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a b s t r a c t 

This work investigates the dynamics of supramolecular complexes Calix[ n ]arenes that are formed by weak forces. 
These interactions are important for the structure and function of biological molecules and for the design of 
synthetic host-guest systems. Molecular dynamics simulations are used to explore the reversible binding under 
of these complexes external force at the atomic level and to complement experimental methods. 
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. Introduction 

Computer simulations are becoming more indispensable for scien-
ific research, as they expand the scope of application due to method-
logical developments and increasing computational power. For chem-
cal problems, quantum chemical calculations and molecular dynamics
MD) simulations [ 1 , 2 ] can disclose the atomic-level events of molecular
ystems that are elusive to experimental methods. Therefore, computer
imulations can aid in elucidating experiments or corroborating experi-
ental data. Conversely, simulations can also prompt new experiments

r address questions that are experimentally unfeasible. 
In this work, we used MD simulations to explore the dynamics of

eversibly bound supramolecular complexes. These complexes are sus-
ained by weak, non-covalent interactions [ 3 , 4 ], which originate from
lectrostatic and dispersion forces. The most prevalent forms of non-
ovalent interactions are ion-pair interactions, hydrogen bonds and 𝜋-
tacking interactions between aromatic groups. 

Non-covalent interactions are crucial for the secondary structure and
unction of biological molecules such as proteins and nucleic acids [ 5 , 6 ].
owever, supramolecular complexes are not only significant for natu-

al chemistry. In host-guest chemistry, synthetic molecules are devised
hat can selectively bind complex molecules. For example, crown ethers
an ensnare various cations [7] . By attaching dye molecules to the host
olecules that change the wavelength of the emitted light when a guest
olecule binds to the host, one can create a selective sensor that oper-

tes at the molecular level [8] . 
Non-covalent bonds have binding energies that are typically compa-

able to the thermal energy at room temperature [ 9 , 10 ]. Therefore, these
onds can fluctuate and have a limited lifetime. However, supramolec-
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lar complexes are often stabilized by a large number of non-covalent
onds. For instance, in folded proteins there are on average about 0.7
ydrogen bonds per amino acid [8] . 

Non-covalent bonds have binding energies that are typically compa-
able to the thermal energy at room temperature [ 9 , 10 ]. Therefore, these
onds can fluctuate and have a limited lifetime. However, supramolec-
lar complexes are often stabilized by a large number of non-covalent
onds. For instance, in folded proteins there are on average about 0.7
ydrogen bonds per amino acid [11] . If the two binding partners are
lose to each other in space, for example due to adjacent bonds, the
roken bond can potentially be reformed. In this way, the stability of
he system is not affected by small fluctuations in the number of bonds.
he interaction of many reversible bonds significantly increases the life-
ime of the complex compared to a single non-covalent bond. 

A two-state model can provide the simplest description of a re-
ersibly bound complex. Generally, the bound state corresponds to the
lobal minimum and the unbound state corresponds to a local minimum
n the potential surface of the system. The transition rates between these
tates are mainly determined by the energy barrier that separates them
12] . The rate for the transition from the bound to the unbound state is
sually smaller than for the transition in the opposite direction [13] . For
ome special folding proteins [14] , protein folding or unfolding cannot
e observed in an equilibrium simulation, as the simulation time scale
s much smaller than the time scale of these transitions. To overcome
his time scale problem, there are several methods. They all share the
ommon feature that they manipulate the system in such a way that the
nergy barriers between the different states can be more easily crossed.
n the so-called metadynamics [15] , artificial terms are added to the po-
ential function, which energetically penalize conformations that have
LI) . 
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lready occurred in the simulation. This way, conformations that are
ot normally observed in MD simulations are energetically favoured.
n replica exchange MD simulations [16] , several copies of the system
re simulated in parallel at different temperatures. After a certain time,
he coordinates of the system at different temperatures are randomly
wapped. Through this swap, conformations that can only be reached at
igh temperatures also become accessible at low temperatures. Another
ethod of overcoming this time scale problem is inspired by the ex-
erimental single-molecule force spectroscopy. By applying mechanical
orce, the complex can be stretched and even separated if the external
orce is large enough [ 17 , 18 ]. This also allows, for example, protein un-
olding to be observed on the time scale of MD simulations. Unlike the
ther two methods, the dynamics of the system are specifically altered.
owever, it should be noted that the dissociation path may depend on

