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Zusammenfassung 
London’schen Dispersionswechselwirkungen wurde in den ersten Jahrzehnten nach ihrer 

Entdeckung nur wenig Aufmerksamkeit geschenkt, da die Fehlannahme existierte, sie seien 

generell schwach und können dementsprechend nur vernachlässigbaren Einfluss auf 

chemische Prozesse haben. Heute wissen wir, dass die durch London Dispersion 

hervorgerufene Stabilisation zwischen zwei einzelnen Atomen zwar tatsächlich eher 

schwach ist, sich diese kleinen stabilisierenden Beiträge jedoch in größeren Systemen 

schnell zu einer signifikanten Kraft kumulieren können. Es wurde klar: London‘sche 

Dispersionswechselwirkungen können die Struktur und Stabilität von Molekülen und die 

Selektivität chemischer Reaktionen signifikant beeinflussen. Im Rahmen dieser Arbeit 

wurde mit Hilfe einer molekularen Waage, einem Messgerät für nonkovalente 

Wechselwirkungen auf molekularer Ebene, ein besseres Verständnis für London’sche 

Dispersionwechselwirkungen in Lösung erlangt. Dies ist von besonderer Bedeutung, da über 

die letzten Jahre diskutiert wurde, zu welchem Anteil London Dispersion in Lösung, durch 

kompetitive Wechselwirkungen mit dem Lösungsmittel abgeschwächt wird. 

In der ersten Veröffentlichung stellen wir die Synthese und verschiedene 

lösungsmittelabhängige NMR-Experimente einer molekularen Waage auf Basis des 9,9'-

Bifluorenyliden-Grundgerüsts vor. Da die E/Z Isomerisierung des hier verwendeten Systems 

hauptsächlich durch solvophobe Effekte beeinflusst wird kann so der Einfluss des 

Lösungsmittels auf die Stärke ebendieser untersucht werden. Ein genaues Verständnis von 

Solvophobizität ist für Untersuchungen an London Dispersion in Lösung essentiell, da dort 

beide Effekte häufig gemeinsam auftreten. 

In der zweiten Publikation haben wir insgesamt 14 verschiedene, sich durch die verwendeten 

Substituenten unterscheidende, molekulare Waagen, auf Basis des gleichen unpolaren 

Grundgerüsts synthetisiert und ebenfalls das Gleichgewicht zwischen E- und Z-Isomer 

mittels NMR in sieben verschiedenen organischen Lösungsmitteln untersucht. Dabei wurde 

das durch London Dispersion stabilisierte Z-Isomer in nahezu allen Experimenten als 

bevorzugt vorkommendes Isomer identifiziert. Mittels computerchemischer Berechnungen 

wurde nachgewiesen, dass die höhere Stabilität des Z-Isomers durch London’sche 

Dispersionswechselwirkungen zwischen den benachbarten Substituenten hervorgerufen 

wird. Dadurch konnten wir unterstreichen, dass London‘sche Dispersionswechselwirkungen 

in Lösung nicht vollständig durch kompetitive Wechselwirkungen mit dem Lösungsmittel 

aufgehoben werden.   
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Abstract 
London dispersion interactions received little attention in the first decades after their 

discovery because of the misconception that they are generally weak and, could accordingly 

only have negligible influence on chemical processes. Today it is known that, although the 

stabilization between two individual atoms caused by London dispersion is indeed rather 

weak, these small stabilizing contributions can quickly accumulate to a significant force in 

larger systems. London dispersion interactions can therefore strongly influence the structure 

and stability of molecules and the selectivity of chemical reactions. 

In this work, a better understanding of London dispersion interactions in solution was 

obtained using a molecular balance. These are small molecular devices that can be used to 

measure noncovalent interactions at the microscopic scale. This is of particular importance 

because over the past several years there has been a debate about the extent to which 

stabilization caused by London dispersion in solution is attenuated by competitive 

interactions with the solvent. 

In the first publication, we present the synthesis and various solvent dependent NMR 

measurements of a hydrocarbon molecular balance based on the 9,9'-bifluorenylidene 

backbone. Since the different E/Z-ratios of this molecular balance in a group of 15 organic 

solvents are mainly induced by the solvophobic effect, it allows us to understand the 

influence that the choice of solvent can have on the strength of solvophobic effects. These 

effects are particularly important to fully understand opportunities and limits of the strategic 

use of London dispersion interactions in solution, where both forces oftentimes occur 

simultaneously. 

