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Abstract 1 

Harnessing mechanical force to control molecular structure is a central strategy in the design of mechano-2 

responsive materials. Noncovalent interactions are particularly attractive in this context because of their reversibility 3 

and tunable mechanical stability, yet the conformational energy landscapes of such motifs often remain 4 

inaccessible to conventional ensemble techniques. Here, we use atomic force microscopy-based force 5 

spectroscopy to probe individual π-interactions within a perylene diimide (PDI) dimer. Single-molecule pulling 6 

experiments combined with molecular dynamics simulations reveal two distinct long-lived conformers with parallel 7 

and anti-parallel PDI orientations that are indistinguishable by ensemble techniques. The parallel conformer 8 

exhibits greater mechanical stability and ruptures through a sequential pathway in which the dimer converts to an 9 

anti-parallel arrangement before π-π dissociation. Passive force spectroscopy resolves both conformers in real-10 

time, validates the force-induced interconversion pathway predicted by steered molecular dynamics simulations, 11 

and quantifies their mechanical resistance and lifetime under constant load. Together, these results show that 12 

combining passive force spectroscopy with molecular simulations can reveal hidden conformational states in 13 

noncovalent assemblies and map their force-dependent energy landscape. Our findings provide molecular-level 14 

insight into the mechanics of π–π interactions and highlight single-molecule force spectroscopy as a powerful 15 

approach to uncover hidden structural states in supramolecular systems. 16 
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 17 

Introduction 18 

By incorporating chemical interactions spanning a wide range of mechanical strengths, responsive polymers can 19 

be created that cover a broad range of macroscopic mechanical behaviors[1–8]. The integration of mechanophores, 20 

molecular motifs offering reactive chemical bonds that break or rearrange under load, has been shown to afford 21 

polymers whose macroscopic physico-chemical properties change in response to mechanical forces[9–14]. 22 

Unfortunately, the mechanical degradation of covalently linked chemical structures under high force is often 23 

accompanied by macroscopic degradation, which compromises these appealing properties. Other mechano-24 

responsive polymer materials where the force-modulated units interact through mechanical bonds (e.g. catenated 25 

structures)[15–22] or noncovalent interactions (e.g. hydrogen bonds or π-stacks)[2,7,23–25] have been developed 26 

recently. The use of mechanical bonds attached to a polymer scaffold is very attractive due to the high precision 27 

and reproducibility of their response, but these motifs generally require considerable synthetic efforts. Noncovalent 28 

interactions offer a very attractive alternative due to their potential reversibility and high dynamic range. Their 29 

force-triggered rupture induces the dissociation of interacting partners or (macro)molecular conformational changes, 30 

therefore modifying the physico-chemical properties of the materials[26]. The reversible properties these interactions 31 

can support when integrated into macroscopic materials have attracted significant attention and led to the design 32 

of chemical architectures that incorporate them.[7] Following this approach, some of us introduced loop-forming 33 

perylene diimide (PDI) mechanophores and incorporated these motifs into polymers to act as macroscopically 34 

discernible fluorescent motifs under mechanical stress[23,27,28]. These mechanochromic materials integrate π-35 

stacked PDI loops, a molecular design that offers an instantaneous and reversible fluorescence color change upon 36 

an external force. Other examples using noncovalent bonds within a rationally-designed architecture have been 37 

demonstrated recently, highlighting the importance of understanding the force-triggered response of weak chemical 38 

interactions[2,5,29–31].  39 

The rational design of chemical structures adopting specific molecular conformations and desired mechano-40 

chemical responses now requires a detailed molecular description, not accessible by typical ensemble physico-41 

chemical characterizations techniques. Conversely, a precise picture of the force response, molecular 42 

conformational changes and force-induced mechanisms of a mechano-responsive molecular system can be drawn 43 

experimentally by single-molecule force spectroscopy (SMFS) techniques[32–37]. Atomic force microscopy (AFM)-44 

based SMFS has been established as an efficient and cutting-edge approach to investigate the responses of 45 

individual molecules and interactions under controlled mechanical stress[33,35,38–40]. The chemical interactions in 46 