he points where the external force is applied and the direction of pulling
 19 , 20 ]. Such ‘pull simulations’ are called ‘steered MD simulations’ or
force probe simulations’. In the two-state system model, the force low-
rs the energy barrier and increases the rate of transition from the bound
o the unbound state [ 21 , 22 ]. In essence, the force shifts the equilibrium
f the system from the bound to the unbound state. By determining the
istribution of the detachment forces or the transition times, one can
alculate the transition rates and the energy barrier. Since the force ap-
lied to the complex and the relative distance change between groups
ithin the complex are both considered, one can also determine the

lastic properties of the complex [23] . The conformational changes dur-
ng dissociation also involve distance changes, which can be measured
n experimental force spectroscopy. This allows one to obtain at least
 coarse picture of the dissociation path [ 24 , 25 ]. For a more detailed
xamination, computer simulations are useful, as they can reveal the
eometric dissociation path. By combining MD simulations and atomic
orce microscope experiments, the dissociation or folding paths of some
eceptor-ligand complexes and proteins could be determined [ 26 , 27 ]. 

The transitions induced by mechanical force are not deterministic
ut stochastic processes. Therefore, one observes, for example, a distri-
ution of values for the detachment force when the same measurement
s repeated several times. To determine the distributions, one needs a
ufficiently large number of experiments or simulations. 

. Theoretical background 

To simulate the temporal evolution of a molecular system on a com-
uter, two basic ingredients are required. First, a potential function that
escribes how the particles interact with each other. These interactions
nvolve the atomic nuclei and the electrons and are governed by quan-
um mechanics. Assuming the Born-Oppenheimer approximation [46] ,
e can separate the motion of the nuclei and the electrons. If we neglect
uantum effects such as tunneling, we can treat the nuclei as classical
articles that follow the classical equations of motion. In this approxi-
ation, the interatomic interaction consists of an electrostatic term be-

ween the nuclei and an effective potential that arises from the interac-
ion of the nuclei and electrons, and the electron-electron interaction.
deally, we would compute this interatomic interaction potential using
uantum chemical ab initio methods. These simulations are called ab
nitio molecular dynamics (AIMD) simulations. However, these meth-
ds are very computationally demanding, and they limit us to very small
ystems ( ∼500 atoms) and short times ( ∼50 ps) [47] . Alternatively, we
an use classical molecular dynamics (MD) to calculate the potential
ithout explicitly considering the electron-atom interaction. We can ap-
roximate it by an empirical function that only depends on the atomic
oordinates. This function is known as the force field. 

The second ingredient we need is a formalism that allows us to up-
ate the coordinates and momenta of the atoms from time t to time
 + ∆t . In molecular dynamics, we use Newton’s equations of motion
o integrate the temporal evolution of the system. The dynamics of the
ystem in this case are deterministic, as they only depend on the initial
onditions and the interaction potential. 
2 
To model the dynamics of an atomistic system, such as a molecule
nd its solvent, MD simulations are often used. The initial positions and
elocities of all the particles in the system are specified. Then, the po-
ential function is used to compute the forces on each particle based on
heir positions. These forces and the equations of motion are integrated
o update the positions and velocities of the particles after a small-time
nterval ∆t . This process of integration, force calculation, and position
nd velocity update is repeated until the simulation reaches the desired
uration tend = N steps 

∗ ∆t , where N steps is the number of integration
teps. 