In the second publication, we synthesized a total of 14 differently substituted molecular 

balances based on the same nonpolar backbone. We studied their E/Z-equilibrium by NMR 

in seven different organic solvents. The Z-isomer was favored in almost all experiments. We 

used computations to show that the Z-isomers higher stability is caused by London 

dispersion interactions between the neighboring substituents and therefore underlined that 

London dispersion interactions in solution are not fully compensated by competing 

interactions with the solvent. 
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1. Introduction 

1.1 Motivation 
London dispersion (LD) interactions are attractive noncovalent forces which arise from the 

spontaneous polarization of an atom or molecule, which then induces a dipole in 

neighbouring atoms or molecules.1 Fritz London predicted the existence of this quantum 

mechanical electron correlation effect in 1930 to explain the condensation of noble gases at 

cryogenic temperatures.2,3 The first 50 years after their discovery were mainly shaped by the 

common misconception that the influence of LD on chemical systems is generally negligible 

due to their relative weakness in comparison to other noncovalent forces when considering 

pairwise interactions between single atoms. Contrarily, more recent studies were able to 

experimentally and theoretically highlight structures or reactions that are significantly 

influenced by LD, particularly in systems with an increasing number of atoms and pairwise 

interactions.4 Since LD interactions are ubiquitous forces, their recent “renaissance” had 

implications on almost all areas of chemistry. For example, the structures of large 

biomolecules like proteins or DNA were found to be heavily influenced by LD interactions5 

and catalysts of the future could be designed to strategically use LD interactions between 

substrate and catalyst to generate selectivity.6 This process is driven by modern 

computational chemistry methods which are able to accurately predict the strength of LD 

interactions further opening the door to the deliberate use of LD in the design of reactions, 

catalysts or in other fields of use. 

In this work, we focus on the effects that the presence of solvent can have on LD interactions. 

This is still a field of discussion because it remains unclear to which degree solute-solute LD 

stabilization could be attenuated due to competing solute-solvent LD interactions.7–9 Our 

work is based on the use of small molecular switches called “molecular balances”, consisting 

only of carbon and hydrogen. These molecular devices allow us to measure noncovalent 

interactions at the microscopic level without the interference of local dipoles generated by 

the presence of heteroatoms like oxygen or nitrogen. In addition, they provide experimental 

insights into how size, shape, and flexibility of different substituents impact the amount of 

LD stabilization present in different solvents and how we can identify the presence of 

solvophobic effects which are linked to LD in solution. The obtained experimental results 

will be compared to state-of-the-art computational chemistry methods to assess the accuracy 

of present methods and generate experimental benchmark datasets which could be used by 

theoretical chemists and physicists. 
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1.2 London Dispersion Interactions 

London dispersion interactions, named after Fritz London, represent the attractive part of the 

van der Waals potential.1–3 They can be described as the result of quantum mechanical 

fluctuations of the electron density around an atom or a molecule which create an 

instantaneous electric field that induces an inverse dipole in neighbouring atoms or 

molecules. The approximated dispersion attraction between two atoms or molecules is 

described by equation (1).4 

                                                             𝐸𝑑𝑖𝑠𝑝 =  − ∑
𝐶6

𝐴𝐵

𝑟𝐴𝐵
6

𝑎𝑡𝑜𝑚 𝑝𝑎𝑖𝑟𝑠

𝐴𝐵

                                                   (1) 

Here, every diatomic interaction energy is calculated by dividing the dispersion coefficient 

𝐶6
𝐴𝐵 , which includes the specific polarizability of the considered structures, by the sixth 

power of the interatomic distance. For systems with more than two atoms, all pairwise 

interaction energies are summed up to obtain an approximation of the overall dispersion 

attraction, still more sophisticated methods of calculating LD interactions in larger systems 

have to go beyond pairwise additivity.10 This implies that LD interactions increase for 

systems with increasing size and polarizability. It also becomes clear that atoms or molecules 

need to be in close proximity to each other to significantly attract each other due to the r−6 

dependence. The rather small interaction energies calculated for the pairwise interactions of 

single atoms led to the common misconception that LD could be neglected even in larger 

systems. However, over the last decades, it was repeatedly shown that structure and stability 

of systems with an increasing number of atoms is often severely influenced by LD, since all 

small pairwise interactions add up to a significant attractive force.4 One of the most 

prominent examples to show the importance of LD in large systems is the successful, LD 

driven, synthesis of derivatives of the elusive hexaphenylethane (1) (Figure 1).11 
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Figure 1: The unstable hexaphenylethane 1 can be stabilized through the addition of 12 tert-butyl 

groups in all meta-positions. 

Starting with the pioneering work of Moses Gomberg,12 the synthesis of unsubstituted 

hexaphenylethane 1 has been the topic of scientific discussions for decades.13 (Figure 1) To 

date, all experimental and computational evidence points towards its instability at standard 

conditions due to steric repulsion between the phenyl groups.14 Strikingly, the addition of 12 

tert-butyl groups, which, from a classical perspective, would have been considered to add 

even more steric bulk to the system, instead stabilized the strained hexaphenylethane core. 

