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Abstract 

 

Polymeric material containing weak sacrificial bonds can be designed to engineer self-healing, 
higher toughness, improve melt-processing, or facilitate recycling. However, they usually 
exhibit lower mechanical strength and are subject to creep and fatigue. For improving their 
design, it is of interest to investigate their mechanical response at the molecular scale. We report 
on a computational study of the response to a mechanical external force of a Zinc (II) bis-
methyl phenyl-terpyridine ([Zn-bis-Terpy]2+) complex included in a cyclic poly(ethylene 
glycol) (PEG) tether designed to maintain the two partners of the metal-ligand bonds in close 
proximity after the rupture of the complex. The mechanical response is studied as a function of 
the pulling distortion using the CoGEF isometric protocol, including interactions with a polar 
solvent (DMSO). We show that tethering favors recombination but destabilizes the complex 
before bond rupture because of the interactions of the PEG units with the Terpy ligands. Similar 
effects occur between the DMSO molecules and the complex. Our results at the molecular scale 
are relevant for single-molecule force spectroscopy experiments. Interactions of the complex 
with solvent molecules and/or with the tether lead to a dispersion of the rupture force values 
which could obscure the interpretation of the results. 
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1. Introduction 

Polymeric material containing weak sacrificial bonds can be designed to engineer much 
sought-after properties such as self-healing, response to stimuli, higher toughness, improved 
melt-processing, or facilitated recycling.1-10 These properties arise from the ability of the weak 
bonds to break reversibly under an external mechanical force, thereby enabling the dissipation 
of the excess energy. The breaking of sacrificial bonds can be accompanied by the release of a 
hidden length which brings a reserve of extensibility upon stretching and can moreover help to 
maintain the two partners of the broken bond in close vicinity, favoring their recombination 
when the stress is relaxed. The concept of hidden length release upon breaking of weak bonds 
is abundantly exploited by nature to build materials with exceptional mechanical properties.11-

14  

Weak sacrificial bonds that rupture before the stronger ones of the polymeric materials in which 
they are embedded can be covalent bonds such as, e.g., Diels-Alder adducts, disulfide bonds, 
boronic esters, or imines,6-9 or supramolecular bonds, e.g., H-bonds, pi-pi staking, or metal – 
ligand coordination bonds.3, 4, 5  However, polymeric materials containing weak bonds present 
the drawbacks of their advantages: they have usually lower mechanical strength and are subject 
to creep and fatigue.2, 15 

Studying their response at the atomic and molecular scale provides useful understanding 
towards the rational design of materials with better performances. Up to now, the mechanical 
response of weak bonds embedded in polymeric chains have been studied experimentally 
mostly by sonication experiments in solutions.16-20 However, sonication experiments are 
limited in providing a detailed molecular response and quantitative information on the binding 
strength. Single-Molecule Force Spectroscopy (SMFS) is one of the methods that can provide 
quantitative information.17, 21 It has been used to probe the strength of different types of bonds 
in various systems including covalent bonds,22, 23 metal-ligands bonds,24-26 bonds resulting 
from pericyclic reactions,27-29 and interlocked architectures.30-33 However, SMFS experiments 
remain very demanding, and it is therefore advantageous to model the response at the molecular 
scale using quantum chemistry approaches in order to guide future experiments. 

Here, we investigate computationally the response to a mechanical external force of a Zinc(II) 
bis-methyl phenyl-terpyridine ([Zn-bis-Terpy]2+) complex included in a cyclic poly(ethylene 
glycol) (PEG) tether that maintains the two partners of the metal-ligand bonds in close 
proximity after the rupture of the complex (Figure 1). The study is performed both in the gas 
phase and in a polar solvent (DMSO). Terpyridine is a ligand of choice because it can form 
complexes with a wide range of transition metal ions exhibiting varied thermodynamic and 
kinetic stability.34 Terpyridine complexes have therefore been exploited in, e.g., catalysis,35, 36 
molecular motors,37 sensing,38, 39 and polymeric materials40-44. Zinc (II) was selected as metal 
ions because it forms rather weak and dynamic complexes with terpyridine and has been often 
used in metallo-supramolecular polymeric materials. Our aim is to characterize the mechanical 
properties of bis-terpyridine transition metal complexes, and to elucidate the influence of the 
PEG linker acting as a "tether" for the terpyridine ligands on these properties. Such tethered 
metal-ligand complex could indeed be used as sacrificial bonds allowing the release of hidden 
length in polymeric materials 14 and also for activation of latent catalysis 45, 46. We compute the 
response to the external force at the molecular level at the ab initio quantum mechanical level 
using the CoGEF (COnstrained Geometries simulate External Force) isometric protocol.47 We 
investigate the role of the tether and of the solvent on the ability of the complex to recombine 
after bond rupture free of mechanical constraint. Solvent effects are described by solvating the 
complex with solvent molecules at specific locations, as well as at the hybrid quantum 
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mechanics/classical mechanics QM/MM model 48 and with a polarizable continuous medium 
model (PCM).49  

2. Computational Methods 

2.1 Electronic structure 

The electronic structure of the complex is computed at the spin restricted density functional 
theory (DFT) level of quantum chemistry method. using the Gaussian G16 computational 
package.50 Range separated hybrid GGA51 or meta-GGA/hybrid functionals,52 as well as 
Grimme dispersion corrections,53 are necessary to describe the range of interactions between 
the Zn2+ cation, the terpyridine ligands and the PEG tether that take place as the complex breaks 
under the external force. We selected the 6-31G(d,p) atomic basis set which offers a good 
comprise between accuracy and computer time. Overall, we get a good agreement between the 
results obtained with the ωB97xD54 functional and M06-2X52 functional. The ωB97xD/6-
31G(d,p) level also leads to an equilibrium geometry of the [Zn-bis-Terpy]2+ complex and to 
Zn-N and Zn-O bond strengths in agreement with previous works, see section 3 below. We 
therefore adopted the ωB97xD/6-31G(d,p) level for all the computations. More details about 
the selection of the functional and of the basis set are given in the supplementary information, 
SI, (Section S1, Table S1-S6 and Fig. S1). At the equilibrium geometries at zero force reported 
in the main text, all the frequencies are real.  