The particles in a simulation are confined to a simulation box. This
eans that only the particles in the middle of the box have other par-

icles around them. The particles at the edge of the box, however, face
 boundary with the vacuum. If there are N particles distributed evenly
n the system, about N 

2/3 of them are at the boundary. This means that
ith 106 particles, only 1% of them are affected by boundary effects.
o reduce the errors caused by boundary effects, one could increase
he size of the box and add more particles. But this would increase the
omputational cost of the simulation, which scales with N2. A better
lternative is to use periodic boundary conditions. In this case, the box
s replicated infinitely in all directions. The box acts like a unit cell of a
eriodic crystal structure. In the simulation, each particle and its peri-
dic images move in the same way. This ensures that every particle has
ther particles around it and avoids the problem of a boundary with the
acuum. 

A simulation that uses Newton’s equations of motion to integrate the
ystem at a fixed volume follows the microcanonical ensemble (NVE en-
emble). However, this simulation cannot be directly compared with
xperiments that are done at constant temperature and/or pressure.
herefore, it is better to do the simulations in the canonical ensemble
NVT ensemble) or the isobaric-isothermal ensemble (NPT ensemble).
he equidistribution theorem provides a link between the MD simula-
ion and the thermodynamic temperature T . It states that the average
inetic energy of an ideal gas, which can be computed from the particle
elocities v , is proportional to the temperature. By adjusting the particle
elocities, the temperature can be controlled. In other words, the system
s connected to a heat bath with the temperature T B . If the system’s tem-
erature differs from T B , it exchanges energy with the heat bath until
hey reach thermal equilibrium. The methods that control the tempera-
ure are called thermostats. For an ideal gas, the temperature determines
he product of pressure P and volume V . By changing the volume of the
ystem in each simulation step, the pressure can be controlled. The term
arostat covers the algorithms used for this. 

. The importance of calix[ n ]arenes 

Calix[ n ]arenes are cyclic oligomers that can be prepared by conden-
ation of formaldehyde wit hp-alkylphenol in a basic medium [ 28 , 29 ].
 indicates the number of monomer units ( Fig. 1 ) 

Calix4arenes are macrocyclic compounds that can be modified with
arious functional groups at their upper or lower rims ( Fig. 2 ). One of the
nteresting modifications is the substitution of four urea groups at the
pper rim, which gives rise to tetraurea calix4arenes. These compounds
ave the ability to form dimeric capsules in apolar solvents, which are
tabilized by a network of intermolecular hydrogen bonds between the
rea groups [30] . The dimerization can be fine-tuned by changing the
ize and shape of the loops or bulky residues attached to the urea groups
31] . The dimeric capsules can also act as hosts for various guests,
uch as ammonium salts3, or as building blocks for rotaxanes and cate-
anes [32] , which are mechanically interlocked molecules with poten-
ial applications in nanotechnology and molecular machines. Therefore,
etraurea calix4arenes are important synthetic targets for supramolecu-
ar chemistry and self-assembly studies [33] . 

The properties of calix[ n ]arenes can be controlled not only by the
hoice of the number of monomer units n , but also by the substituent R.
alix[ n ]arenes are relevant in complex chemistry, as they can complex
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Fig. 1. Monomer unit of a calix[ n ]arene and Calix4arenes. 

Fig. 2. Rod model of a dimer of two calix[4]arenes substituted with urea groups, left side view, right top view. For better distinguishability, the two monomers are 
shown differently. 
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 variety of molecules by suitable choice of size (number of monomer
nits) and substituents (R or by substitution of the hydroxyl group). For
xample, cesium ions can be bound with R = CH 3 . If the calix[ n ]arene is
ubstituted with sulfonamide groups, different anions can be complexed.
ince the choice of substituents also determines the solubility behavior
f calix[ n ]arenes in different solvents, calix[ n ]arenes are a very flexible
igand in complex chemistry [34] . Moreover, there are efforts to use
ubstituted calix[ n ]arenes as selective sensors [35] . 

. Calix[ n ]arenes conformers and derivatives 

The calix[4]arenes substituted with urea groups were investigated.
n the dimer, the two monomers arrange in such a way that the urea
roups form a circular network of water bridge bonds. This results in
 maximum number of 16 water bridge bonds, since two bonds can be
ormed between each of the neighbouring pairs of urea groups, of which
here are eight. 

