were performed in each window with 10 replicas spanning the 283.15-

373.15 K temperature range with an increment of 10 K.  The system in each window was 

equilibrated for 1 ns followed by a production run of 15 ns. The PMF for the formation of 

1:1 cavitand/hexanoate complex was reconstructed using the weighted histogram analysis 
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method (WHAM)109. The other simulation details were set up the same as other simulations 

described above.  

 

Finally, we also investigated how hydrogen bonding of waters inside the cavitand pocket 

was affected by the different hydration conditions. Specifically, for each water molecule 

within the pocket, we can determine the number of hydrogen bonds it formed with neighbor 

water molecules as an acceptor or a donor. When the distance between one donor and one 

acceptor (two oxygens) is smaller than or equal to 0.35 nm, and at the same time the 

hydrogen-donor-acceptor angle is smaller than or equal to 30o, a hydrogen bond is 

FigureF 2: Structure used for the host octa-acid (OA).  The top and bottom planes that define the 

cavitand pocket are shown in the side and top views. The pink “dummy” site at the top rim of the 

pocket represents the average position of the eight (diphenyl ether) oxygens that connecting the  

benzoic acid groups to the second layer of aromatic rings. The pink “dummy” site at bottom is 

determined by the average position of the four carbon atoms connecting the four feet to the first layer 

of aromatic rings. The four planes on the side are determined by the four-fold rotational symmetry of 

the cavitand (top view). Each of them is formed by the two oxygens connecting each benzoic acid 

moiety to the rim of the cavitand, and the average position of the two closest carbon atoms forming 

the bottom plane. The C4-axis is defined as the line passing through the two dummy sites.  
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considered to be exist. And when this donor or acceptor belongs to a water molecule inside 

the pocket, we add one to its number of hydrogen bonds as a donor or acceptor 

correspondingly. In the end, the average total number of hydrogen bonds for individual 

water within pocket can be obtained for each simulation frame. And according to different 

hydration numbers within pocket of each frame, we can account the mean number of 

hydrogen bonds per water molecule in the hydrophobic pocket as a function of distinct 

hydration numbers.  

 

F.3 Results and discussion 

 

We firstly investigated the partial molar volumes of each cavitand from simulation. It is 

defined as the difference between the average total simulation box volume of the system 

with a single cavitand solvated in water with its counter ions and that of a system with pure 

water. The number of waters in both systems are the same. The detailed mathematical 

expression is described as below: 

                                          �̅� =  ⟨𝑉⟩ℎ𝑜𝑠𝑡+𝑤𝑎𝑡𝑒𝑟 −  𝜆⟨𝑉⟩𝑤𝑎𝑡𝑒𝑟                                                           (F.1)                       

Here it is approximating the partial molar derivative as a finite difference between two 

systems. The pressure, temperature, and number of water molecules are all held fixed. 

⟨𝑉⟩ℎ𝑜𝑠𝑡+𝑤𝑎𝑡𝑒𝑟 and ⟨𝑉⟩𝑤𝑎𝑡𝑒𝑟 refer to the average volumes of simulation systems with and 

without the solvated cavitand, respectively. In order to make sure the number of waters are 

the same in these two terms, a factor 𝜆 =  𝑁𝑤,ℎ𝑜𝑠𝑡+𝑤𝑎𝑡𝑒𝑟/𝑁𝑤,𝑤𝑎𝑡𝑒𝑟 is introduced to rescale 

the volume of the pure water simulations and treat for different water numbers in 
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simulations with and without cavitand. The comparison between the partial molar volume 

from simulations and experiments are listed in table F1.  

 

TableF 1:  Partial molar volumes of single cavitand, �̅�𝑖, and partial molar volume differences, ∆�̅�𝑖𝑗 = �̅�𝑖 −

�̅�𝑗, from simulations using scaled charge and experiments at 298.15 K and ambient pressure. Experimental 

results were obtained from the average of two independently prepared samples. The reported errors in 

experimental results are the maximum deviation from the average. While the reported errors in simulation 

results represent for one standard deviation. 