2.2 Solvent effects 

Typically, SMFS experiments are carried out in a solvent. Here, we investigate the effect of 
DMSO, a polar solvent in which the [Zn-bis-Terpy]2+ complex is soluble. The solvent can play 
a crucial role in the response of the complex to the external force and in its reformation when 
the force is released, either by interacting directly with the complex or by forming a cage that 
could enhance or prevent the recombination step. DMSO can interact explicitly with the 
tethered complex by making H bonds with the C-H of the tether, by polarization interactions 
with the aromatic groups of the terpyridine ligands, or by interacting with the Zn2+ cation to 
form Zn-O bonds. Our computational results discussed below show that the strength of the Zn-
O bond formed with DMSO is similar to that of the Zn-N bonds and also to the Zn-O bonds 
that can take place between the O atom of the PEG when the [Zn-bis-Terpy]2+ complex is 
ruptured. Such bonds with Zn2+ have been previously reported for similar organic ligands.55 
For these reasons, we first investigated solvent effects by adding a few DMSO molecules to 
the complex in specific locations which provides qualitative trends since including a full layer 
of DMSO molecules to compute the mechanical response is computationally prohibitive. We 
also investigated solvation effects with the QM/MM-ONIOM (Our own N layered Integrated 
molecular Orbital and Molecular mechanics) electronic embedding methodology.56, 57 For the 
QM part, we used two model systems, either the complex itself, or the complex with 6 
interacting DMSO molecules. We find that overall, the QM/MM results are in agreement with 
the computationally less costly Polarizable Continuous Medium model (IEF-PCM)58, 59 results 
when in the QM/MM approach the QM system comprises the complex only and no DMSO 
molecules. Because of its lower computational cost, we therefore used the PCM model to 
describe the effect of the DMSO on the complex in the majority of the reported results. More 
details about the solvation models used can be found in Section S2 of the SI, Fig. S2 to S4 and 
Tables S7 to S10. Throughout in the computations reported below, we neglect the effect of the 
counter ions, typically Cl- which are expected to be well solvated and not interacting anymore 
with the complex in solution. 
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2.3 Response to an external mechanical force 

Several theoretical methods have been developed to quantify the response of a molecular 
system to an external mechanical force.60 The effect of the external force on the potential energy 
surface (PES) can be computed using quantum chemistry by an isometric or an isotensional 
approach. In the isometric method CoGEF (constrained geometries simulate external force)47, 
a geometrical constraint is the control parameter. In the isotensional approach, the external 
force is explicitly added as a term in the expression of the nuclear gradient of the energy during 
the geometry optimization. Three isotensional approaches have been implemented, the force-
modified-potential-energy surface (FMPES),61 the external force is explicit included (EFEI)62 
and the enforce geometry optimization (EGO).63 We adopt here the CoGEF approach. The 
constraint is the distance between the two pulling atoms to which the pulling force is applied 
(pulling distortion). The geometry is relaxed at each fixed value of pulling distortion leading 
to the FMPES. Since in this approach the external force is not applied directly, the force can be 
analyzed indirectly by monitoring the gradient on the nuclei at equilibrium under the constraint. 
Here, the pulling distortion is the distance between the two C atoms of the two terminal CH3 
groups, see Fig. 1a, and is parallel to the two axial Zn-N bonds, Zn-N2 and Zn-N5. The CoGEF 
calculations were carried out using Gaussian16 quantum chemistry packages.50 

 

 
 

Fig 1: a) Equilibrium geometry in the gas phase of the untethered [Zn-bis-Terpy]2+ complex. 
The ligand is 4'-(4-Methylphenyl)-2,2':6',2''- terpyridine. The pulling distortion is shown as a 
violet dashed line. It is applied to C atoms of the two CH3 groups encircled in red. The coloring 
code of the atoms are: Zn in orange, N in blue, C in grey and H in white. Selected structural 
parameters are marked. The bonds Zn-N1, Zn-N3 , Zn-N4, Zn-N6 are equatorial bonds and Zn-
N2 and Zn-N5 are axial bonds. Four dihedral angles between the pyridine units of the two 
ligands are numbered in green. The values of these parameters are reported in Tables 1 and 2 
below. b) Schematic representation of the complex tethered with two oligomers of n PEG units. 
Equilibrium geometries in the gas phase of the two conformers of the one n=6 PEG tether 
complexes. c) Conformer A in which the PEG tether interacts with the Terpy ligands. d) 
Conformer B, for which the interactions are weaker, is higher in energy by 48 kJ/mol (free 
energy difference at 298 K). 
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3 Results and Discussion 