This unexpected stability is also predicted by quantum chemical computations in which the 

LD stabilization present between the two trityl moieties of all-meta-tert-

butylhexaphenylethane 2 amounts to over 60 kcal mol−1.15 A major part of this stabilization 

can be attributed to the LD interactions between the added tert-butyl groups. Figuratively 

speaking, the LD interactions in the tert-butyl-shell of the molecule act as a noncovalent glue 

to stabilize a generally unstable structure in the core of the molecule. With a very similar 

system, the shortest intermolecular H∙∙∙H contact in a hydrocarbon structure was achieved.16 

The very unfavorable H∙∙∙H distance of only 1.566(5) Å was compensated by over 50 kcal 

mol−1 of LD stabilization present between the tert-butyl groups. Other examples for 

extraordinary hydrocarbon structures stabilized by LD are diamandoid-diamandoid dimers 

like 3 with exceptionally long C−C bonds,17 Tetra-tert-butyltetrahedrane 5, a structure with 

unusual bond angles held together by the corset effect,18,19 or the “hairpin”-foldamers of 

chained alkanes with 18 or more carbon atoms (4) which are computationally predicted to 

be the energetic minimum structure despite bearing two unfavorable gauche-contacts.20 

(Figure 2). 
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Figure 2: Different examples of unusual hydrocarbon structures enabled via LD. Areas of key LD 

stabilizations are highlighted in green. 

LD also significantly influences the structure and stability of many molecules outside of the 

realm of hydrocarbons. For example, hexa-tert-butylcyclotrisilane21 and hexa-tert-

butyldisilane22 are part of a group of several silanes with exceptionally long Si-Si bonds that 

are stabilized via LD. Additionally, the germanium-analogue of the latter features the longest 

reported Ge−Ge (2.563(1) Å) and Ge−C (2056(3) Å) single bond.23 LD is also significantly 

stabilizing a large amount of different transition or lanthanide metal complexes.24,25  

Another field in which LD was found to be influential is the structure and stability of 

biomolecules like proteins, enzymes or DNA. Grimsley et al. measured the stability of 

several different proteins with varying side chains and found that hydrophobic interactions, 

to which LD interactions contribute, are the major driving force towards the generation of 

protein tertiary and quaternary structure.26,27 Additionally, computational studies focussed 

on noncovalent interactions in biomolecules emphasized the importance of LD to these 

systems.5,28  

Alongside the multitude of examples presented in which LD influences the structure and 

stability of molecules, the (2 + 2) cyclodimerization of substituted benzynes (6) reported by 

Akai et al. represents an important example of a chemical reaction in which LD acts as a 

driving force towards a certain reactivity.29 (Figure 3) 
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Figure 3: LD interactions between the two adamantyl groups is decisive for the regioselectivity of 

the (2 + 2) cyclodimerization of the benzynes 6. 

Here, the proximal regioisomer 7 with both adamantyl moieties on the same side of the 

molecule is the major product of this reaction. The distal isomer 8, in which the adamantyl 

substituents point away from each other and consequently do not interact noncovalently, is 

not formed at all. Therefore, the classical idea that bulky groups like the adamantyl moieties 

have to repel each other if in close contact is proven to be not generally applicable. Instead, 

the reaction is directed towards the product with maximized LD stabilization in the transition 

state. A comparable reactivity was shown in the synthesis of 

1,8-di(1-adamantyl)naphthalenes in which the favoured regioisomer also is the one with two 

adamantly-groups positioned on the same side of the molecule.30 

Not only the structure of starting materials in a chemical reaction can influence its outcome 

through LD interactions. In catalysis, selectivities or yields of reactions can be influenced 

by the strategic use of DEDs as well.31,32 For example, Schreiner et al. studied the famous 

organocatalytic Corey-Bakshi-Shibata (CBS) reduction which was originally claimed to be 

directed to high enantioselectivities only due to repulsive interactions between catalyst and 

substrate. A series of experiments with a variety of substrates was able to falsify this claim 

by showing, that “the success of the CBS reduction is due to an excellent balance of 

attractive and repulsive steric interactions, with LD interactions being key to rationalizing 

the experimental findings.”33 They were able to increase the yield and enantioselectivity of 

the reaction by adding large, bulky, and highly polarizable groups to the substrate and the 

backbone of the oxazaborolidine catalyst. Bistoni et al. also studied “the delicate balance of 

steric and dispersion interactions in organocatalysis using high-level computational 

methods”.34 They found that LD could be an important design feature of future generations 

of organic catalysts, emphasizing the class of imidodiphosphorimidates (IDPi) as especially 

promising due to their clear recognition site with which the activated substrate can interact.35 
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In transition-metal-catalysis, we find another example for catalytic reactions which are 

significantly influenced by LD interactions. In the copper(I) hydride catalyzed 

hydroamination of unactivated olefins, the catalyst shows a significant increase in reactivity 

when substituted with bulky phosphine ligands.36 (Figure 4) 

 

Figure 4: The reaction rate of the copper(I) hydride catalyzed hydroamination of unactivated 

olefins increases with increasing ligand size. 