 

 �̅�1 �̅�2 �̅�3 ∆�̅�31 ∆�̅�21 ∆�̅�23 
 (𝑐𝑚3/𝑚𝑜𝑙) (𝑐𝑚3/𝑚𝑜𝑙) (𝑐𝑚3/𝑚𝑜𝑙) (𝑐𝑚3/𝑚𝑜𝑙) (𝑐𝑚3/𝑚𝑜𝑙) (𝑐𝑚3/𝑚𝑜𝑙) 

experiment       
 1083 ± 3 1245 ± 12 1157 ± 6 73 ± 7 162 ± 12 89 ± 13 
simulation       
 1108 ± 5 1256 ± 5 1189 ± 5 81 ± 3 148 ± 3 67 ± 2 

 

Table F1 shows the partial molar volumes, �̅�𝑖, for three distinct types of cavitands (i=1, 2, 

or 3), and volume differences, ∆�̅�𝑖𝑗 = �̅�𝑖 − �̅�𝑗, for hosts i and j (i, j = 1, 2, or 3, and i ≠ j) 

both from simulations and experiments. The experiments were conducted in our 

collaborator, Dr. Dor Ben-Amotz’s group at Purdue University. In general, the cavitand 

solution densities can be measured by an Anton Parr DSA 5000 density and sound velocity 

meter. The inverse densities of aqueous solutions of all three cavitands with multiple 

cavitand weight fractions (between ~0.2% and 1%) can be determined. A simple linear 

relationship between inverse densities and cavitand weight fractions can be fitted to the 

experimental data. The resulted slope and interception can thus be used to determine the 

cavitand partial molar volumes at infinite dilution using the equation F.2.  

                                                    �̅�1
∞ = 𝑀(

1

𝜌𝑤
0 + 𝑆𝑤

0 )                                                    (F.2) 
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Here 1/𝜌𝑤
0  (cc/g) and 𝑆𝑤

0  (cc/g) are the intercept and slope of the linear relationship in 

experimental data, 1/𝜌 vs. 𝑤, respectively. 1/𝜌𝑤
0  is the inverse density of the pure solvent, 

which is the aqueous sodium hydroxide solution with pH = 12.7 ± 0.2. 𝑀 is the cavitand 

molar mass. �̅�1
∞ is the partial molar volume at infinite dilution. The solid cavitands are 

protonated acids. Thus, this observed volumes have two contributions. One is the partial 

molar volume of the ionized cavitand. The other is the volume change during the 

deprotonation of the cavitand and the conversion of  OH- to H2O. Therefore, we need to 

assume all the cavitands have the same extent of ionization.  

Very interestingly, it can be found that there is a strong dependence of the partial molar 

volume differences on the positions of host methylation about the portal. The partial molar 

volume difference, ∆�̅�31, between TEXMOA and OA (host 3 and host 1) is 73 ± 7 cm3/mol 

from experiment. As a comparison, the reported volume difference between alanine and 

glycine amino acid side chains is 18.3 cm3/mol174. As we know, the structural difference 

between alanine and glycine amino acid side chains is one additional methylation. And this 

volume difference is just a quarter of ∆�̅�31  (≈ 4 × 18.3 cm3/mol = 73.2 cm3/mol). It 

indicates that the only contribution to the volume difference between TEXMOA and OA 

is the methylation on the rim. However, the partial molar volume difference, ∆�̅�21, between 

TEMOA and OA (host 2 and host 1) is 162 ± 12 cm3/mol, which is even larger than twice 

of the volume increment brought by the additional four methyl groups on rim. Our 

simulation results are remarkably consistent with the experiments. The largest difference 

is at most 2%. In simulation, the partial molar volume difference, ∆�̅�31, between simulated 

TEXMOA and OA is 81 ± 3 cm3/mol, which is very closed to the volume difference 

resulting from four additional methylation. In contrast, the volume difference, ∆�̅�21 , 
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between TEMOA and OA is 148 ± 3 cm3/mol. This is also significantly larger than that of 

four methyl groups and in the neighborhood of the experimental difference. Thus, 

simulations also captured the abnormal volume difference between TEMOA and OA. The 

combination of observations from experiments and simulations is indicating that there are 

other hidden contributions to this additional volume difference.  

Previously, we also compared the cavitand partial molar volumes determined from 

simulations using the full -6e charge with that from experiments. As shown in table F2,  it 

turns out that those volumes with full charge are significantly smaller than experimentally 

observed ones. This inconsistence can be potentially ascribed to the neglect of electronic 

polarization in our simulations. A rescaling of the charges for ionic species by multiplying 

75% was recommended by Jungwirth and coworkers to address this issue on aqueous 

electrolyte solutions175,176 and aqueous electrolytes near non-polar interfaces177. The 

polarization of electronic degrees of freedom as a continuum dielectric with an effective 

electronic dielectric constant of 휀𝑒 = 1.78178 can be approximated by this scaling factor. 