4'-(4-Methylphenyl)-2,2':6',2''-terpyridine (referred as Terpy throughout, see Fig. 1) is a 
tridentate ligand. It binds to the metal ion through the N atoms of the 3 pyridine rings. At its 
free unbound equilibrium geometry, Terpy is in a trans planar conformation with two dihedral 
angles of ~ 0° between the pyridine units to avoid the repulsion between the lone pairs of N 
atoms. When Terpy binds with Zn2+ it undergoes a conformational transition from its trans 
planar structure to cis-planar structure. The destabilizing geometrical constraint on the two 
Terpy ligands is compensated by the formation of the 6 Zn-N bonds to obtain a stable [Zn-bis-
Terpy]2+ complex of approximate C2 symmetry. In the complex, the two Terpy are 
perpendicular, so that the complex is achiral. At equilibrium geometry (ωB97xD/6-31G(d,p) 
level), the methyl phenyl group makes a dihedral angle of ~ 36° with the planar backbone of 
the terpyridine unit, which modifies the charge distribution on the N atom of the central 
pyridine. The octahedral coordination sphere of the Zn cation is slightly distorted with the two 
axial bonds shorter than the 4 equatorial bonds, see Table 1 and Fig. 1a. The computed 
equilibrium geometries of the [Zn-bis-Terpy]2+in the gas phase and in DMSO are in good 
agreement with computed and crystallographic structure data.64-66 Note however that angles 
and bond lengths differ because of the packing environment in the crystal. The strength of the 
three Zn-N bonds formed by ligation with a Terpy ligand can be estimated from the 
thermochemistry of the reaction [Zn − bis − Terpy]!" → [Zn − Terpy]!" + Terpy. We obtain 
a ∆𝐸 at 0K = 573.51 kJ/mol. The free energy difference is ∆𝐺# at 298 K is 516.51 kJ/mol. This 
gives an approximation of the Zn-N bond strength of ≈ 200 kJ/mol. 

3.1 Impact of the tether on the equilibrium geometry of the complex at zero force 

The PEG tether is attached on the phenyl group of the Terpy ligands in ortho position. Since 
all the dihedral angles and bond angles of the PEG tether are free, there are multiple quasi 
energetic local minima that can be populated at room temperature. One expects the 
conformation of the PEG chain and strength of its interaction with the Zn complex will affect 
the CoGEF potential profiles and the rupture force. Similar results in families of stable 
conformers are expected for the one n=6 and one n=8 tether complexes. The geometry of the 
two n=6 tether complex is more rigid. For these reasons, in view of convergence issues 
encountered computing the CoGEF profiles and limitations in computer time resources, a 
systematic conformer search was carried out only for the one n=6 tether complex. We use the 
CREST (Conformer-Rotamer Ensemble Sampling Tool) 67, 68 at the semi empirical gfn2-xTB 
level of electronic structure69, 70 see SI, section S3 and Fig. S5 for more details. The equilibrium 
geometries of the lowest conformer was then recomputed at the ωB97xD/6-31G(d,p) level, as 
well as the CoGEF potential curves. We find that there are two families of conformers. In the 
lowest one, Fig. 1c, conformer A, the PEG chain is somewhat twisted and interacts with an 
equatorial pyridine of each Terpy ligand. Throughout the paper, by ‘equatorial’ pyridine, we 
mean a pyridine that contains a N atom involved in an equatorial Zn-N bond, N1, N3, N4, N6. 
Conversely, by axial pyridine, we mean a pyridine that contains the N atom of an axial Zn-N 
bond, N2 or N5. Conformers where the PEG chain only weakly interacts with the [Zn-bis-
Terpy]2+ complex are significantly higher in energy. The conformer of this type retained in this 
study is 68.42 kJ/mol higher in energy than the lowest identified conformer (Conformer B, Fig. 
1d). As discussed below, the stronger the interaction, the more distorted the coordination shell 
of the Zn complex, which leads to different mechanical response. We therefore report on both 
conformers below. For the one n=8 tether complex, we retained a conformer (Fig. 2a) where 
the PEG unit interacts with an equatorial pyridine of one Terpy ligand. The values of the 
geometrical parameters marked in Fig. 1a are reported in Table 1 for free and selected tethered 
complexes in gas phase. 
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Table 1: Selected bond length (Å) and angle values (degrees) of the complex without tether 
and tethered with n=6 or n=8 PEG chains in the gas phase. Zn-N2 and Zn-N5 are the axial 
bonds. 

 

 Free 
complex 

One n=6 
tether 
(conf. A) 

One n=6 
tether 
(conf. B) 

Two n=6 
tethers 

One 
n=8 
tether 

Zn-N1 2.17 2.24 2.17 2.17 2.15 

Zn-N2 2.08 2.06 2.07 2.09 2.07 

Zn-N3 2.17 2.18  2.18 2.21 2.23 

Zn-N4 2.17 2.17 2.17 2.15 2.16 

Zn-N5 2.08 2.08 2.07 2.07 2.07 

Zn-N6 2.17 2.18 2.18 2.19 2.20 

Angle 1 0.13 -12.40 -9.71 6.99 -5.91 

Angle 2 0.11 6.46 8.30 -5.53 5.52 

Angle 3 0.16 14.53 -5.94 -1.86 -9.46 

Angle 4 0.08 -15.51 10.08  -6.15 8.64 

<N2-Zn-N5 179.97 165.37 176.69 173.40 171.94 

 

The incorporation of the tether increases the distortion of the octahedral symmetry of the 
complex. These structural changes vary depending on the orientation of the tether with respect 
to the Zn-N sphere moiety. As shown above, the free complex has four equatorial Zn-N bonds 
and two shorter axial bonds of equal length. For the one n=6  conformer A , which is the lowest 
energy conformers, the PEG chain is twisted and interacts through its O atoms with the P 
electron cloud of an equatorial pyridine of each Terpy ligand, which distorts the coordination 
of the Zn complex and lead to a significant relaxation of the cis planar geometry of the Terpy 
ligand to a twisted form and small changes in the Zn-N bond lengths at zero force equilibrium 
geometry (Fig. 1c). As a result, the dihedral angles 1 to 4 significantly increase as well as the 
equatorial Zn-N1 bond length, see Table 1. In the one n=6 conformer B which is higher in 
energy by 68.42 kJ/mol ( ∆G = 48.47 kJ/mol), the PEG chain does not interact with the complex 
and the Zn-N bond lengths remain essentially unchanged compared to the free complex. For 
the longer, one n=8 tether, we retained a conformer for which there is an interaction between 
the O atom of the PEG chain with the P electron cloud of only one equatorial pyridine of the 
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Terpy ligand, see Fig. 2a. This interaction leads to similar but weaker distortion of the Zn 
complex compared to the one n=6 Conformer A. In Section S3, Figure S5, Tables S12 and S13, 
we report structural properties of other one n=6 and one n=8 tethered conformers.  