The calix[4]arene dimer is therefore an ideal model system for an
dhesion cluster under the influence of a mechanical pull. In experi-
ents, an external force is applied to the system by means of a spring.
he external force initially stretches the dimer system. If the force is suf-
ciently large, the water stoichiometry bonds can be opened and finally
he dissociation of the dimer can be observed. If the stabilization by the
3 
ater, the spring can relax and the distance between the two monomers
ncreases abruptly. The large distance between the two monomers pre-
ents the water bonds from rebonding. The transition from the closed
o the open structure is irreversible. However, if one also wants to ob-
erve rebonding events, the complete separation of the two monomers
ust be prevented. This can be achieved, for example, by introducing

ntangled alkyl chains into the system. 
In the calix[4]arene catenane dimer these chains are attached to the

xygen atoms of the outer benzene rings, see Fig. 3 , and are arranged in
uch a way that the alkyl chains of the different monomers are looped,
imilar to two intertwined rings. Generally, such systems, which con-
ist of several monomers that are looped into each other and thus can-
ot be separated, are called catenanes [36] . In the closed structures, the
lkyl chains are orthogonal to the connecting axis of the two monomers,
hich is why it can be assumed that they only influence the network
f water stoichiometry bonds to a minor extent. If the dimer dissoci-
tes, the two monomers can separate at most until the alkyl chains are
tretched. Further separation is prevented by the steric repulsion be-
ween the chains. Since the two monomers are now in relative proximity
o each other, depending on the chain length, rebonding is in principle
ossible if the external force is reduced again. Such a system is called
eversible because the transition from one structure (closed) to the other
stretched) can be reversed. 
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Fig. 3. Schematic representation of the structure of the two dimer systems. The alkyl chains are indicated by curved lines and consist of 20 (bis-loop) or 14 CH 2 

units (tetra-loop) each. The single-bonded oxygen atoms in the inner ring each represent a methoxy group (–OCH 3 ). 
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Table 1 

Atom type and chage of Calix [ 4 ] arene-catenane 

Atom type charge Atom type charge 

CH 3 0.303 CH 2 (1) 0.303 
OA − 0.511 CH 2 (2) 0.292 
N − 0.310 C(O) 0.450 
H 0.310 C(1) 0.208 
O − 0.450 C(2) − 0.146 
HC 0.146 C(3) − 0.200 
CH 2 0.000 C(4) 0.108 
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In the following, the calix[4]arene-catenane will be abbreviated as
alixarene. In an experimental work, Janke et al. [37] investigated two
ifferent calixarene systems using dynamic force spectroscopy. On the
ne hand, the so-called bis-loop system was studied. In this system, two
lkyl chains with 20 CH 2 units each are attached to each monomer.
he other system is called tetra-loop, as here four shorter (14 CH 2 
nits) alkyl chains are bound to each monomer. Both dimer systems
re schematically shown in Fig. 3 . 

. Molecular dynamics simulations details 

We used the GROMACS version 2023.01 [38] program package,
hich is freely available, to perform all MD simulations. The Bis-
oop system was simulated with the GROMOS force field G53a5 [39] ,
hile the Tetra-Loop system was also simulated with the OPLS-AA

40] and the GAFF force field [41] . We generated the topologies for
he calix[4]arene catenane using different methods depending on the
orce field. For the GROMOS G53a5 force field, we used the 𝛽-PRODRG2
erver [42] to generate the topologies and then corrected the partial
harges based on the charges of existing amino acids. For the OPLS-
A force field, we manually created the topologies. For the GAFF force
eld, we calculated the RESP charges [43] using the PyREDS server
44] , which employs the GAUSSIAN09 [45] program package with the
artree-Fock method and a 6–31G 