And the consistence between experiments and simulations were dramatically improved 

after applying this scaling factor. According to Kirkwood-Buff theory179, at infinite dilution, 

the partial molar volume of a solute can be evaluated by an integral over solute/solvent 

correlations. Thus, this scaling factor is also applied for cavitand in all the simulations 

involved in this chapter.  

 

 

 

 



210 
 

 

TableF 2: Partial molar volumes of single cavitand, �̅�𝑖, and partial molar volume differences, ∆�̅�𝑖𝑗 = �̅�𝑖 − �̅�𝑗, 

from simulations using their full charge and experiments at 298.15 K and ambient pressure. Experimental 

results were obtained from the average of two independently prepared samples. The reported errors in 

experimental results are the maximum deviation from the average. While the reported errors in simulation 

results represent for one standard deviation. 

 

 �̅�1 �̅�2 �̅�3 ∆�̅�31 ∆�̅�21 ∆�̅�23 
 (𝑐𝑚3/𝑚𝑜𝑙) (𝑐𝑚3/𝑚𝑜𝑙) (𝑐𝑚3/𝑚𝑜𝑙) (𝑐𝑚3/𝑚𝑜𝑙) (𝑐𝑚3/𝑚𝑜𝑙) (𝑐𝑚3/𝑚𝑜𝑙) 

experiment       
 1083 ± 3 1245 ± 12 1157 ± 6 73 ± 7 162 ± 12 89 ± 13 
simulation       
 953 ± 5 1074 ± 6 1026 ± 7 73 ± 3 121 ± 3 48 ± 4 

 

 

Figure F3a is showing the probability distribution of number of water molecules within 

cavitand’s hydrophobic pocket.  In the case OA (host 1), it exhibits a nearly symmetric and 

unimodal shape. The most prominent peak is centered at n=4 waters inside the pocket. But 

actually, it has a slightly skewness towards lower occupancy states. With increasing 

hydration numbers, the probability quickly falls to 0 when n >= 8. When number of waters 

FigureF 3: a) The probability distribution, p(n), of number of water molecules within the hydrophobic pocket 

of cavitand as a function of hydration number, n. They are evaluated from simulations at 298.15 K and 1 bar 

using scaled charge. The symbols for hosts 1-3 are identified in the figure legend. b) Partial molar volumes 

of cavitand, �̅�(𝑛), as a function of hydration numbers within hydrophobic pocket determined from the same 

simulations. The symbols for hosts 1,2, and 3 are defined in figure F3a. The thick, dashed, red line 

corresponds to the results for 1 shifted up by ∆ = 81 cm3/mol. The error bars in both figures indicate one 

standard deviation. 
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decreases, a second, weak peak can be observed, and the distribution profile extends a long 

tail to the left. There is an approximately 5% probability (= 𝑝1(0)) to observe a completely 

dry pocket. In the case of TEXMOA (host 3), the probability distribution of hydration 

number within pocket is found to be nearly identical to that of OA. The profile of pocket 

hydration distribution is not significantly affected by the four methyl units on exo-positions 

of rim. In contrast, the hydration number distribution of TEMOA (host 2) is impacted 

dramatically by its four methyl units on endo-positions. It transforms from the nearly 

gaussian shape of OA and TEXMOA into a very apparent bimodal shape. Two local 

maxima of probability can be observed at n=0 and n=3. And the pocket of TEMOA is 

empty during ~73% (= 𝑝2(0) ) of the overall simulation time. Therefore, it can be 

concluded that whether the methylation occurs on exo-positions (pointing upwards) or 

endo-positions (pointing inwards) will significantly change the hydration number 

distribution within the inner-pockets of cavitand.  

TableF 3: Average number of water molecules within cavitands’ pockets, ⟨𝑛⟩ =  ∑ 𝑖 ∗ 𝑝(𝑖), determined 

from simulations at 298.15 K and 1 bar with scaled charge. Reported errors indicate one standard deviation. 