 
Fig 2: a) Example of interaction between a folded portion of the n=8 PEG tether (black circle) 
and the equatorial pyridine of the Terpy ligand (violet circle). b) Example of interaction of the 
free complex with DMSO molecules (encircled in black) and the pyridine units encircled in 
violet (equilibrium geometry of a [Zn-bis-Terpy]2+ - 8 DMSO complex), see Fig. S3 for the 
interaction between DMSO and the PEG chain by weak H-bonding. c) Isocontour of the 
HOMO-8 of the n=8 tether complex shown in panel a, lying 1.28 eV below the HOMO, which 
is localized on the [Zn-bis-Terpy]2+ complex and on the PEG tether. d) Isocontour of HOMO-
8 of the [Zn-bis-Terpy]2+ - 8 DMSO complex shown in panel b), lying 0.56 eV below the 
HOMO, which is localized on DMSO molecules and on the complex. The isocontour value is 
0.02.  

 

The structural changes discussed above reflect the changes in the electronic structure induced 
by tethering the complex, i.e., both the substitution on the phenyl ring by the terminal O atom 
of the tether and the polarization interactions between the tether and the terpyridine ligands. In 
the free complex at zero force whose equilibrium geometry is shown in Fig. 1a, the HOMO 
(184) and HOMO-1 (183) are degenerate, have a bonding P character and mainly localize on 
the ‘axial’ pyridine of the Terpy ligands and on the adjacent phenyl groups, see Fig. 3c. These 
two orbitals are also localized to a lesser extent over the entire molecular backbone, including 
the axial Zn-N bonds. The LUMO and LUMO+1 are degenerate and localized on the Terpy 
ligands and on the adjacent phenyl group. The frontier MOs are non-bonding with Zn2+. The 
most stable Zn-N bonding orbital is MO 155 (HOMO-29), at 4.51 eV below the HOMO. It is 
bonding for the 6 Zn-N bonds and is fully symmetric. Upper in energy, there is MO 158 (3.77 
eV below the HOMO), which is bonding for the two axial bonds with a change of phase, and 
MO 164 (3.41 eV below HOMO) and MO 163 (3.42 eV below HOMO) which are bonding 
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along the equatorial bonds with different phases. See Figure S8 of the SI. In contrast, because 
the tethering breaks symmetry, the HOMO and HOMO-1 are no longer degenerate, see Fig. 3c 
and e), and no longer delocalized over the entire molecular backbone in the one n=6 tethered 
complex of conformer B. They are localized on the methyl-phenyl anchoring groups on each 
side with some delocalization on the adjacent PEG units. The LUMO and LUMO+1 (Fig. 3d 
and f)) remain localized on the [Zn-bis-Terpy]2+ complex but their degeneracy is lifted, and 
their symmetry broken. The bonding Zn-N MO’s have some localization on neighboring PEG 
units of the tether which reflects the polarization interactions between the O of the tether and 
the Terpy ligands, see Figure S9. The polarization interaction between the PEG chain and the 
complex are also reflected in the delocalization of bonding MO’s over the complex and 
neighboring PEG units, as shown in Fig. 2c for the HOMO-8 of the one n=8 tether complex. 

 

 
 

Figure 3. HOMO and LUMO isocontours of the free complex (a) and (b). Note that for the free 
complex HOMO-1 (not shown) is degenerate with the HOMO, and LUMO+1(not shown) with 
the LUMO. This degeneracy is lifted when the complex is tethered. c) and d) are the isocontours 
of the HOMO and the LUMO of the one n=6 conformer B complex and e) and f) of its HOMO-
1 and LUMO +1. g) and h) are the isocontours of the HOMO and the LUMO of the two n=6 
tether complex. The isocontour value is 0.02. 
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3.2 Solvent effects at zero force 

We investigate solvent effects with a relatively polar solvent, DMSO (e = 46.83). Partially 
explicit solvation effects are studied by relaxing the geometry of the free complex interacting 
with 8 DMSO molecules. Very much in the same way as the PEG units of the tether, individual 
DMSO molecules can polarize the Terpy ligands, see Fig. 2b and d, for the equilibrium 
geometry of the [Zn-bis-Terpy]2+ with 8 DMSO molecules. In addition, our results show that 
DMSO can also complex the Zn2+ cation but thermodynamically, cannot displace the Terpy 
ligands at zero force. The computed standard free energy difference, Δ𝐺#of the reaction 
[Zn(DMSO)$]!" + 2	Terpy → [Zn − bis − Terpy]!" + 6	DMSO is -136.68 kJ/mol in the gas 
phase, see SI (section S2.4) for additional details. In addition, DMSO molecules can interact 
with the PEG units of the tether through weak H bonds between the O of DMSO with the H 
atoms in the PEG chain, and through polarization interactions with the terpyridine ligand see 
Fig. S3. Solvent effects were also studied with the PCM model and at the QM/MM level with 
ONIOM. Details on the construction of the solvent layers around the complex for the ONIOM 
solvation model are given in the SI (Section S2, Fig. S2), we only report in the main text results 
for which the QM model does not include explicitly DMSO molecules. The equilibrium 
geometries of the free complex and of the tethered complexes computed at the PCM and at the 
ONIOM levels are very similar to those of the gas phase plotted in Fig. 1a, d and in Fig. 2a. 
We report the values of the selected structural parameters in Table 2 for the PCM model. 

 

Table 2: Selected bond lengths, bond angles and dihedral angles of the complex (see Fig. 
1a) without tether and with one or two n=6 tether in different solvation models. 