synthetic molecules probed by AFM range from covalent bonds [5,6,8,10,13,14,41] or coordination interactions[42–45] to 47 

very weak interactions or short-lived intermediates[46–54]. Although active force spectroscopy experiments, i.e. 48 

controlled molecular pulling under a force ramp, are by now an established approach to elucidate the effect of the 49 

force on an individual interaction, advanced passive SMFS experiments that depict the real-time behavior of a 50 

single bond held at a specific external force or extension are rare[10,54,55]. Here, we have taken advantage of the 51 

loop-forming motif reported earlier[23] and established experimental protocols to elucidate, in real time, the dynamics 52 

of individual π-interactions under force. Thus, the π-interactions between two perylene diimide (PDI) moieties were 53 

studied by active and passive single-molecule force spectroscopies. The latter technique allows us to probe and 54 

distinguish previously inaccessible conformational states. To support the experiments and provide a quantitative 55 
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interpretation of the conformational dynamics of the dimers and of their energetics, we complemented the analysis 56 

with simulations in an explicit solvent of a reduced mechanophore system consisting of one PDI dimer linked by a 57 

molecular bridge under mechanical stress.  58 

 59 

Results and Discussion 60 

Force rupture of an individual PDI dimer  61 

We first performed active single-molecule pulling experiments in acetonitrile, on PDI dimers that were chemically 62 

modified for AFM measurements. Two perylene diimide units were bridged to form a small molecular loop [23] and 63 

polymer chains were grown from both PDI units to serve as an interface between a silicon substrate and the AFM 64 

tip (Fig. 1a). Poly(methyl acrylate) (PMA) blocks were employed as the flexible linkers, while poly(glycidyl acrylate) 65 

(PGA) segments were added to provide strong and time-resistant anchoring points, essential for passive SMFS 66 

measurements. The resulting macromolecular construct, integrating a single PDI dimer per chain, was purified and 67 

characterized by size-exclusion chromatography (SEC) and nuclear magnetic resonance (NMR) spectroscopy 68 

(details in SI). These macromolecules were grafted onto activated silicon substrates following established 69 

protocols[45,53], ensuring a very low grafting density to favour single-molecule attachment (details in SI).  70 

In active SMFS experiments, the AFM tip is brought into contact with the grafted substrate to chemically attach a 71 

single macromolecule (via one or multiple PGA residues), which is then stretched during tip retraction (Fig. 1a). A 72 

characteristic force-extension (F-E) curve representing the mechanical stretching of an individual PDI dimer 73 

between two polymer linkers is shown in Fig. 1b. The low occurrence of molecular attachment with the tip (< 5% of 74 

all approaches) supports the typical low grafting density, in favor of single-molecule probing. The maximum 75 

extension of the stretched molecules (Drupt < 250 nm, Fig. S4b) is consistent with the total length of the 76 

macromolecular construct. We measured the persistence length (lp) of the linkers by applying a worm-like chain 77 

(WLC)[56] fitting on F-E curves before the first rupture point, revealing a lp = 0.35 ± 0.12 nm (Fig. S4c) close to the 78 

monomer length, supporting that individual chains are probed. The unfolding of the PDI loop under load is 79 

evidenced by two subsequent rupture events (later referred to as double-peak profiles). Such specific profiles have 80 

been isolated from single-peak profiles corresponding to the stretching of a single polymer chain without any PDI 81 

dimer rupture. The distribution of extension variations (∆x) observed in the double-peak profiles is centred at 5.1 ± 82 

1.9 nm (Fig. 1c). Perylene diimides are known to create π-π interactions in polar solvents due to their extended π-83 

conjugated system, leading to a π-π distance of about 0.35 nm (i.e. distance between both PDI units in the folded 84 

form).[25,57] As confirmed also by our molecular mechanics model (vide infra), after the mechanical breaking of these 85 

interactions and alignment of the PDI units in the pulling direction, the distance between the PDI units reaches 86 

approximately 5.4 nm (total length of both PDI units and the bridging loop). The mechanical breaking of a single 87 