 

 

 

This difference in pocket hydration can be promptly reflected from the average number of 

water molecules within the pockets of these three distinct cavitands, as reported in table 

F3. In average, both OA and TEXMOA can capture around 3.5 waters, while the mean 

hydration number is only 0.74 for TEMOA.  

host ⟨𝑛⟩  

1 3.55 ± 0.04  

2 0.74 ± 0.06  

3 3.48 ± 0.03  
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To better explain these distinct hydration behaviors, we need to probe the impact of 

different methylation positions on the cavitand pocket shapes. Hence, we examined the 

pocket hydration of all three cavitands under elevated pressure. Under very high pressures, 

water molecules can be pushed into the pocket, and the dry states stabilized by capillary 

evaporation will be overcome. The probability distributions of hydration numbers within 

hydrophobic pockets for all three types of cavitands under a pressure as high as 2500 bar 

were reported in figure F4. All the hydration number probability distributions exhibit 

symmetric and Gaussian-like shapes. The centers of the  distributions now are shifted to 

n=5 since more waters are pushed into the pockets. All the dry states (n=0) are suppressed, 

even for the probability distribution of TEMOA, which has a ~73% probability to observe 

dry states under ambient pressure. Despite some subtle differences, the three hydration 

distribution profiles are almost identical to each other.  
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These similar hydration behaviors demonstrated that the methyl units on endo-positions of 

the rim doesn’t significantly change the shapes of pockets. They are able to accommodate 

water molecules of similar quantity once the dry states are overcome by sufficiently high 

pressure. It can be further verified by the average hydration numbers within all three 

cavitands under pressure of 2500 bar. As shown in table F4, they are all around 4.7 and in 

excellent agreement with each other. Moreover, if we turn back to partial molar volumes. 

Under 2500 bar, the partial molar volume difference (reported  in table F5) between 

TEMOA and OA (host 2 and 1) is ~72 cm3/mol. This is not only very closed to the partial 

FigureF 4: The probability distributions, p(n), of number of water molecules within the 

hydrophobic pocket of cavitand as a function of hydration number, n. They are evaluated 

from simulations using scaled charges at 298.15 K and 2500 bar. The symbols for hosts 1-3 

are identified in the figure legend. Error bars indicate one standard deviation. 
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molar volume difference between TEXMOA and OA (host 3 and 1) under same pressure, 

but also almost identical to that of four additional methyl groups. All of these results lead 

to one conclusion that the positions of the additional methyl units on the rim don’t affect 

the shape or capacity of hydrophobic pockets. The additional partial molar difference 

between TEMOA and OA under ambient pressure is from different hydration conditions. 

There is a tendency for TEMOA to self -dewet its pocket and easily to exclude water 

molecules. Once waters are pushed into the pocket and it has the same hydration statistics 

as that of OA and TEXMOA, the volume increment from the four added methyl groups 

remains the only source of partial molar volume difference.  

 

TableF 4: Partial molar volumes of single cavitand, �̅�𝑖, and partial molar volume differences, ∆�̅�𝑖𝑗 = �̅�𝑖 − �̅�𝑗, 

from simulations using scaled charge and experiments at 298.15 K and 2500 bar. The reported errors in 

simulation results represent for one standard deviation.  

 

 �̅�1 �̅�2 �̅�3 ∆�̅�31 ∆�̅�21 ∆�̅�23 
 (𝑐𝑚3/𝑚𝑜𝑙) (𝑐𝑚3/𝑚𝑜𝑙) (𝑐𝑚3/𝑚𝑜𝑙) (𝑐𝑚3/𝑚𝑜𝑙) (𝑐𝑚3/𝑚𝑜𝑙) (𝑐𝑚3/𝑚𝑜𝑙) 

simulation       
 1063 ± 4 1135 ± 8 1036 ± 6 73 ± 7 72 ± 9 -1± 10 

 

 

TableF 5: Average number of water molecules within cavitands’ pockets, ⟨𝑛⟩ =  ∑ 𝑖 ∗ 𝑝(𝑖), determined from 

simulations at 298.15 K and 2500 bar with scaled charge. Reported errors indicate one standard deviation.  

 

 

 

 

 

host ⟨𝑛⟩ 

1 4.84 ± 0.03 

2 4.60 ± 0.07 

3 4.77 ± 0.06 



215 
 

 

 

 

 

 

 

 

 

 

 

The probability distribution of the dry states and the wet sates can actually be controlled 

by pressures. And this has been detailly covered in the discussion part of chapter 5. Figure 

F5 illustrates the probability distributions of hydration numbers inside TEMOA (host 2) as 

a function of pressure. In general, when pressure is lower, the bimodal shape of the 

distribution is more prominent. The probability to observe dry pocket drops from ~73% to 

~34% after the pressure is elevated from 1bar to 500 bar. With the increase of pressure, the 

nature of the second local maximum is suppressed. When pressure reaches 1500 bar, 

basically the probability distribution is transformed into a nearly unimodal shape. In the 

bimodal shape of the hydration distribution profile, the two local maxima at n=0 and at n=4 

or 5 are separated by a minimum (free energy barrier) at n=1. It indicates that the 

FigureF 5: The probability distributions, p(n), of number of water molecules within the hydrophobic pocket 

of cavitand as a function of hydration number, n, and pressure. They are evaluated from simulations using 

scaled charges at 298.15 K. The pressure ranges from 1 bar to 2500 bar. The large inset arrow reflects the 

impact of pressure on p(n). The symbols for the different pressure are identified in the figure legend. Error 

bars are neglected for clarity.  