 

 Free complex 
PCM 

Complex + 
8 DMSO 

One n=6  
PCM 
(conf. B) 

Two n=6 
PCM  

Zn-N1 2.16 2.16 2.17 2.17 

Zn-N2 2.08 2.06 2.08 2.09 

Zn-N3 2.16 2.15 2.17 2.21 

Zn-N4 2.16 2.26 2.16 2.15 

Zn-N5 2.08 2.07 2.08 2.07 

Zn-N6 2.16 2.17 2.19 2.19 

Angle 1 -1.54 2.87 -8.31 6.99 

Angle 2 -0.91 -5.29 8.49 -5.53 

Angle 3 -1.57 22.38 -6.37 -1.86 
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Angle 4 -0.88 -20.64 11.90 -6.15 

<N2-Zn-N5 179.91 162.24 176.22 173.40 

 

As can be seen by comparing Tables 1 and 2, PCM solvation does not significantly affect the 
structural parameters of the complex, while explicit solvation by 8 DMSO molecules (see Fig. 
2b) affects the values of the dihedral angles, and the Zn-N bond lengths involved in the Terpy 
ligand that interacts with a DMSO molecule. There is also no significant structural change in 
the tethered complex at the PCM level. The same is true for the results of the ONIOM model 
reported in the Table S8 of the SI. 

 

3.3 Mechanical response in the gas phase and solution 

We now discuss the effect of the tether on the mechanical response of the complex, summarized 
in Figure 4. We report the response of the free complex (Fig. 1a) and one n=6 conformer A 
(Fig. 1c), of the one n=8 tether complex (Fig. 2a) and two n=6 tether complex (Fig. 3g). The 
CoGEF potential energy curves as a function of the pulling distortion in the gas phase and 
solution are plotted in Figs. 4a and 4f. The geometries of the complexes at the last point before 
bond rupture are shown in Figs. 4 b-e and g-j. The geometries of the complexes at the first 
point after bond rupture are reported in Fig. S11. The corresponding force on the pulling atoms 
are given in Fig. S14 and Table 3 below.   

 

  



 11 

Figure 4. Computed mechanical response of the free complex, of the one n=6 (Conformer A), 
of the one n=8 tether, and of the two n=6 tether complexes in the gas phase (panels a to e) and 
in solution (panels f to j). Panel a) CoGEF potential energy curves, b to e: Equilibrium 
geometries at a pulling distance just before bond rupture for the free complex (b), complex 
with one n=6 conformer A (c), complex with one n=8 tether (d) and complex with two n=6 
tethers (e). f) CoGEF potential energy curves for PCM solvation model g) Equilibrium 
geometries just before bond rupture of the free complex at the PCM level. The complex with 
one n=6 in (h) PCM and (i) ONIOM. j) the complex with two n=6 tethers in PCM. 

 

Table 3: Values of the pulling distortion(Å) before the rupture and the force on the pulling 
atoms for the free and tethered complexes in gas and solvent phase. 

 

 Pulling distortion (Å) Fmax (nN) 

Free in gas phase 3.4 5.81 

One n=6 (conf. A)  

in gas phase 

3.2 4.35 

One n=8 in gas phase 3.2 5.07 

Two n=6 in gas phase 2.2 4.11 

Free in PCM 2.8 4.36 

One n=6 in PCM 2.4 3.95 

One n=6 in ONIOM 2.6 4.39 

Two n=6 in PCM 2.2 3.85 

 

As can be seen from Fig. 4a and reported in Table 3, in the gas phase, the free complex breaks 
at a pulling distortion of 3.4 Å which corresponds to a force of 5.81 nN on the pulling atoms. 
Just before rupture, the value of the potential energy is ≈ 700 kJ/mol. The tethered complexes 
break at lower force values (4.0 - 5.2 nN) and shorter pulling distortions (between 2.2 and 3.2 
Å) because of the destabilization due to the polarization and H-bond interactions between the 
Terpy ligands and the PEG units as discussed in Section 3.1 above (see also Figs. 1c, 2a and 
2c). The CoGEF potential profile of the one n=6 conformer A (Fig. 1c) where there is a stronger 
interaction with the Terpy ligands breaks for a lower value of the potential energy (≈ 300 
kJ/mol) than the one n=8 tether (≈ 450 kJ/mol) and at a lower force of 4.35 nN, see Table 3. 
The one n=6 tether conformer B (see Figure S6) behaves in a similar way as the one n=8 tether 
complex. The complex with two n=6 tethers is significantly more destabilized than the 
complexes with one n=6 tether conformer B and one n=8 tether. Curves corresponding to 
slightly different conformations are reported in the SI (Fig. S6). While not identical, they obey 
the same trends. The values of the rupture forces reported in Table 3 are in the range of 3.85 
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for the two n=6 tether complex in solution to 5.85 nN for the free complex. They are in the 
range of those computed for the rupture of other types of weak covalent bonds but often higher 
than the measured ones because typically the role of the polymer linker in which the 
mechanophore is embedded is not taken into account in the simulations, see for example24, 26, 

28, 61, 62, 71-75. 