The authors anticipate “that the dispersion-enabled reactivity revealed in the present study 

has broad implications in the design and development of more effective ligands for transition 

metal catalysis.” This idea has been referred to in a variety of reviews discussing the 

possibility to systematically use LD interactions in the field of catalyst design.6,37 Although 

today, easily accessible approaches towards truly rational catalyst design have not yet been 

developed, recent advances in computational chemistry represent a big step towards this 

goal.  
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1.4 London Dispersion Interactions in Solution 

 

Figure 5: Schematic representation of the solvation effects that have to be taken into account to 

understand LD-bound dimers in solution. 

Figure 5 uses the simplified monomer-dimer-equilibrium of pentane in both the gas phase 

and in solution as an example to explain the important difference between the quantification 

of LD in the gas phase and in solution. In the gas phase, the measurement of the equilibrated 

monomer/dimer ratio is sufficient, because the only energetic difference between associated 

and dissociated form is the LD stabilization present in the dimer. In solution, whilst the dimer 

is stabilized by LD interactions, the previously unsolvated molecular surface between the 

two pentane molecules in the monomer state is, upon dissociation, additionally solvated. 

This changes the net energy difference between the associated and dissociated form 

compared to the gas phase and ultimately leads to the compensation of a part of the LD 

stabilization in the dimer. Solute-solute and solute-solvent LD interactions are therefore 

competing with each other.38 This phenomenon was studied extensively over the last decade 

with various different experimental approaches which are described in the following. 

In 2013, Cockroft et al. raised the question: “How much do van der Waals dispersion forces 

contribute to molecular recognition in solution?”7 The experimental setup used to answer 

this question is based on the renowned Wilcox molecular balance 12. (Figure 6) 
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Figure 6: Wilcox type molecular torsion balance used for the quantification of LD in solution. 

The experimentally obtained LD-stabilization between the alkyl chains was found to be one 

order of magnitude smaller than predicted by quantum chemical computations. “The most 

likely explanation […] is that dispersion forces are effectively cancelled by competitive 

dispersion interactions with the solvent”, they state. Furthermore, the authors mention that 

this discrepancy could also be caused by computations which did not consider the entropic 

penalty required for alkyl chain association. Since the alkyl chains in 12 are flexible, there 

could be a variety of conformers in which the two alkyl moieties are not, or only partly, in 

close proximity to each other.  

To circumvent the use of gas-phase computations as a comparison to solution phase 

experiments, Chen et al. studied “the contribution of LD to the bond dissociation of proton 

bound dimers, both in the gas phase and in dichloromethane solution”.8 (Figure 7) 

 

Figure 7: The equilibrium of proton-bound dimers with their respective monomers was studied 

both in the gas phase and in solution. 

The comparison of gas- and solution-phase measurements for the same system allows for a 

more precise quantification of the compensation of LD in solution compared to the previous 

example. For dichloromethane as the solvent, this compensation was estimated to be around 
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70%, which is still large, but smaller than the order of magnitude proposed earlier. To study 

the solvent and temperature dependence of this compensation, comparable experiments were 

repeated in a group of solvents covering a wide range of refractive indices and bulk 

polarizabilities.39 It was shown that the compensation of LD in solution throughout all 

solvents and at a broad range of temperatures is ranging between 60% and 80%. This 

indicates that the amount of LD-compensation in solution is largely solvent independent.  

To exclude the influence of local dipoles introduced to the molecular balance system by the 

presence of different heteroatoms, Schreiner et al. studied the solvent and temperature 

dependency of the equilibrium between 1,4- and 1-6-di-tert-butyl-1,3,5,7-cyclooctatetraene 

16 (COT).9 (Figure 8) 

 

Figure 8: The “folded” 1,6-COT is favored throughout 16 common organic solvents. 

It was found that the LD-stabilized 1,6-COT 16b is favored in all solvents, underlining that 

LD is not fully compensated in solution. The same molecular balance equipped with 

diamandoid-substituents was used to explore the “limits of London dispersion stabilization” 

in alkane solvents.40 

 In our study, which is based on the 9,9’-bifluorenylidene molecular balance system 17, a 

multitude of different substituents were attached to understand the influence of size and 

flexibility of the interacting groups on the overall interaction energy present in solution. 