PDI-PDI interaction leads to a theoretically predicted extension of 5 nm, which matches the ∆x measured in the 88 

SMFS experiment. Therefore, we hypothesize that the first peak observed in the force profile in Fig. 1b is associated 89 

with the rupture of π interactions between both PDI units, thus revealing the bridging loop, while the second one 90 

arises from the usual desorption of one polymer tether from the AFM tip or the substrate. 91 
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The mechanical strength of this π-interaction in acetonitrile is represented in Fig. 1d. The distribution of the PDI-92 

PDI rupture force (first rupture, Fpeak) presents two populations centered at 77 ± 17 pN (71 %) and 119 ± 16 pN 93 

(29 %), this force range being consistent with the breaking of donor-acceptor π-interactions previously 94 

reported[46,49,53]. No correlation of the rupture force populations with the revealed length distribution has been found, 95 

allowing us to exclude the attribution of the highest force population to the breaking of several PDI stacks in 96 

series[58,59]. Conversely, the observation of two force populations suggests the presence of two distinct folded 97 

conformations with different mechanical strengths, which are difficult to discriminate using typical active force 98 

spectroscopy experiments.  99 

 100 

 101 

Figure 1. PDI dimers under active SMFS. (a) Schematic representation of a PDI dimer interfaced and stretched by AFM. The 102 

PDI folded conformation is stabilized by π-stacking interactions (represented in orange) that are mechanically broken during 103 

force spectroscopy experiments. A bridging loop (~5 nm) connects both PDI units. During the pulling experiment, the loop 104 

unfolds and eventually, PDIs are no longer π-stacked. (b) Force signature (in blue) of the mechanical PDI unfolding in acetonitrile 105 

showing a sudden force drop with a ∆x ≈ 5 nm (loop revealed); the final rupture event corresponds to the desorption of the 106 

polymer from the AFM tip or the substrate. The approach curve is represented in grey. (c) The distribution of the revealed length 107 

after the first rupture peak shows one population at ∆x = 5.1 ± 1.9 nm (N = 182), perfectly matching the length of the bridging 108 

loop. (d) The distribution of the PDI-PDI rupture forces exhibits two different populations at 77 ± 17 pN and 119 ± 16 pN (N = 182), 109 

representative of two distinct folded conformations.  110 

 111 
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 112 

Two distinct folded conformations of PDI dimers depicted by MD simulations 113 

To elucidate the origin of these force populations, we considered a system where two PDIs are connected through 114 

a tetraethylene glycol–butanedione–tetraethylene glycol loop attached to one of their imide groups, while on the 115 

other imide group each PDI bears a tetraethylene glycol methyl ester pendant (Fig. 2a). We performed molecular 116 

dynamics simulations at room temperature and 1 atm (see SI for the detailed methodology) of this system solvated 117 

in acetonitrile, in which, starting from a fully extended bridging loop geometry, we observed the spontaneous 118 

formation of the PDI dimer (Movie S1). 119 

The distribution of the cosine of the twist angle 𝜃, i.e. the angle between the long axes of the two PDIs (inset in Fig. 120 

2c, see Structural Analysis in SI) along the MD trajectory reveals a bimodal distribution. The two main 121 

conformations identified correspond to a more abundant parallel one (with 0 < 𝜃 < 40°), in which the imide groups 122 

connected by the linker are in proximity, and an anti-parallel one (140 < 𝜃 < 180°) in which the distance between 123 

them is larger (Fig. 2a and 2b). The bridging loop adopts a very different spatial arrangement in each folded 124 

conformation, surrounding the PDI dimer in the anti-parallel form while being away from the dimer in the parallel 125 

form. The spatial arrangement of the bridging loop can be quantified by introducing the bridge angle f (inset in Fig. 126 

2d), with its vertex at the midpoint of the loop, and with the nitrogen atoms of the two PDI units defining its ends. 127 

The anti-parallel and parallel conformations have bridge angles ranging from 70 to 110° and 15 to 35°, respectively. 128 