∗ basis for geometry optimisations
nd RESP charge calculations. We then used the ‘Antechamber’ mod-
le of the AMBER11 program package to generate the topologies and
onverted them into a GROMACS-readable format. We applied periodic
oundary conditions to all simulations and used cut-offs of 1.4 nm for
he GROMOS and OPLS force fields and 1.0 nm for the GAFF force field
or non-binding interactions. We updated the neighbourhood list every
0 fs (5 simulation steps) and used the PME method [47] for long-range
oulomb interactions and a dispersion correction for long-range van der
aals interactions. We fixed all bond lengths at their equilibrium value
4 
ith the LINCS algorithm [48] , which enabled a time step of 2 fs. The
imulation box size was about 5.4 nm × 4.4 nm × 4.4 nm for the Tetra-
oop system and 8.2 nm × 4.6 nm × 4.6 nm for the Bis-Loop system. 

We present the force field parameters for calix[4]arene catenane
nd mesitylene molecules in Fig. 4 . We show the atom types, partial
harges, and van der Waals and bonding parameters for each molecule
nd force field. We use C4 symmetry to reduce the calix[4]arene cate-
ane molecule to a quarter of its size and label the remaining parts as R 

∗ 

roups (R1 for the upper rim and R2 for the lower rim or alkyl chains;
ee figures4). We simplify the molecular representations for all-atom
orce fields (OPLS and GAFF) by showing only one hydrogen atom per
lkyl group. 

The GROMOS G53a5 force field uses atom types to derive the pa-
ameters of the bonding and van der Waals interactions ( Table 1 ). In
ome cases, atoms that belong to the same atom type have different
harges, so an index ‘( ∗ )‘ was added to these atom types. For example,
he atom types C(1) and C(2) belong to the atom type C, but have dif-
erent charges. 

The system was then coupled to a heat bath with a temperature of
 = 300 K. In a second equilibration phase, a barostat ( p = 1 bar) was also
oupled to control the pressure. The subsequent production or pulling
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Fig. 4. Atomic types of the calix[4]arene catenane for the GROMOS force field, 
corresponding to R1C(2) the next quarter unit of the molecule. The missing 
alkyl groups of the alkyl chain are represented by R2 and consist only of CH 2 

atomic types. Since the parameters of the tetra and bis-loop systems practically 
do not differ, both molecules are shown together. The only difference that arises 
between both systems enters the types of atoms C( ∗ ) and R ∗ . In the case of 
the Tetra-Loop system, C( ∗ ) = C(2) and R ∗= OA-… or in the case of the Bis-Loop 
Systems C( ∗ ) = C(3) and R ∗= HC. 
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Fig. 5. Stick model of the calixarene (excluding the alkyl chains) and a 
schematic diagram of the pulling simulation. The center of mass of four methoxy 
carbon atoms (black ovals) represents either the reference or the pulling group. 
In the pulling simulation, an external potential is applied to the pulling group, 
resulting in the observed force. This potential is relative to the reference group, 
which is fixed during the pulling process. 
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imulations, in which the data were collected, were performed under the
ame conditions and used the final structure of the second equilibration
hase as the initial geometry. 

Fig. 5 . shows the groups relevant for the pulling simulation and il-
ustrates how the external force is applied. 

The groups relevant for the tensile simulation are the reference and
he tensile group. Both are defined by the center of mass of the four
ethoxy carbon atoms of a monomer. The reference group is consid-

red to be stationary in the tensile simulation and thus corresponds to
he surface on which the molecule is bound in the experiment. A time-
ependent harmonic tensile potential is applied to the tensile group.
n the experiment, this corresponds, for example, to the cantilever of a
orce microscope. The force acting on the tensile group or the spring is
iven by the groups relevant for the tensile simulation which are the
eference and the tensile group. Both are defined by the center of mass
f the four methoxy carbon atoms of a monomer. The reference group
s considered to be stationary in the tensile simulation and thus cor-
esponds to the surface on which the molecule is bound in the exper-
ment. A time-dependent harmonic tensile potential is applied to the
ensile group. In the experiment, this corresponds, for example, to the
antilever of a force microscope. The force acting on the tensile group
r the spring is given by 

 = 𝑘 c ( vt − 𝑧 ) 

here z = R ( t ) − R ( t = 0) is the displacement of the pull group from its
riginal position and thus indicates the change in end-to-end distance.
ere k c corresponds to the force constant of the potential and v to the
ulling speed. 