Upon rupture of the free complex, only three Zn-N bonds are broken, see Fig. S11, which 
explains that only ≈ 200 kJ/mol are released. For the free complex, the value of the pulling 
distortion just before bond breaking is 3.4 Å which corresponds to an energy difference with 
the zero force equilibrium energy of ≈ 700 kJ/mol. The energy of the next point which 
corresponds to weakly interacting [Zn-Terpy]2+ and Terpy fragments ~ 456 kJ/mol. As the 
pulling distortion continues to increase, one is reaching 528 kJ/mol at 5.2 Å which almost 
corresponds to the energy difference of 573 kJ/mol of the reaction [Zn-Terpy]2+ + Terpy 
reported in section 2.1. The Zn2+ cation forms a planar [Zn-Terpy]2+ mono-complex and the 
other Terpy ligand undergoes a geometry change from cis-planar to a cis-non-planar geometry. 
Reaching the equilibrium trans conformation requires a larger separation between the two 
moieties. The two Terpy ligands maintain an almost perpendicular orientation with respect to 
one another. The pulling distortion modifies the localization of the MOs along the molecular 
backbone. As it increases, the HOMO and HOMO-1, shown in Fig. 3a at zero force, are no 
longer degenerate and localize more and more each on one side of the complex. At step 16 
(pulling distortion = 3Å), they are destabilized by 0.22 eV. Upon stretching, the Zn-N bonds 
are also reorganized. At step 18, just before bond breaking, MO 156 (bonding for both axial 
and equatorial bonds) is destabilized by 0.22 eV and the two Zn-N axial bonds are considerably 
weakened (elongated by 0.93 Å), see Fig. S10. On the other hand, the equatorial bonds are 
much less destabilized and elongated only by 0.12 Å. In Fig S12 we show the variation of the 
energies of the set of MO’s HOMO-12 to HOMO-19 for free complex with increasing pulling 
distortions. Among this set, the 𝜎 type MO of the methyl phenyl groups are destabilized ( ≈ 0.3 
eV) which is accompanied by an elongation of the C-C bonds parallel to the pulling distortion.  

The tethered complexes also break into a Terpy moiety that goes back to its twisted cis form 
and a [Zn-Terpy]+2 mono-complex, which both remain attached to the PEG tether as targeted 
by the design. The Terpy moiety remains roughly perpendicular to the plane of the [Zn-Terpy]2+ 
mono-complex as for the untethered complex. The difference with the untethered complex is 
that O atoms of the PEG chain can interact with the Zn2+ cation, which stabilizes the [Zn-
Terpy]+2 mono-complex. In the case of the one n=6 conformer B, the configuration of the PEG 
chain is such that two Zn-O bonds are formed leading to a 5 coordination of the Zn2+, see Fig 
S11b. Three and five coordination complexes of the Zn2+ cation have been previously 
reported.76 In the case of the n=8 complex, for the PEG conformation shown here, only one 
Zn-O bond is formed, leading to a distorted tetrahedral geometry. Overall, the free complex is 
more stable under a pulling force than the tethered ones before rupture, but after rupture the 
[Zn-Terpy]+2 mono-complex is stabilized by the formation of the extra Zn-O bonds with the 
PEG chain.  

The effect of the solvent on the mechanical response is to further destabilize the complex, as 
shown by the CoGEF curves for the free complex in PCM. The mechanical responses of 
complex with one n=6 tether, computed in PCM and in ONIOM, and of the complex with two 
n=6 tethers are plotted in Fig. 4f, see also Table 3. The PCM solvated untethered complex 
breaks at a lower value of pulling distortion (2.8 Å) that corresponds a lower value of the 
potential energy under force (450 kJ/mol). The release of energy after bond rupture due to the 
moieties relaxation is ≈ 200 kJ/mol, similar to that observed in the gas phase. The tethered 
complexes remain destabilized with respect to the untethered ones in solution as in the gas 
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phase and break at lower values of the pulling distortion. In all complexes in solution, the Terpy 
ligand of the [Zn-Terpy]2+ mono-complex remains almost perpendicular to the released Terpy 
ligand. In the ONIOM model for solvation, the solvent molecules have more flexibility to 
reorient as the pulling distortion increases, and as a result, the complex is more effectively 
solvated in the ONIOM model than accounted for by distortion of the cavity in the PCM model. 
This results in a smaller destabilization of the complex with one n=6 tether at the ONIOM level 
compared to PCM model results.  

Compared to the gas phase, there is a significant difference in the equilibrium geometries under 
force after bond rupture for the tethered complexes where the two moieties are still weakly 
interacting (Fig S11 panel e-h). The electrostatic interactions of the PEG oligomer with the 
solvent, included as a polarization medium in the PCM model, prevent the interaction between 
the O of the PEG units and the Zn cation after bond rupture. The same is true in the ONIOM 
model. As can be seen for Fig. S11 f, g and h, in all cases, a 3 coordination [Zn-Terpy]2+ mono-
complex is formed, without additional interactions with the PEG units. The other Terpy ligand 
relaxes and adopts a cis twisted geometry, roughly perpendicular to the Terpy of [Zn-Terpy]2+ 
mono-complex. Note that in the ONIOM model, the conformation of the PEG chain after bond 
rupture changes with respect to the gas phase (Fig. S11g after rupture) while it remains similar 
in PCM. 

 

4. Release of hidden length after bond rupture 

After bond rupture, the external mechanical force unfolds the tethering PEG oligomer, 
releasing its hidden length. In SMFS experiments,28 the hidden length is defined as the distance 
between the surface and the cantilever. Since in the CoGEF protocol, the distance between the 
pulling atoms is applied as a geometrical constraint, we report in Figure 5 below the distance 
O-O between the anchoring units of the PEG chain on the terminal phenyl group of the complex 
as well as the length of the 6 Zn-N bonds of the complex. In Figure 5a, we show the 6 Zn-N 
bond lengths as a function of the pulling distortion of the free complex for reference. Since the 
force direction projcts better on the axial bonds (Zn-N2 and Zn-N5), they are the most elongated, 
reaching 3.16 Å just before rupture (3.4 Å of pulling distortion). On the other hand, the pulling 
force is essentially perpendicular to the equatorial bonds whose lengths do not vary 
significantly. They reach 2.36 Å at 3.4Å of pulling distortion. After the bond rupture, there is a 
reorganization of the Zn-N bonds, with three essentially identical Zn-N bonds in the [Zn-
Terpy]+2 complex (Zn-N4,, Zn-N5 and Zn-N6 at 1.96 Å) and three long ones (Zn-N1,, Zn-N2 and 
Zn-N2) for the three N atoms of the Terpy ligand, which continue to increase with the pulling 
distortion.  