To explore the potential energy surface for the interconversion between the parallel and anti-parallel conformers, 129 

we carried out adaptive biasing force (ABF) simulations considering twist and bridge angles as collective variables. 130 

The resulting two-dimensional free energy map highlights a clear reaction pathway between the parallel and anti-131 

parallel conformers, with a barrier of about 6 kcal·mol-1 between the two minima (Fig. 2e and SI for computational 132 

details). Interestingly, the transition between the parallel and anti-parallel conformations is entropically driven and 133 

proceeds through a maximum of entropy (−𝑇∆𝑆 minimum). The gain in conformational entropy lowers the free-134 

energy barrier between the parallel and anti-parallel states (Fig. 2f), while the two conformers themselves remain 135 

enthalpically stabilized (Fig. S13b). 136 

 137 

 138 
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 139 

Figure 2. Conformations revealed by MD. (a-b) Simulation snapshots of PDI dimers (orange) in parallel (a) and anti-parallel 140 

(b) orientations, connected by a bridging loop (blue) that adopts distinct spatial arrangements. (c-d) Schematic representation 141 

of the twist angle q and the bridge angle  and their distribution along a 1 ms MD production where the system of interest is 142 

unrestrained in acetonitrile. (e) Free energy and (f) -T∆S computed at 298 K as a function of the bridge and twist angles. The 143 

red line on the free energy surface (e) highlights the minimum energy pathway for the conformational transition between the 144 

parallel and anti-parallel conformers. 145 

The two conformers have a small free-energy difference of about 2.8 kcal·mol-1 (Fig. S6c). The parallel conformer 146 

is slightly more stable, which is consistent with the observation that the parallel conformation is prevalent in the 147 

unbiased simulations (Fig. 2d). The existence of two stable conformations observed in MD suggest the possibility 148 
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of two different unfolding processes associated with the bimodal distribution of rupture forces observed in the AFM 149 

pulling experiments (Fig. 1d).  150 

To uncover the unfolding mechanism during AFM pulling experiments, we performed steered molecular dynamics 151 

(SMD) simulations, in which a mechanical force is applied at the free end of one tetraethylene glycol methyl ester 152 

chain, while the position of the other free end of the molecular system is fixed. 153 

Starting from the anti-parallel conformer (Fig. 3d, 3e, and 3f), SMD simulations performed at various pulling 154 

velocities revealed a consistent single dimeric rupture pathway. Dissociation proceeds via sliding one PDI over the 155 

other, during which the pulling force initially increases, followed by a sudden force drop corresponding to the rupture 156 

event. The robustness of this mechanism across a range of pulling velocities suggests that the anti-parallel form 157 

defines a dominant dissociation pathway. Remarkably, SMD simulations starting from the parallel conformer (Fig. 158 

3a, 3b, and 3c) reveal an additional intermediate step. When an external force is applied, the PDI dimer undergoes 159 

first a transition from the parallel to the anti-parallel form. This is characterized by a rotation of the PDI units relative 160 

to each other, which increases both the twist and the bridge angles. Notably, even though the distance between 161 

the PDI planes remains unchanged after the conformational rearrangement, the total molecular extension is 162 

increased by 0.7–1.1 nm and appear as a transient force drop (Fig. 3a). After this rearrangement, the mechanical 163 

extension resumes to complete the rupture process as observed for the anti-parallel conformation.  164 

 165 

 166 
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 167 

Figure 3. Force and structural changes in PDI dimers during SMD simulations at a pulling velocity of 0.0000010 Å/fs. 168 

Profiles are shown for parallel (P) and anti-parallel (AP) conformations. (a) Force-extension profile, (b) distance (PDI’s centre 169 

of mass)-time profile, and (c) observed angle values before rupture during an SMD simulation starting from a parallel 170 

conformation. (d) Force-extension profile, (e) distance (PDI’s centre of mass)-time profile, and (f) observed angle values during 171 

an SMD simulation starting from an anti-parallel conformation. Black crosses indicate the rupture time of the PDI-dimer 172 

interaction (64.3 ns for P; 75.3 ns for AP). 173 

During the SMD simulations, we did not observe any direct transition from the parallel to the unfolded form: the free 174 

energy cost of this process is too high and the dissociation of the PDI dimer always proceeds through the minimum 175 

free energy path, namely via the anti-parallel conformation acting as an intermediate state. Similarly, the anti-176 

parallel conformer rarely exhibited PDI rotation to recover the parallel one during the pulling process, suggesting a 177 

kinetically stabilised anti-parallel conformer, owing to the presence of the bridging loop encircling the dimer (Fig. 178 