(Figure 9)  
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Figure 9: Various 2,2‘-substituted-9,9‘-bifluorenylidenes were used as molecular balances to study 

the influence of DED-size and flexibility on the overall interaction energy in solution 

1.4 London Dispersion Interactions in Quantum Mechanical Computations 

Today, the use of computational chemistry methods that take LD into account is considered 

best practice.41 This was significantly driven by several examples, where traditional 

computational methods, which did not adequately account for LD interactions, conflicted 

with experimental results.42,43 To begin, we will briefly explain the different tools that were 

developed for the quantification of LD in computational chemistry. 

The first main method for the computational quantification of noncovalent interactions is 

based on symmetry-adapted perturbation theory (SAPT).44,45 It assesses the interaction 

energy of molecular fragments via the perturbation of the molecular complex and allows 

qualitative comparison of the different types of interactions which constitute the overall 

interaction energy. This makes it a useful tool to understand how strongly LD influences a 

certain system. Also, the distance-dependency of these different noncovalent interactions 

can be probed using SAPT. (Figure 10)  
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Figure 10: Exemplary SAPT results for the argon dimer as a model system. In dependence of the 

interatomic distance, the interaction can either be repulsive, attractive, or nonexistent. 

Secondly, one can simply compute the energy of a LD-bound complex and subtract the 

computed monomer energies to obtain estimates for the overall interaction energy present in 

the dimer. (Figure 11) 

 

Figure 11: Isolation of the LD-stabilization present in a dimer by subtracting the computed 

monomer energies. 

A similar approach is used for the quantification of LD-stabilization in intramolecular 

interactions. By computing the same system twice, once while employing a LD-correction 

and once without, one can subtract the obtained energies and therefore estimate the overall 

LD-stabilization present in the system.46 Additionally, energy decomposition analysis 

(EDA) can be used to quantify the LD-contribution to the overall interaction energy in a 

system.47 
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Since LD is an electron correlation effect, the computational quantification of LD requires 

an accurate description of electron correlation. Thus, within the family of wave function 

theory (WFT), post-HF methods are suitable for the quantification of LD. Coupled cluster 

methods such as CCSD(T) are considered to be the gold standard in this area of theory.48–50 

Due to high computational costs, the DLPNO variants of these methods are frequently used 

instead of their canonical counterparts.51 

While local DFT is intrinsically unable to cover LD effects, there are modern DFT methods 

that are explicitly designed to treat electron correlation more precisely and to account for 

LD.52–55 In recent years, empirical double hybrid DFT methods combined the chemical 

accuracy of WFT with the shorter computation times of DFT.56  

For molecules with a large conformational flexibility it is apparent that the comparison of 

just two single point energies will not lead to accurate results for overall LD-stabilization 

which is strongly distance-dependent. The conformer-rotamer ensemble sampling tool 

(CREST) can be used to adress this issue.57 It employs fast, semiempirical tight-binding 

based methods like GFN2-xTB58 to efficiently generate conformer ensembles even for very 

large systems.59 These can be employed in the command-line energetic sorting (CENSO) 

algorithm which gives a Boltzmann-averaged free energy value representing the full 

ensemble.60 

The most important computational tool for the visualization of noncovalent interactions is 

NCIPLOT.61,62 It is based on the reduced density gradient which was conceived as a 

correction factor for semi-local density approximations in DFT.63 As an example, Figure 12 

shows the NCIPLOT of Z-2,2’-Dicyclohexyl-9,9’-bifluorenylidene, one of our molecular 

balances. 
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Figure 12: NCIPLOT of Z-2,2’-dicyclohexyl-9,9’-bifluorenylidene. Green symbolizes areas in 

which attractive noncovalent interactions are present, while red shows areas in which Pauli 

repulsion is present. 

The increased accuracy of today’s computational chemistry methods allows us to decently 

describe effects with chemical accuracy. One way to continuously improve today’s 

computational accuracy is to compare very accurate experimental benchmark measurements 

with the results of state-of-the-art computations.64 One of the most important classes of 

organic experimental benchmark systems for computational chemistry are molecular 

balances. 

 

1.5 Molecular Balances 

1.5.1 The General Concept of a Molecular Balance 

In contrast to a macroscopic scale that is used to determine the mass of an object in everyday 

life, a molecular balance is a microscopic system used to quantify noncovalent interactions 

on the molecular level. The term “molecular torsion balance” was first introduced in 1994,65 

although, organic molecules were used to quantify noncovalent interactions as early as 

1974.66 Until today, molecular balances were used to study π-π,67,68 functional group- π,67,69 

LD,70 and solvophobic interactions.71  

To introduce this topic, we will focus on molecular torsion balances which are the most 

commonly used systems in this field. A molecular torsion balance is generally based on the 

equilibrium between two spectroscopically distinguishable rotamers often called “folded” 

and “unfolded”. In the folded state, the two functional groups of interest are brought into 
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close proximity to each other and therefore interact noncovalently. In the unfolded state, 

these noncovalent interactions are “switched off” due to a larger distance between the 

groups. (Figure 13) 

Figure 13: Schematic representation of a molecular torsion balance. 