In the tethered complexes, upon stretching, the O-O distance increases linearly with the pulling 
distance for the one n=6 conformers A and B, see Fig. 5 b and d. The increase of O-O distance 
in conformer A occurs in two steps. The direction of the force is not parallel to the axial bonds 
at zero force. The stretching first induces a reorganization of the conformation of the PEG chain 
(at 0.5 Å) with a breaking of the interactions with the Terpy ligands and an alignment of the 
Zn-N axial bonds with the force. Then the three Zn-N bond that will break begin to extend and 
the O-O distance increases monotonically, except for a small kink due to Zn-O interactions 
with the [Zn-Terpy]2+ after the rupture of the three Zn-N bonds. At large pulling distortion, the 
PEG chain is stretched, the O-O distance reaches a length of 18Å, with an increase of ≈ 14.5 
Å compared to the zero force value. In conformer B, the axial Zn-N bonds are parallel to the 
pulling distortion and the extension of the PEG chain under force has a different profile. There 
is a 2.5 Å release of length in the O-O distance at the rupture of the three Zn-N bonds (at 3Å) 
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followed by a linear increase, to reach 18.5 Å at 7Å of pulling distortion. The geometry of the 
extended PEG stretched conformer B is shown Fig. 5f. Note that at the bond rupture, Zn-N 
bonds of conformer A extend less (to ≈ 4.5Å) than those of conformer B (≈ 5.8 Å). Both 
extensions are smaller than in the free complex (≈ 7Å, Fig. 5a). The increase of the O-O 
distance in the one n=8 tether complex is monotonic, with a small step (0.5 A) at 3.2 Å before 
the bond rupture, see Fig. S13, which also shows the response of the bond lengths of the one 
n=6 tether complexes in solution. The bond response of the two n=6 tether is plotted in Fig. 5c 
and its extended geometry in Fig. 5e. The extension of the O-O distance is similar to those of 
the other tether complexes and that of the Z-N bond at rupture to those of the one n=6 tether. 
The values of the force on the pulling atoms as a function of the pulling distortion reflect the 
mechanical response of the bond lengths, see Fig. S14.  

 

 
Figure 5. Release of hidden length. a) to d) The O-O distance between the anchoring PEG units 
and the six Zn-N bonds as a function of the pulling distortion for the free complex (a), for the 
one n=6 tether conformer A (b), two n=6 tether (c) and one n=6 tether conformer B (d) 
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computed in the gas phase. Equilibrium geometries of two n=6 tether complex in gas phase at 
5Å of pulling distortion (e), and of one n=6 tether conformer B at 10 Å, see Fig. S13 for the 
one n=8 tether complex in the gas phase and n=6 one and two tether in solution. The force on 
the pulling atoms as a function of the pulling distortion for the one n=6, one n=8 and two n=6 
complexes in gas phase and one n=6 tethered complex in PCM are shown Fig. S14. 

5. Effect of the tether and solvent on the recombination of the complex  

We investigated how the presence of the solvent and/or of the tether influences the 
recombination once the pulling distortion is released after bond breaking. For doing so, we 
removed the geometrical constraint on the equilibrium geometries obtained under force after 
bond rupture shown in Fig. 4. The results are summarized in Fig. 6. Overall, all the complexes 
recombine to the same equilibrium geometry as the one determined at zero force (gas phase 
and PCM, Fig. 6a), or to a different local minimum conformer with either a higher or lower 
energy (tethered complexes in the gas phase and in solution, Fig. 6b to f). For one n=6 tethered 
complex of Conformer A in gas phase the relaxation of the pulling distortion leads to a six 
coordinated [Zn-bis-Terpy]+2 is very close to its equilibrium force free geometry (Δ𝐺= -0.59 
kJ/mol, Fig. 6b). For conformer B, the relaxation of the pulling distortion leads to a less stable 
(Δ𝐺 = -109.38 kJ/mol) 5 coordinated [Zn-Terpy]2+ complex where a PEG unit makes two Zn-
O bonds and the other Terpy ligand remains unbound, see Fig S15a. For the complex with one 
n=8 in the gas phase (Fig. 6c), the relaxation of the pulling distortion leads to a less stable (Δ𝐺 
-87.09 kJ/mol) 6 coordinated [Zn-Terpy]2+ complex where a PEG unit make one Zn-O bond 
and only one pyridine of the other Terpy ligand remains unbound. Since the Δ𝐺 for the 
isomerization from these geometries to the initial 6 coordinated [Zn-bis-Terpy]2+ is negative, 
the complex will eventually revert to its initial geometry. This isomerization implies a change 
in the conformation of the PEG tether and of the unbound Terpy ligand that needs to be planar 
for forming the 6 coordinated complex. It was not possible to estimate a transition state and 
therefore we do not have access to the kinetics of this isomerization. For the complex with two 
n=6 tethers in the gas phase (Fig. 6d), upon relaxation of the force, the geometry converges to 
a 6 coordinated [Zn-bis-Terpy]2+ complex slightly more stable than the initial one (Δ𝐺=6.74 
kJ/mol, Fig. 6d). Selected parameters are reported in SI, Section S3 (Fig S7, Table S14) as well 
as the CoGEF curve, which is very similar to that of Fig. 4a. The relaxed complexes with one 
n=6 tether in solution (PCM model) after bond rupture, Fig. 6e is also found to be slightly more 
stable that the initial conformer (Δ𝐺= 16.10 kJ/mol), while the two n=6 tether is slightly less 
stable (Δ𝐺=-5.14 kJ/mol). These results suggest that the geometrical constraints due either to 
the presence of two tethers in the gas phase or of the solvent cage facilitate the recombination 
to a 6 coordinated [Zn-bis-Terpy]2+ complex with 6 Zn-N bonds. The recombination to the 
initial 6 coordinated [Zn-bis-Terpy]2+ complex also occurs for the ONIOM solvation model as 
well as for explicit solvation models, see SI, Fig. S15b to d.  
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Figure 6. Rupture-Recombination cycle for selected complexes as indicated.   