2a).  179 
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 180 

Intermediate unfolding step unveiled by passive force spectroscopy  181 

Based on active SMFS observations, we cannot unambiguously correlate the two populations of rupture forces 182 

(Fpeak, Fig. 1d) to the two unfolding pathways of parallel/anti-parallel conformations predicted by SMD simulations. 183 

Indeed, the experiments, carried out at a constant pulling velocity, consistently result in the same double-peak 184 

pattern, corresponding to the folded-to-unfolded transition followed by the molecule detachment. Unlike in the 185 

simulations, no intermediate step is evidenced. The small variation in total molecular extension expected for the 186 

parallel to anti-parallel conformational change (about 1 nm) is within the error of the ∆x distribution (5.1 ± 1.9 nm) 187 

and is very close to the z spatial resolution of our AFM setup, preventing us from discriminating parallel and anti-188 

parallel populations and observing this conformational change in real time by active SMFS.  189 

To circumvent the spatial resolution limitation encountered in active SMFS experiments and to elucidate the 190 

mechanics of the PDI dimers under external force, we further employed passive force spectroscopy at the single-191 

molecule level[10,54]. In this experiment, the macromolecule interfaced between the AFM tip and the substrate is 192 

stretched until reaching a certain threshold force. Then, the stretching is halted, and the system extension (clamping 193 

extension) is maintained for a few seconds. During this clamping time, the molecule’s response is directly observed 194 

before its detachment from the tip. Typically, the force-time (F-t) graph of a conventional polymer chain in a passive 195 

force mode only presents a single plateau curve (Fig. S5). This profile was frequently observed during our 196 

experiments and corresponds to the polymer chain being maintained exactly at the same force and extension for 197 

a short time before detaching from the tip. Remarkably, we also observed singular patterns featuring three or two 198 

subsequent plateaus in the F-t curves (examples shown in Fig. 4a and 4d). To permit an effective real-time probing 199 

of the folded conformers, one needs to apply a sufficient mechanical load. In fact, we observed multiple plateaus 200 

only when the clamping force approached the force required to break a single PDI dimer interaction (previously 201 

determined by active SMFS).  202 

Each plateau is characterized by a precise force and extension (i.e. the clamping F-E locations, shown as black 203 

dots in Fig. 4b and 4e), and a lifetime  of the conformation (i.e. the time spent at the F-E position during the passive 204 

mode). Given that each F-E position is held for a sufficient time (longer compared to active SMFS), it is possible to 205 

determine potential intermediate steps in the unfolding process with a higher spatial resolution. To attribute the 206 

plateaus obtained during passive SMFS to precise folded and unfolded PDI-PDI conformations, we characterized 207 

the plateaus’ forces and extensions, associated with their lifetimes  (Table S1).  208 

 209 
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 210 

Figure 4. PDI dimers under passive SMFS. The PDI dimers are stretched to the clamping extension, and the force applied by 211 

the molecule on the AFM tip is observed in real time. Two characteristic signatures in acetonitrile are presented with 212 

corresponding F-t curves (dotted lines mark the start of the clamping), F-E curves, and plateau force distributions. Examples of 213 

a triple-plateau profile (a) and double-plateau profile (d) represent the unfolding pathways from the parallel and anti-parallel 214 

conformations respectively. The revealed length ∆x is measured on F-E curves (b and e): ∆xP1-P2 = 1.6 ± 0.4 nm and ∆xP2-P3 = 215 