 

 



216 
 

 

probability of observing a completely dry pocket is higher than that of a pocket with one 

single water inside. The filling of the cavitand pocket is a cooperative effect similar with 

the reported drying phenomena of buried protein cavities.  

The driving force of TEMOA’s self-dewetting phenomenon is discussed in chapter 5. 

Generally speaking, it can be simplified using capillary evaporation model and the system 

thermodynamics can be described by interfacial free energies associated with the surfaces 

of cavitands contacting other phases (water or vacuum). From a macroscopic perspective, 

the free energy of a wetted state is proportional to the surface area of the pocket (with a 

proportionality constant equals to the specific solid/water interfacial tension). Likewise, 

the free energy of a dry state is proportional to the area of the air/water interface across the 

portal accompanied by a corresponding air/water interfacial tension132,134. A certain state 

with lower free energy will be favored by the system. Therefore, the dry state will be 

favored if the pocket has a larger pocket surface area, while the wet state will be favored 

with a larger tension in air/water interface at portal. In the comparison between TEMOA 

and TEXMOA, when the methyl groups are displaced from exo-positions to endo-positions, 

the air/water interface area at portal is narrowed since the opening of pocket is smaller. 

Meanwhile, the capacity of pocket is not altered but the pocket surface area is partially 

increased. All of these mutually contributed to the system free energy and make the dry 

state preferred over the wet state. This macroscopic picture of surface tensions and free 

energy is questionable, especially when it is applied to cavitands with nano-scale pockets. 

However, our simulation results reach a qualitatively agreement with this capillary 

evaporation proposition. And a detailed capillary evaporation model is developed in 

chapter 5.  
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Figure F3b reports the average partial molar volume of all three cavitands as a function of 

hydration number within their pockets. Naturally, the partial molar volume is smaller when 

more waters are occupying the pocket. Thus, it is a decreasing function of the pocket 

hydration number for all the hosts. When the hydration condition is the same, the partial 

molar volumes of TEXMOA and TEMOA are basically the same. This further 

demonstrated that the partial molar volume difference between TEXMOA and TEMOA 

under ambient pressure doesn’t originate from intrinsic difference in the packing of the 

waters inside or inner structures of their pockets. Additionally, if we shift the partial molar 

volume profile of OA upwards by ~81 cm3/mol, which is the reported partial molar volume 

difference between TEXMOA and OA from simulation, an excellent consistence between 

the shifted curve and the profiles of TEMOA and TEXMOA can be observed. Apparently, 

accommodating same number of waters inside, the primary difference in partial molar 

volumes of OA with TEMOA and TEXMOA only comes from the physical volume of the 

four additional methyl units. Combining experiments and computational work, our results 

verify that the methylation on endo-positions of rim can increase the preference of cavitand 

inner pocket to completely dry states over relatively wet states. And it leads to the 

anomalously large partial molar volumes of TEMOA over the other two cavitands.  

A practical question regarding this cavity self-dewetting can be asked is: how does it affect 

the host-guest binding? Here a combination of simulations and experiments are used to 

investigate this impact. In the aspect of experiments, Isothermal Titration Calorimetric 

(ITC) experiments were performed in our collaborator, Dr. Bruce Gibb’s group, to evaluate 

the thermodynamics of the binding processes of selected n-alkyl carboxylates guests within 

hydrated OA and poorly hydrated TEMOA. ITC can directly report the enthalpy of  
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complexation (∆𝐻), and then yields the Gibbs free energy (∆𝐺), entropy contribution 

(−𝑇∆𝑆), and heat capacity (∆𝐶𝑝). As shown in table F6, not surprisingly, for both OA and 

TEMOA, larger-sized guests have higher binding affinities. The binding is always stronger 

(more negative ∆𝐺) with TEMOA for all the guests compared to OA. Interestingly, this 

binding process with TEMOA is more exothermic (relatively more negative (∆𝐻) and more 

penalized in entropy (more positive −𝑇∆𝑆 ). This category of binding phenomena 

enthalpically dominated and more penalized entropically is described as “non-classical 

hydrophobic effect”180. In addition, during the binding process, there is a heat capacity loss 

in the whole system for both hosts upon host and guest desolvation. But in general, with 

whole range of guests, this heat capacity loss is more prominent in the case of TEMOA 

(very negative values in ∆∆𝐶𝑝). 
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TableF 6: Thermodynamics for the complexation of fatty acid to OA (host 1) and TEMOA (host 2) at 298.15 

K and their corresponding differences.   