In these systems, equilibration between these two states takes place via slow rotation of a 

single bond. The ratio between the folded and the unfolded state of the molecular torsion 

balance can be introduced into the law of mass action (2) to recieve the equilibrium constant 

of the folding reaction.  

                                                                 𝐾fold =̃
𝑓𝑜𝑙𝑑𝑒𝑑

𝑢𝑛𝑓𝑜𝑙𝑑𝑒𝑑
                                                                (2) 

For an ideal molecular balance investigated in the gas phase (Figure 13), Kfold is exclusively 

influenced by stabilizing or destabilizing noncovalent interactions between the functional 

groups in the folded state. When Kfold is now inserted into (3), where T is the absolute 

temperature and R the gas constant, the obtained folding free energy ΔGfold gives direct 

thermodynamic information about the nature and dimension of the interaction between both 

functional groups.  

                                                       ∆𝐺fold =  −𝑅𝑇 ln (𝐾fold)                                                            (3) 

Since the molecular balances that have been experimentally employed for the quantification 

of noncovalent interactions are not ideal systems, their folded/unfolded equilibrium is not 

only influenced by the noncovalent interactions between the substituents, but also by other 

effects. Most importantly, since Kfold is mainly measured in solution using nuclear magnetic 

resonance spectroscopy (NMR), solvophobic effects must be taken into account when 

interpreting the experimental results.7,8,72–74  
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Figure 14: The solvophobic effect influences the folded/unfolded equilibrium of molecular 

balances in solution, as folded and unfolded isomers possess different solvent excluding surfaces. 

This is due to the fact that the unfolded isomer generally has a larger solvent excluding 

surface (SES) compared to the folded isomer because of its lack of intramolecular contact 

area between the functional groups (Figure 14). A larger solute-solvent contact area in the 

unfolded state also leads to a larger solvation free energy ΔGsolv compared to the folded state 

which influences the folded/unfolded equilibrium towards the unfolded state. For LD, the 

attenuation by solvophobic effects was measured to be between 60% and 80%.8,39 Other 

secondary factors that could distort the experimental results are “background steric, solvent 

and secondary intramolecular interactions”.67 To account for these effects, control balances 

were synthesized and used in thermodynamic double-mutant cycles.75 Also, molecular 

balances were designed to possess a high degree of symmetry which lead to a decrease in 

experimental distortion due to secondary effects.9,74,76,77 

1.5.2 Different Classes of Molecular Balances 

1.5.2.1 Molecular Torsion Balances 

Pioneering work in the field of molecular torsion balances was performed by Ōki et al. by 

using 1,9-disubstituted triptycene derivatives78 like 18 to study σ-σ79–83 and σ-π84,85 

interactions (Figure 15).  
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Figure 15: Slow rotation around the single bond in the 1-position of 1,9-disubstituted triptycenes 

allows for quantification of the differently stabilized rotamers via NMR. 

More recently, Gung et al. used similar balances to study π-π interactions.86–90 The bond 

rotation of the substituent in the 1-position of triptycene based balances is slow enough to 

allow for NMR peak separation of the three different rotamers. Deviations from the 

statistical 2:1 folded/unfolded ratio can be interpreted with regard to noncovalent 

interactions between the substituents X and Y or solvent effects. 

Another very important and widely employed class of molecular torsion balances was 

developed by Wilcox et al. in 1994.65 (Figure 16) Its structure based on Tröger’s base with 

a biphenyl-rotor allows switching between a folded (19b) and an unfolded (19a) state. 

 

Figure 16: The Wilcox molecular torsion balance was intensively used to study aromatic edge-to-

face interactions. 
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Slow bond rotation due to double-ortho substitution of the biphenyl rotor allows for 

quantification of folded/unfolded ratios via NMR. Wilcox-balances were used to study 

aromatic edge-to-face interactions,65,91–93 CH-π interactions,91,94 functional group 

interactions,95–97 LD,7 and solvent effects.72,73,94,98,99 In contrast to 19 which aligns the two 

aromatic moieties for interaction in an edge-to-face fashion, the molecular balance 20 

developed by Shimizu et al. was designed to study aromatic face-to-face interactions (Figure 

17).69,100–103  

 

Figure 17: Molecular torsion balance developed by Shimizu et al. for the quantification of 

noncovalent interactions between various functional groups with an aromatic surface.  