5.1 ± 2.0 nm, which confirms the attribution of P1, P2, and P3 to the parallel, anti-parallel, and unfolded conformations 216 

respectively. The distributions of force values (Fp) for P1 and P2 (c and f) are also consistent with the force values observed in 217 

active SMFS experiments.  218 

In Fig. 4a, the first plateau is characterized by a plateau force of FP1 = 107 ± 28 pN, the second one FP2 = 72 ± 22 219 

pN and the third one FP3 = 41 ± 19 pN (distributions in Fig. 4c). The plateau force values of P1 and P2 are close to 220 

the values of rupture force determined during active SMFS measurements, which could indicate the observation of 221 

the two folded conformations evidenced by simulations (parallel and anti-parallel, respectively). The third plateau 222 

is attributed to the unfolded conformation after the rupture of the PDI dimer interaction. The revealed length ∆x, 223 

related to the first rupture (P1 to P2) and the second rupture (P2 to P3), was measured on 9 successful clamping 224 

experiments. The ∆x value is calculated on the F-E curve at identical force (red dotted arrows in Fig. 4b and 4e) to 225 

exclude the effect of the polymer extensibility under load. The revealed length from P2 to P3 is ∆xP2-P3 = 5.1 ± 2.0 226 

nm, again confirming the attribution of P3 to the unfolded conformation (after the rupture of the PDI-PDI interaction 227 

revealing the bridging loop), and P2 to one folded conformation. The value of ∆xP1-P2 = 1.6 ± 0.4 nm is much smaller 228 

and can be attributed to the transition from the parallel conformation to the anti-parallel conformation. Thus, we 229 

attribute P1 and P2 states respectively to the parallel and anti-parallel conformations.  230 

Hence, during a passive SMFS experiment, when a PDI dimer in a parallel conformation is stretched to a clamping 231 

force value close to ~120 pN (high force population in active SMFS, Fig. 1d), the dimer can sustain the external 232 

force for a period 1 before switching to its anti-parallel form, revealing a small extension of about 1 nm. Under 233 

tension, this transition is irreversible and leads to the observation of the anti-parallel conformation (with a lifetime 234 
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2) that will eventually unfold with a revealed extension of about 5 nm, corresponding precisely to the length of the 235 

bridging loop (Fig. 5a).  236 

Contrarily, when a PDI dimer is already in an anti-parallel conformation, only 2 plateaus (e.g. P2 and P3 in Fig. 4d) 237 

can be observed before the detachment of the molecule from the tip, respectively corresponding to the anti-parallel 238 

and unfolded conformations.  239 

Overall, we can conclude that the unfolding mechanisms revealed by passive SMFS experiments closely match 240 

those predicted by SMD simulations (Fig. 5a). Moreover, we can emphasize the fact that the force measured in 241 

SMFS consists of a direct probe of the potential energy surface around the different stable states of the PDI dimer 242 

system. Indeed, the free enthalpy profile as a function of the twist angle 𝜃 (see Fig. S6c and SI for details) presents 243 

a steeper slope (details in SI) associated with the parallel minimum as compared to the anti-parallel one, 244 

consistently with the larger forces (i) observed in the parallel conformation in the passive mode SMFS and (ii) to 245 

unfold the system from this state in active SMFS, compared to the anti-parallel conformation.  246 

 247 

Unfolding parallel conformers requires higher force and work 248 

Given that SMFS experiments are performed outside the thermodynamic equilibrium of the noncovalent interaction, 249 

we cannot directly extract the PDI-PDI rupture energy from force measurements; a non-negligible portion of the 250 

work required to break the interaction is dissipated during stretching. Instead, we compare the work required to 251 

mechanically trigger the conformational changes during both active and passive SMFS experiments. This work 252 

was quantified as the area below the F-E curve during the transition, i.e. the transition from one conformation to 253 

the other, eliminating the contribution originating from the extension of the macromolecular linkers during the 254 

transition (Fig. S6a).  255 

In passive force spectroscopy, the work associated with the conformational change between two F-E clamping 256 

positions (or two plateaus) is WP1-P2 = 1.5 ± 1.4 kcal·mol-1 and WP2-P3 = 1.9 ± 1.0 kcal·mol-1. The unfolding work of 257 

the anti-parallel conformer is thus obtained as 𝑊𝑎𝑛𝑡𝑖−𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙
𝑝𝑎𝑠𝑠𝑖𝑣𝑒