 

 

To figure out the reasons for those difference in binding thermodynamics between 

OA and TEMOA, the drying free energies of all three cavitands were evaluated based 

on the hydration probability distributions from simulations in a range of temperatures. 

In figure F6, the free energies of water evacuation process from the hosts pockets, 

defined as ∆𝐺𝑑𝑟𝑦 = −𝑘𝑇𝑙𝑛𝑝(0), is plotted as a function of temperature. Roughly 

speaking, OA and TEXMOA exhibit comparably the same trends in the drying free 

energy. They are both linearly decreasing functions with the increase of temperature. 

On the other hand, the drying free energy of TEMOA is quite flat. And from a 

Host 1       
Guest 𝐾𝑎  (𝑀−1) ∆𝐺 (kcal/mol) ∆𝐻 

(kcal/mol) 
−𝑇∆𝑆 (kcal/mol) ∆𝐶𝑝(cal/mol 

K) 
hexanoate 6.05 ×  103 -5.16 -5.74 0.59 -68.3 
heptanoate 3.80 ×  104 -6.24 -6.49 0.24 -89.0 
octanoate 1.37 ×  105 -7.00 -6.12 -0.89 -115.6 
nonanoate 3.37 ×  105 -7.54 -6.46 -1.08 -133.3 
decanoate 6.33 ×  105 -7.91 -6.48 -1.43 -154.5 

Host 2      
Guest 𝐾𝑎  (𝑀−1) ∆𝐺 (kcal/mol) ∆𝐻 

(kcal/mol) 
−𝑇∆𝑆 (kcal/mol) ∆𝐶𝑝(cal/mol 

K) 
hexanoate 2.70 ×  104 -6.04 -7.53 1.49 -95.1 
heptanoate 2.35 ×  105 -7.32 -8.54 1.21 -119.3 
octanoate 1.49 ×  106 -8.42 -8.69 0.27 -143.3 
nonanoate 3.51 ×  106 -8.92 -9.67 0.75 -164.9 
decanoate 4.40 ×  106 -9.05 -9.08 0.03 -182.1 

Difference(2-

1) 
     

Guest 𝐾𝑎  (𝑀−1) ∆∆𝐺 
(kcal/mol) 

∆∆𝐻 
(kcal/mol) 

−𝑇∆∆𝑆 (kcal/mol) ∆∆𝐶𝑝(cal/mol 

K) 

hexanoate -- -0.88 -1.79 0.90 -26.8 
heptanoate -- -1.08 -2.05 0.97 -30.3 
octanoate -- -1.42 -2.57 1.16 -27.7 
nonanoate -- -1.38 -3.21 1.83 -31.6 
decanoate -- -1.14 -2.60 1.46 -27.6 
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macroscopic perspective, the drying of TEMOA’s pocket is much less unfavorable 

(less positive ∆𝐺𝑑𝑟𝑦), while this evacuation process in OA and TEXMOA is more 

penalized. The drying enthalpies and entropies can be extracted from the total drying 

free energies by a linear fitting (i.e., ∆𝐺𝑑𝑟𝑦 = ∆𝐻𝑑𝑟𝑦 − 𝑇∆𝑆𝑑𝑟𝑦 , where ∆𝐻𝑑𝑟𝑦  and 

∆𝑆𝑑𝑟𝑦 are both independent of temperature). ∆𝐻𝑑𝑟𝑦 is the interception and −∆𝑆𝑑𝑟𝑦 is 

the slope. Those thermodynamic data are reported in table F7.  

Detailly, For OA and TEXMOA, this drying is more favorable in entropy (more 

negative −𝑇∆𝑆𝑑𝑟𝑦 ) and unfavorable enthalpically (positive ∆𝐻𝑑𝑟𝑦 ). And 

quantitatively, the entropic and enthalpic contributions to their drying free energies 

are both nearly the same. In the case of TEMOA, the drying enthalpy and entropy are 

both smaller by an order of magnitude. Considering the fact that there are fewer water 

molecules within the pocket, the less contributions from enthalpy and entropy can be 

explained reasonably. It is interesting to observe that for all three cavitands, the drying 

process is enthalpically penalized. Despite the loss of hydrogen bonds when 

interfacial water molecules enter the pocket (vide infra), favorable van der Waals 

interactions can be built between waters and atoms on cavitand. The combined 

influence of these two factors leads to this enthalpically penalized drying.  
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TableF 7: Cavitand drying free energies, enthalpies, and entropies at 298.15 K as determined from linear fits 

of simulation drying free energies (Figure F6). Thermodynamic properties reported in groups of kcal/mol. 