In the simulations carried out here, the force constant
 c = 830:5 pN/nm and the tensile speeds v = 10, 1 and 0.1 m/s
ere used throughout. This results in loading rates in the order of
agnitude of μ = k c − v = 1011 − 1013 pN/s. These are typical values

or tensile simulations. For the lowest tensile speed ( v = 0:1 m/s) 50
ensile simulations were carried out and for the other two speeds 100
imulations each. In order to observe all transitions was simulated
5 
ith decreasing pulling speed for 0.5, 3 and 25 ns. For the relax-mode
imulations, the end structure of a pull-mode simulation was chosen as
he initial geometry, and the same simulation time as for the pull-mode
imulations was used. 

. Results and discussion 

If an external force is applied to the Tetra-Loop system, a defined
ransition to a stretched structure, this transition is accompanied by the
pening of the H bonds between the urea groups of the two monomers
UU bonds). The new, stretched structure is stabilized by a network of
-bonds extending between the urea groups and the ether oxygens that
onnect the calixarene cups to the alkyl chains (UE bonds). The two
tates of the system can thus be clearly defined via the end-to-end dis-
ance R and the nature of the stabilizing H-bonds. In the following, the
nitially closed state shall be referred to as the C T state and the stretched
tate referred to as the O T condition. 

In the following, the results of a pull-mode and a relax-mode sim-
lation at a tensile speed of at the tensile speed v = 0:1 m/s will be
resented. For the other pull- and relax-mode simulations, qualitatively
imilar results are found. 

.1. Results of a pull-mode simulation 

Fig. 6 below shows the variation of the external force (force-distance
urve; red) and the end-to-end distance (black) as a function of the con-
rol parameter x = vt for an exemplary pull-mode simulation. 

The trajectory can be divided into two regions, with the transition
vent at 1.42 nm separates these two regions. In the first region, the
orce initially increases linearly and the dimer is slowly stretched start-
ng from R = 1:45 nm. In this region the system in the CT state and the
U bonds hold the two monomers together. 

Assuming that the system behaves harmonically, the force F = k mol z

cts on the dimer, where k mol describes the molecular force constant of
he dimer along the tensile direction. 
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Fig. 6. Measured force F (red) and end-to-end distance R (black) of the Tetra- 
Loop system as a function of x with tensile speed v = 0:1 m/s. 
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If the system is in equilibrium, the same force given by Eq. (2) must
ct on the spring. Equating the two forces yields for the change of the
nd-to-end distance as a function of x : 

 = 

(
𝑘 c ∕ 𝑘 c + 𝑘 mol 

)
× 𝑥 

Substituting this expression into F = kmolz, we obtain the force as a
unction of the control parameter: 

 = 

(
𝑘 c ⋅ 𝑘 mol ∕ 𝑘 c + 𝑘 mol 

)
𝑥 = 𝑘 eff 𝑥 

After the break-down event, R and F follow a linear course again,
ith the end-to-end distance increasing only slightly. For the change of

he end-to-end distance as a function of the control parameter (deriva-
ion of equation (2) with respect to x ): 

 𝑅 ∕ 𝜕 𝑥 = 𝜕 𝑧 ∕ 𝜕 𝑥 = 𝐾 c ∕ 𝐾 c + 𝑘 mol 

Fig. 7 shows on the left side the development of the UU bonds (green)
nd the UE bonds (blue) over time. In addition, the course of R (black)
s plotted in order to be able to compare the curves more easily with
ig. 6 . On the right side the dynamics of the individual H-bonds can be
een, where number of individual H-bonds (0, 1 or 2) is plotted. It can be
learly seen that in the C T state, for small values of the control parameter
 , 10–11 UU bonds are found on average. Since not the full number
f the possible 16 UU bonds is formed, 1–2 UU bonds can already be
ormed in the C T state. If the system is stretched, the number of UU
onds decreases almost linearly. From the detailed plot (cf. right-hand
ide of Fig. 7 ), it can be seen that initially one UU bond of each proton
onor is formed. 