 = WP2-P3 = 1.9 ± 1.0 kcal·mol-1. Given the stepwise 258 

unfolding pathway observed for the parallel conformer by SMD and confirmed by passive SMFS, its unfolding work 259 

is therefore higher and can be estimated to 𝑊𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙
𝑝𝑎𝑠𝑠𝑖𝑣𝑒 ≈ WP1-P2 + WP2-P3 = 3.4 ± 2.4 kcal·mol-1.  260 

In active force spectroscopy (pulling velocity of 102 nm·s-1), we also quantified the unfolding work associated with 261 

the first force peak in double-peak patterns. The distribution of work (Fig. S6b) presents two populations at 262 

2.8 ± 1.3 kcal·mol-1 (67%) and 7.0 ± 3.2 kcal·mol-1 (33 %). These work populations correlate with the peak force 263 

populations observed in active force spectroscopy and can thus be attributed to the unfolding works 𝑊𝑎𝑛𝑡𝑖−𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙
𝑎𝑐𝑡𝑖𝑣𝑒  264 

and 𝑊𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙
𝑎𝑐𝑡𝑖𝑣𝑒  respectively. The unfolding work values obtained from the SMD simulations (pulling velocity of 108 265 

nm·s-1) are substantially higher: 𝑊𝑎𝑛𝑡𝑖−𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙
𝑆𝑀𝐷  = 15.8 ± 3.3 kcal·mol-1 and 𝑊𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙

𝑆𝑀𝐷
 = 20.7 ± 2.6 kcal·mol-1. The 266 

increase of the unfolding work (or rupture force) with the loading rate is well-known, especially when comparing 267 

force spectroscopy measurements and simulations that take place at different pulling velocities (several orders of 268 
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magnitude higher for simulations).[60] In all cases, we observe a higher work required to unfold the parallel 269 

conformer compared to the anti-parallel one, even in the case of active SMFS. As explained before, this increased 270 

work is consistent with a stepwise unfolding pathway for the parallel conformer— first a rotation of PDI units and 271 

then a sliding of one unit over the other one— and supports its higher mechanical resistance to external stress.  272 

 273 

Unfolding kinetics of a single PDI dimer  274 

When considering passive SMFS, we notice that one PDI dimer under an external force is able, after a sufficiently 275 

long time F and under a force F, to overcome the energetic barrier and reach another conformation. Therefore, 276 

following the attribution of each plateau pattern in passive SMFS to one conformation of the PDI dimer, we have 277 

investigated the lifetime variation of both folded states. Fig. 5b reveals the correlation between the lifetimes 1 and 278 

2 (respectively parallel and anti-parallel conformations) as a function of the plateau forces FP1 and FP2 for 9 279 

successful clamping experiments. The evolutions of the observed lifetime of the conformations under load illustrate 280 

well the Arrhenius law relating the kinetics of a physical bond rupture to overcome an activation barrier. In our case, 281 

we observed a strong effect of the force on the lifetime of each conformation. Both evolutions were analysed and 282 

fitted with the Bell-Evans equation:  283 

𝜏(𝐹) = 𝜏(0) 𝑒
−𝐹𝑥𝛽
𝑘𝐵𝑇  284 

where F is the clamping force,  the lifetime of each conformation, 𝜏(0) the lifetime at zero force, xb the distance to 285 

the energetic barrier, k the Boltzmann constant, and T the temperature.  286 

 287 
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 288 

Figure 5. Unfolding mechanisms and kinetics of parallel and anti-parallel conformers. (a) Scheme of the mechanical 289 

unfolding mechanisms from the parallel (left), via the anti-parallel (central), to the unfolded conformation (right). The simulated 290 

extension increases for both steps are respectively of 0.9 nm and 5.1 nm, in agreement with the values observed in passive 291 