 

 

6. Concluding remarks and perspectives 

Our computational study aimed to shed light on the mechanical response of a metal-ligand 
complex-based mechanophore, the 6-coordinated [Zn-bis-Terpy]2+ complex, and to investigate 
the role of tethering the complex with one or two PEG oligomers on the rupture and 
recombination processes in the gas phase and in a polar solvent in which the complex is soluble 
(DMSO). Both the O atoms of the PEG tether and of DMSO can form Zn-O bond that are 
however less stable than the Zn-N ones. Solvent effects were investigated at the PCM and 
ONIOM model and using explicit solvation with a few DMSO molecules. 

In the [Zn-bisTerpy]2+ complex at equilibrium geometry, the two Terpy ligands adopt a cis 
planar conformation so that the complex can be stabilized by 6 Zn-N bonds with the two planes 
of the Terpy ligands oriented perpendicularly to one another. Tethering the complex with one 
or two PEG oligomers slightly destabilizes the 6-coordination sphere of [Zn-bis-Terpy]2+ 
because of the polarization interactions between the PEG units and the pyridine cycles. 
Depending on the conformation of the PEG oligomers, the strength of the interactions differs, 
which leads to the coexistence of several isomers of the tethered complexes close in energy. 

We studied the effect of an external force using the isometric CoGEF approach which provides 
the potential energy curves as a function of the applied pulling distortion that stretches the 
complex along its two axial bonds. We found that upon rupture of the free complex, a planar 3 
coordinated [Zn-Terpy]2+ mono-complex is formed and that the freed Terpy ligand isomerizes 
to a more stable twisted cis geometry, both in the gas phase and in the PCM or ONIOM models 
of solvation. After bond rupture, in the tethered complexes, both in the gas phase and solvated, 
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the O atoms of the PEG units can stabilize the [Zn-Terpy]2+ mono-complex by forming Zn-O 
bonds, which leads to 4 or 5 coordinated Zn complexes. Zn-O bonds can also be formed with 
the [Zn-Terpy]2+ mono-complex for complexes solvated explicitly by DMSO molecules. 
Explicit solvation with DMSO molecules, conformation of the PEG chain, and the resulting 
interaction between the PEG chain and the Terpy ligands lead to a dispersion of the values of 
the pulling distortion, and therefore of the force, at which the complex ruptures. While 
conformers exhibiting a strong interaction between the PEG chain and the [Zn2+-bis-Terpy] 
complex are overall stabilized, the interaction destabilizes the Zn coordination sphere which 
leads to lower rupture forces provided that the interaction does not modify significantly the 
orientation of the axial Zn-N bond with respect to the pulling distortion. 

After bond rupture, gas phase and PCM solvated free complexes recombine to a 6 coordinated 
[Zn-bis-Terpy]2+ when the pulling distortion is relaxed. The tethered solvated complexes, in 
the gas phase and in PCM and ONIOM solvation models, also recombine. They can however 
form a complex with a different conformation of the PEG chain which can be more stable or 
less stable than the initial geometry. Complexes with one tether in the gas phase or solvated 
explicitly with DMSO molecules do not necessarily recombine to a 6 coordinated [Zn-bis-
Terpy]2+. Rather, the unstable 4 or 5 coordinated [Zn-Terpy]2+ complex relaxes to a metastable 
conformer where the second Terpy ligand remains in a cis non-planar form and is only making 
1 or 2 Zn-N bonds. This conformer is however higher in energy than the coordinated [Zn-bis-
Terpy]2+ which is the thermodynamically stable species. 

Our study suggests that solvation may suffice to ensure that the two parts of the complex after 
bond rupture remain in close enough vicinity to recombine when the pulling distortion is 
relaxed. However, if the solvent molecules interact too strongly with the metal cation, ‘hybrid’ 
metastable complexes can form, whose lifetimes may be long. Tethering the complex with two 
PEG linkers also provides a cage that favors the recombination of the two parts when the 
pulling distortion is relaxed after bond rupture. Both the interactions with the PEG oligomer 
and with a solvent destabilize the complex. When only one tether is used in the gas phase, the 
O atoms of the PEG oligomer can form Zn-O very much in the same way as with DMSO 
molecules, which leads after bond rupture to metastable ‘hybrid’ complexes. When the tethered 
complex is solvated, the interactions between the PEG oligomer and the solvent prevent this 
kind of complex from forming. 

Our results confirm that tethering favors recombination and shed light on the role of the tether 
at the atomic scale. They provide useful physical insights to the mechanical response of 
polymeric materials with tethered sacrificial bonds and pave the way for SMFS experiments. 
Too strong interactions of the complex with solvent molecules and/or with the tether modify 
the rupture and recombination processes and lead to a dispersion of the rupture force values 
and hidden length release which could obscure the interpretation of the SMFS results.  

Given that the soft long linkers used in SMFS experiments can drastically change the loading 
dynamics of the bond and influence the value of the rupture forces,77 we are presently studying 
such effects theoretically, using both static and steered dynamical approaches. With such 
compliant linkers, it is also known that the recombination is facilitated. We have shown 
previously that the increase of force quickly after bond rupture when using long linkers does 
not preclude the recombination of bonds.32, 33, 78 Computational studies of the linker role are 
clearly needed. They however remain challenging. This topic deserves a separate investigation 
that will be reported in a subsequent publication.  
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