The second bond opens at a much later point in time and one can
ssume that the two UU bonds have different stability. In crystal struc-
ig. 7. Left: number of UU (green) and UE bonds (blue) as a function of x . In order to 
f the individual H bonds. Each track shows the course of the UU or UE bonds (zero,

6 
ures of the Tetra-Loop system, for the N 

–O distances that are relevant
or the UU bonds, measured two different distances [34] . Thus, the dif-
erent stability of the both bonds are explained. From x = 1.0 nm there
re almost exclusively the strong ones UU bindings and one observes an
ncrease in the number of UE bindings. The rupture event at 1.42 nm is
vident from the opening of the remaining UU bonds and recognized by
 large increase in the number of UE bindings. 

In O T condition one observes an average of about 10–11 UE binding.
heir number remains in the further course. However, the end-to-end
istance changes only slightly when open changes. 

The fact that the UU bonds have two different bond strengths, it is
lso evident from the dynamics of the total number of UU bonds ( Fig. 7
eft). 

Erdman et al. investigated the time-dependent potential of rigid ad-
esion clusters using kinetic Monte Carlo simulations. They found that
he bond number initially decreased slowly, but rapidly dropped near
he transition event. Since the force was uniformly distributed among
ll bonds, each bond rupture increased the likelihood of the next one,
eading to the results observed in the Monte Carlo simulations. The lin-
ar decrease of UU bonds in the tetra-loop systems observed in the MD
imulations can be attributed to the different stability of the bonds. Ini-
ially, only the weaker bonds are broken, followed by the stronger ones.

.2. Statistical analysis of the force probe simulations 

The detachment and reattachment transitions are stochastic events,
o a single trajectory of a pull experiment is not sufficient to analyze
hem. Instead, the statistical distribution of the observed quantities can
e examined over multiple experiments. The most relevant quantity is
he distribution of the transition forces. The mean force and the mean
nd-to-end distance are also interesting to analyze. The mean force can
eveal the elastic properties of the system, and the mean end-to-end
istance can indicate the reconnection behavior of the system. 

Fig. 8 shows the distribution of the transition forces for the three
ulling speeds on the left. No reattachment events were observed for
he highest pulling speed v = 10 m/s, so the corresponding forces are
bsent from the distribution. On the right, the mean transition forces
re plotted as a function of pulling speed. 

The overall trend of the mean transition forces agrees with the the-
retical expectation that the detachment forces increase with increas-
ng pulling speed and the reattachment forces decrease [22] . The de-
achment forces measured in the simulations are an order of magnitude
arger than the experimental ones for the bis-loop system. Moreover, the
ependence of the detachment force on the loading rate, which is pro-
ortional to the pulling speed, is much steeper than in the experiments.
xperimentally, a change in the loading rate by one decade results in an
simplify the comparison with Fig. 6 , R (black) is also drawn in. Right: Dynamics 
 one or two) of an acceptor-donor pair. 
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Fig. 8. Left panel: Distribution of the detachment (right of the gray line) and reattachment forces (left of the line) for different pulling speeds. Right panel: Plot of 
the mean transition forces versus the pulling speed v , with the detachment forces as circles and the reattachment forces as squares. The mean transition forces were 
obtained by fitting a Gaussian distribution to the respective data. 

Fig. 9. Distribution p ( R ) of end-to-end distances as found at the end of each 
relax mode simulation. The reference (cyan) is the distribution of the distances 
measured in an equilibrium simulation of the dimer system. 
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Table 2 

Rebinding probability p rebinding . of the three 
pulling speeds. p rebinding is defined as the frac- 
tion of the simulations that show an R at the 
end of the relax-mode simulation, that is also 
observed in the equilibrium simulations and 
thus corresponds to the overlap integral of 
these two distribution. 

v (m/s) P rebinding 

0.1 0.88 
1 0.73 
10 0.0 
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ncrease of the detachment force by 60 pN [27] , while the simulations
how an increase of 470 pN. This effect is also observed in other systems
66]. For v = 1 m/s, partially negative rebound forces are measured. Re-
axes the dimer slower than the spring moves, the term ( z − vt ) and thus
he force can become negative. 