Additionally, systems that are based on the same N-arylamide backbone were used to study 

CH/D-π104–107 and heteroatom-π108–112 interactions as well as the distance dependence of the 

interplay of London dispersion and Pauli repulsion.113 

1.5.2.2 Dimerization Balances 

 

 

Figure 18: Schematic representation of a molecular balance based on a monomer-dimer 

equilibrium. 
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Compared to the aforementioned unimolecular balances, monomer-dimer balances are based 

on the quantifiable equilibrium between free monomers and their dimeric form which is 

stabilized via noncovalent interactions (Figure 18). For example, Chen et al. measured the 

dissociation energy of various differently substituted proton-bound N-heterocyclic dimers 

(Figure 7) in solution as well as in the gas phase.8,39 The comparison of both measurements 

lead to the conclusion that in dichloromethane LD is attenuated by about 70% compared to 

the gas phase due to competitive interactions with the solvent. Albrecht et al. used 

hierarchically assembled dinuclear titanium(IV) helicates as a molecular balance based on a 

monomer-dimer equilibrium to quantify LD between linear, branched, and cyclic alkyl 

substituents in deuterated DMSO.114 In addition, the dimerization of all-meta substituted 

trityl radicals to the respective hexaphenylethanes has been studied extensively to understand 

the stabilizing influence dispersion energy donors can have on strained systems.115,116 

1.5.2.3 Molecular Balances Based on Double Bond Isomerization 

The group of Wegner established the use of substituted azobenzene switches as molecular 

balances for the quantification of LD.117 (Figure 19) For this, a solution of the 

thermodynamically favoured E-isomer 21a is irradiated with UV-light to generate the 

strained Z-isomer 21b which is then slowly reacting back to the E-isomer. The reaction 

kinetics of this process were measured with UV-Vis spectroscopy in dependence of the 

substituents attached to the azobenzene core. 

 

Figure 19: The influence of DEDs on the relaxation kinetics of the photochemically generated 

Z-azobenzenes is measured. 

They demonstrated that the introduction of bulky and highly polarizable substituents in the 

meta-positions of the azobenzene increases the Z-isomers half-life from 3 h (unsubstituted) 

to over 50 h (adamantyl-substituted) due to LD interactions. The same system was employed 

to measure the influence of increasing length of alkyl-chains on the equilibration kinetics in 
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different solvents.118,119 These measurements showed that an increase in chain length only 

led to a significant increase in the Z-isomers half-life until n-butyl-substitution. For longer 

chains, the obtained half-lives plateaued at a comparable level, indicating an increasing 

influence of entropic penalties for chain association. The half-life also increased with 

increasing solvent polarity, suggesting that solvophobicity is a major driver for chain 

association in linear alkyl chains. 

Another example of this subclass of molecular balances is the equilibrium between 1,4- and 

1,6-di-substituted cycloocta-1,3,5,7-tetraenes which has been used to study the solvent 

dependency of LD for different bulky hydrocarbons.9,40 (Figure 8) Equilibration already 

takes place at room temperature through a double bond valence shift in combination with a 

ring inversion. Additionally, this system was used to study LD between silyl protecting 

groups76 and to experimentally assess the strength of hydrogen bonding interactions in the 

cyclic water dimer.77 

In our work, we employed various 2,2’-disubstituted-9,9’-bifluorenylidenes as synthetically 

more accessible molecular balances based on double bond isomerization. (Figure 9) 

Pioneering work with this class of molecular balances was performed by Minabe et al. by 

studying the influence of difference in chain length of acyl-substituents on the E/Z-ratios via 

base-catalyzed isomerization.120,121 To exclude the influence of the base on the obtained 

ratios, we studied the kinetics of the thermal E/Z-equilibration at elevated temperatures. At 

333 K, we found the equilibration to be fast enough to be completed over night whilst the 

temperature was still low enough to allow us the use of most of the important organic 

solvents. We used this class of molecular balance to study the interplay of solvophobic 

effects, LD, and Pauli repulsion in solution.74,122 

1.6 Conclusions and Outlook 
In this work we synthesized and spectroscopically investigated a variety of differently 

substituted molecular balances based on the 9,9’-bifluorenylidene backbone in several 

different organic solvents.  

In the first publication, we used the hydrocarbon molecular balance 2,2’-diethynyl-

9,9’bifluorenylidene to emphasize that the cohesive energy density (ced) of the solvent is a 

decent quantitative descriptor of solvophobic effects in organic solvents. We measured the 