 

 1 2 3 2-1 3-1 

∆𝐺𝑑𝑟𝑦 1.90 ± 0.02 0.21 ± 0.02 1.74 ± 0.01 -1.69 ± 0.03 -0.16 ± 0.03 

∆𝐻𝑑𝑟𝑦 3.86 ± 0.20 0.13 ± 0.18 3.53 ± 0.09 -3.73 ± 0.27 -0.33 ± 0.26 

−𝑇∆𝑆𝑑𝑟𝑦 -1.96 ± 0.18 0.08 ± 0.16 -1.79 ± 0.08 2.04 ± 0.24 0.17 ± 0.23 

 

 

FigureF 6: Drying free energy (∆Gdry = −kTlnp(0)) of all three cavitands as a function of temperatures 

determined from simulations using scaled charges. The symbols for hosts 1-3 are identified in the figure 

legend. The linear fits of the drying free energies to the expression ∆Gdry = ∆Hdry − T∆Sdry are shown by 

the lines. ∆Hdry and ∆Sdry are both assumed to be independent of temperature. The error bars indicate one 

standard deviation. 
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In figure F7, it can be confirmed that the encapsulation of water molecules within cavitand 

pocket will reduce their opportunities for hydrogen bonding. It reports the average number 

of water-water hydrogen bonds formed for each individual water within pocket as a 

function of hydration number. The calculation is also done for bulk water. In general, the 

number of hydrogen-bonds for each water in pocket is significantly lower compared to 

bulk. When the hydration number is smaller or in a relative drier state, the opportunity to 

form hydrogen bonds is further reduced since there are fewer neighbor waters. Besides, 

within TEMOA (host 2), the number of hydrogen-bonds is lower for each water compared 

FigureF 7: Average number of water-water hydrogen bonds for individual water molecule within pockets of 

OA (host 1) and TEMOA (host 2) as a function of hydration number. They are evaluated in simulations at 

298.15 K and 1 bar using scaled charges. The corresponding average hydrogen number in bulk water is 

represented by the horizontal dash line.  
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to that in OA (host 1) in whole range of hydration conditions. Though at high hydration 

numbers, they appear to converge to one another. It further corresponds to that the drying 

process of TEMOA is less enthalpically penalized and waters are in states with higher 

energy. The drying of OA is very unfavorable enthalpically, and this might be due to the 

van der Waals interactions or even additional hydrogen bonding with atoms in cavitand. 

Water is sacrificing its hydrogen bonding with neighbor waters during the process of 

absorption to pocket of OA.  

If we compare the data presented in table F6 and F7, an excellent agreement can be 

observed both in sign and magnitudes of these thermodynamic contributions. For OA, the 

binding process is less enthalpically favored (relatively more positive ∆𝐻 ) and less 

entropically penalized (more negative −𝑇∆𝑆). It is due to its higher water occupancy since 

the drying process itself is also very unfavorable in enthalpy (positive ∆𝐻) and favorable 

in entropy (negative −𝑇∆𝑆). The release of water contributes to the whole complexation 

process and more dominantly it places extra penalty on the part of enthalpy. Therefore, the 

total binding is weaker.  In case of TEMOA, due to the absence of water within pocket, the 

overall guest binding process is stronger. When the guest is approaching the pocket of 

TEMOA, it doesn’t need to compete with water molecules and can skip the water expelling 

step. Thus, it can avoid that large enthalpic penalty. 

This impact of solvent in pocket on host-guest binding can also be inferred from the 

potential-of-mean force (PMF), which can quantitatively describe the change of free 

energy between two interacting groups along a certain pre-defined reaction coordinate. 

Figure F8 is showing the PMF between a hexanoate guest and a single empty cavitand (OA 

and TEMOA) to form a 1:1 complex along the C4-axes of symmetry. The distance 𝑧 is 
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measured from the center of the guest to the center of the cavitand portal. Hence, the 

distance is negative (𝑧 < 0) when the center of the guest is inside the pocket, while a 

positive distance (𝑧 > 0) means the center of the guest is outside.  