In this case, the dimer is under compression. The reattachment
vents occur in this region, and negative reattachment forces are also
easured. If the hysteresis is very large, the reattachment transitions can

e shifted to forces that are not accessible within the timescale of the
imulation and thus no reattachment events are observed. The timescale
f a relax-mode simulation is determined by the simulation time (tend)
f the preceding pull-mode simulation. 

Fig. 9 shows the distribution of the end-to-end distances p ( R ) found
t the end of the relax-mode simulations. For reference (cyan), p ( R ) is
lso shown for an equilibrium simulation, In which no external force
as applied. 

The largest end-to-end distance observed for the tetra-loop system in
quilibrium is 1.55 nm. If a relax-mode simulation ends with a distance
f R < 1.55 nm, then the system is in a conformation that is also found
n equilibrium and the simulation can be considered fully reversible.
able 2 shows the fraction of simulations that satisfy this criterion. This
7 
raction can also be interpreted as the overlap integral of the distribution
f the distances in the equilibrium simulation and the distribution of the
istances at the end of the relax-mode simulations. For v = 0.1 m/s, most
f the relax-mode simulations (88%) reach a conformation that is also
bserved in equilibrium. This fraction decreases as the pulling speed
ncreases. 

.3. Average number of H-bonds 

As mentioned earlier, the network of H-bonds is a characteristic
uantity for distinguishing the C T and O T states besides the end-to-end
istance. Fig. 10 shows the temporal evolution of the average number
f H-bonds. For the UU bonds, the plot is truncated at x = 3.5 nm, since
o UU bonds are observed beyond this value of x . 

In the pull-mode simulations, the number of UU bonds decreases
ore slowly with increasing pulling speed than with lower pulling

peed. This effect is due to the logarithmic dependence of the detach-
ent force on the pulling speed. This relation holds not only for the de-

achment force of the whole system, but also for the individual bonds.
ince the detachment time is proportional to the detachment force and
 = vt , the mean value of the control parameter at which the rupture oc-
urs has the same dependence. Therefore, with increasing pulling speed,
he individual H-bonds are broken at a larger value of x than with lower
ulling speed. When the number of UU bonds reaches 5, the slope of the
urves changes ( x ≈ 1, 1.5 and 2.1 nm). At this point, all weak bonds
re broken and the system is only stabilized by the strong bonds. As the
ystem is further stretched, the number of UU bonds continues to de-
rease and the UE bonds are increasingly formed. For very large values



W.N. AL-DARKAZALI and O. HACHIM Chinese Journal of Analytical Chemistry 51.12 (2023) 100332 

Fig. 10. Mean number of H-bonds as a function of the control parameter. left side the number of UU bonds and on the right side the number of UE bonds is plotted, 
solid lines indicate the pull-mode and broken lines the relax-mode simulations. 
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f x , the number of UE bonds decreases again. This suggests that the UE
onds stabilize the open state, but prevent the complete separation of
he monomers by the alkyl chains. If these chains were longer, it should
e possible to fully dissociate the network of UE bonds as well. 

. Summary 

The tetra-loop system exhibits two distinct states, characterized by
ifferent end-to-end distances and water stub bond types (UU/UE). An
xternal force can induce a transition from the closed C T state to the
tretched O T state. The alkyl chains prevent further separation of the
onomers. Unlike the experimental results, the system does not fully

evert to the C T state within the timescale of the MD simulations, as
videnced by the velocity-dependent hysteresis and the incomplete re-
axation at different pulling speeds. At very high forces, some of the
E bonds that stabilize the O T state are broken, suggesting that com-
lete dissociation of the monomers is feasible in the bis-loop system
ith longer alkyl chains. 
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