E/Z-equilibrium of the molecular balances in 15 deuterated organic solvents via 1H-NMR 

and found a good correlation between the ced of the solvent and the E/Z ratio obtained 

experimentally. 
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In the second publication we synthesized a group of 14 differently substituted molecular 

balances also based on the 9,9’-bifluorenylidene backbone. We measured the E/Z-

equilibrium of all molecular balance in 7 deuterated organic solvents via 1H-NMR and found 

that LD generally shifts the E/Z equilibrium towards the Z-isomer. Only for very small 

substituents (no interaction) or very large substituents (repulsive interactions), some 

examples were found in which the Z-isomer was not favoured or even disfavoured. This 

clearly demonstrated that in dependence of the structural surroundings, the size, shape, and 

degree of flexibility of a DED are decisive for the maximization of LD-stabilization in a 

certain system. In our work, the substitution of the molecular balance with two cyclohexyl-

groups led to the largest Z-preference. We attribute this to the large size and polarizability 

of the cyclohexyl moiety combined with enough flexibility to perfectly position each other 

right on the energy-minimum of the delicate balance between LD and Pauli repulsion. Along 

with other studies, this work contradicts the recent suggestion that LD interactions could be 

completely cancelled out in solution due to competing interactions with the solvent.8,9,39 

Furthermore, our experimental measurements could be used as a dataset of very accurate 

solution phase data on LD-influenced systems which could be employed by the 

computational chemistry community as a benchmark set to test the accuracy of 

computational solvent models, which to date still lack accuracy. The improved 

computational tools of tomorrow could give future chemists the ability to strategically use 

LD as a design principle in molecular solution phase chemistry. 
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2. Publications 
2.1 Quantifying Solvophobic Effects in Organic Solvents Using a Hydrocarbon 
Molecular Balance 
 

 

 

Abstract: 

We evaluate the use of the cohesive energy density (ced) as a quantitative descriptor for 

solvophobic effects in organic solvents by measuring ΔGZ/E of the rigid Z- and E-2,2’-

diethynyl-9,9’-bifluorenylidene.  In line with previously employed balances, solvent 

dependent changes in ΔGZ/E are predominantly induced by solvophobic effects, leading to a 

strong correlation with the solvent’s ced.  We re-emphasize the role of ceds as quantitative 

descriptors of solvophobic effects of organic solvents.  Our experimental findings are well 

supported by B3LYP-D3/def2TZVP computations. 

Reference: 

Finn M. Wilming, Jonathan Becker, and Peter R. Schreiner J. Org. Chem. 2022, 87 (3), 

1874–1878. (DOI: 10.1021/ACS.JOC.1C01813) 

Declaration of own contribution: 

Literature research, synthesis planning, synthesis, analysis of spectroscopic data, sample 
preparation for equilibrium measurements, analysis of equilibrium measurements, 
computations, analysis of computational data, preparation of the manuscript, responses to 
reviewers. 

 

Reproduced with permission from: 

© 2022, American Chemical Society 

1155 16th Street NW 

Washington, DC, 20036 

United States of America 
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2.2 Probing the Size-Limit of Dispersion Energy Donors with a Bifluorenylidene 
Balance: Magic Cyclohexyl 
 

 

Abstract: 

We report the synthesis of fourteen 2,2’-disubstituted 9,9’-bifluorenylidenes as molecular 
balances for the quantification of London dispersion interactions between various dispersion 
energy donors.  For all balances, we measured ∆GZ/E at 333 K using 1H-NMR in seven 
organic solvents.  For various alkyl and aryl substituents we generally observe a preference 
for the “folded” Z-isomer due to attractive London dispersion interactions.   The cyclohexyl 
substituted system shows the largest Z-preference in this study with ∆GZ/E ~ −0.6±0.05 kcal 
mol−1 in all solvents, owing to the rotational freedom of cyclohexyl groups paired with their 
large polarizability that maximizes London dispersion interactions.  On the other hand, rigid 
and sterically more demanding substituents like tert-butyl unexpectedly favor the unfolded 
E-isomer.  This is a result of the close relative position in which the functional groups are 
positioned in this molecular balance.  This close proximity is the reason for the increase of 
Pauli repulsion in the Z-isomers with large rigid substituents (tert-butyl, adamantyl, 
diamantyl) which leads to an equilibrium shift towards the unfolded E-form.  While we were 
able to reproduce most of our experimental trends qualitatively using contemporary 
computational chemistry methods, quantitative accuracy of the employed methods still 
needs further improvement. 

Reference: 

Finn M. Wilming, Benito Marazzi, Paul P. Debes, Jonathan Becker, Peter R. Schreiner, J. 
Org. Chem. 2023, 88 (2), 1024–1035. (DOI: 10.1021/ACS.JOC.2C02444.) 

Declaration of own contribution: 

Literature research, synthesis planning, synthesis of all molecular balances except 1Dia and 
1PFP, analysis of spectroscopic data, sample preparation for equilibrium measurements, 
analysis of equilibrium measurements, computations, analysis of computational data, 
preparation of the manuscript, responses to reviewers. 

Reproduced with permission from: 

© 2023, American Chemical Society 

1155 16th Street NW 

Washington, DC, 20036 

United States of America 
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