 

 

 

 

 

 

 

 

 

 

 

FigureF 8: Potential of mean force between a hexanoate and a single cavitand (OA in a and TEMOA in b) to 

form a 1:1 complex in water at 298.15 K and 1 bar. It is measured along the host C4-axis of symmetry as a 

function of distance 𝑧, which is the distance between the hexanoate center-of-mass and the center of cavitand 

portal. The PMF (𝐺𝑃𝑀𝐹), was also broken down into its enthalpic (𝐻𝑃𝑀𝐹) and entropic (−𝑇𝑆𝑃𝑀𝐹)components 

assuming the free energy is linear with temperature. The lines are identified in the legend of a. Error bars 

have been neglected for clarity.  
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In both cases, a deep attractive well can be observed where the center of the hexanoate 

guest is bound inside the pockets (𝑧 < 0). Thus, overall, the host-guest binding process is 

favorable and the 1:1 complex is stable in water. Within TEMOA, PMF exhibits a deeper 

well depth indicating the binding is stronger. It is consistent with what is reported (more 

negative ∆𝐺 for TEMOA) from experiments in Table F6. Considering the PMF minima 

when they are break down into their enthalpic and entropic components, in both cases they 

are dominantly favored by the enthalpy and only weakly favored or even opposed by the 

entropy. Comparing the two PMFs, at minimum, it is more enthalpically favored in case of 

TEMOA over OA. Meanwhile, it is less strongly favored by the entropy for TEMOA. It 

can be further demonstrated, combining all the thermodynamic data in binding and pocket 

drying (Table F6 and F7), and together with the PMF, the presence of less water molecules 

in TEMOA leads to a significant impact on binding. It doesn’t need to account for the 

additional enthalpic penalty to expel the water and as a result the binding is stronger.  

This guest approaching process can be visualized by the plot of average hydration number 

within pocket as a function of the distance between the guest center of mass and the center 

of the pocket portal. This can be evaluated from the PMF and illustrated in figure F9. In 

case of OA, when guest was outside, the average hydration number is stable at n=4 with 

very minor fluctuation. When one end of the guest entered, around 𝑧 = ~4Å, the waters 

were expelled out and the average hydration number drastically decreased to zero. 

Correspondingly, the PMF started to decrease from zero and became favorable from the 

same place. On the other hand, the average hydration number within TEMOA exhibited 

large variance when guest was outside. Not surprisingly, the average water numbers are 

significantly lower than that of OA even the guest was still far away.  Due to the self-
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dewetting behavior, waters can be displaced from the pocket very easily so that it started 

to decrease rapidly at where the guest center-portal center distance was still ~7Å. That can 

partially explain, for TEMOA, the extent of the PMF’s attractive well has a longer range. 

It began to decrease also at 𝑧 = ~7Å. For both cavitands, the enthalpic component (𝐻𝑃𝑀𝐹) 

has an unfavorable hump at where waters started to be evacuated. And this hump is more 

prominent in OA compared to that of TEMOA. Relevantly, the entropic component 

(−𝑇𝑆𝑃𝑀𝐹) became relatively more favorable at the same node.  
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FigureF 9: Average hydration number within OA(a) and TEMOA (b) as a function of the distance z. 

This distance is measured between the center-of-mass of hexanoate guest and the center of the cavitand 

portal. 
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F.4 Conclusion 

In conclusion, our findings both in experiments and simulations are the first self-dewetting 

behaviors observed within a synthetic host in aqueous solution. When there is no 

methylation on the rim (OA) or the methyl units are at exo-positions (TEXMOA), the 

pocket is more wet, and the average hydration number is high. When the methylation 

occurs at those pointing-inward endo-positions (TEMOA), the evacuation of water is 

triggered in a way similar with capillary evaporation. It has a significant impact on guest 

binding. The dry pocket of TEMOA will make the binding in total more favorable. It is 

less penalized in enthalpy and more unfavorable in entropy. When guest is approaching the 

binding pocket, there are fewer waters to compete with it. Therefore, it needs to pay less 

enthalpically to expel hydration water out of the pocket. We also proposed a macroscopic 

perspective regarding this phenomenon, where there is a balance between the combined 

effect from attractive van der Waals interactions and limited hydrogen-bonding 

opportunities to form a cavitand/water interface, against the formation of air/water 

interface at the portal. These results potentially provide us a new approach to design host-

guest binding systems. Specifically, structural modification can be conducted on host 

pockets or binding sites to change its hydration propensity and wetting tendency, therefore 

to shift the balance towards dry or wet states and affect the total binding behaviors. 
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