SMFS. (b) The plateau times observed in passive SMFS in relation to the plateau force correspond to a Bell-Evans law, 292 

evidencing different parallel (brown squares) and anti-parallel (purple dots) conformational stabilities. Bell-Evans fits revealed 293 

the positions of the energetic barriers x ≈ 0.2 nm, in agreement with values obtained from MD (details in SI). (c) Dynamic force 294 

spectroscopy experiments show a similar Bell-Evans evolution of the rupture force (active SMFS) with the loading rate (N = 260). 295 

Gray crosses correspond to individual force peaks (in double peak profiles) and black dots are central values of Fpeak and r. The 296 

Bell-Evans fitting curves obtained from passive SMFS (brown for parallel and purple for anti-parallel conformations) are added 297 

as dotted lines for comparison.  298 

Considering the position of the energetic barrier, we found 𝑥β,anti−parallel
𝑝𝑎𝑠𝑠𝑖𝑣𝑒

 = 0.21 ± 0.03 nm for the anti-parallel 299 

conformation and 𝑥β,parallel
𝑝𝑎𝑠𝑠𝑖𝑣𝑒

 = 0.24 ± 0.12 nm for the parallel conformation (Bell-Evans fits in purple and brown 300 

respectively in Fig. 5b and c). The almost identical x values originate from the similarity of the PDI-PDI interaction 301 

in both conformations. The PDI-PDI interacting distance, typically of 3.5 Å for both folded states, requires an 302 

increase of about 2 Å (x value) to trigger the π-interaction rupture, leading to the separation (or misalignment) of 303 

the dimer.  304 

The Bell-Evans description of a bond lifetime can also be supported by the dynamic evolution of the rupture force 305 

(Fpeak) of one interaction in relation to the experimental loading rate (r) applied in active SMFS experiments.[49,61] 306 
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Fig. 5c shows the dynamic force spectrum (DFS) of the PDI dimers stretched at various loading rates ranging from 307 

102 to 105 pN·s-1 (details in SI). As explained before, populations from parallel and anti-parallel conformations 308 

cannot be unambiguously distinguished in the DFS evolution (limited resolution in active SMFS), and the polymer 309 

linkers here lead to a significant broadening of the force distributions.[61] Nevertheless, the distribution of Fpeak vs r 310 

was adjusted by a Bell-Evans[60] fit, which returned 𝑥β
𝑎𝑐𝑡𝑖𝑣𝑒  = 0.23 ± 0.07 nm, very close to the values obtained by 311 

the lifetime analysis in passive SMFS. The fidelity of both analyses is illustrated by the reconstructions of the Bell-312 

Evans evolutions obtained from passive force measurements (purple and brown lines) in the DFS graph (Fig. 5c), 313 

showing very similar behaviours. Similarly, the SMD simulations at higher pulling velocities also returned very 314 

similar values for the energetic barrier position: 𝑥β,parallel
𝑆𝑀𝐷  = 0.24 ± 0.04 nm and 𝑥β,anti−parallel

𝑆𝑀𝐷 = 0.19 ± 0.03 nm (Fig. 315 

S11).  316 

When considering instead the unbinding kinetic rate (koff, calculated as the inverse of 𝜏(0)), we noted a large 317 

difference in the values extracted from the Bell-Evans analyses in AFM data and from the SMD simulations (Table 318 

S2). This difference originates from the very different loading rates employed and the use of a flexible polymer 319 

linker in the AFM experiments that can act as an additional soft link and bias the kinetic parameters identified for 320 

the PDI dimers. Yet, the koff values obtained experimentally support a lower unfolding rate for the parallel conformer 321 

that is explained by the different spatial arrangement of the bridging loop around the folded states associated with 322 

a small but existing free energy difference between parallel and anti-parallel conformers. Thus, in addition to routine 323 

dynamic force spectroscopy approaches, the study of the conformational lifetimes performed here by passive 324 

SMFS adds precise information about the unfolding energetic pathways and the force-induced mechanics of the 325 

PDI-PDI interaction rupture.   326 

 327 

Conclusion 328 

Mechano-responsive molecular motifs, such as perylene diimide derivatives, have already been used in materials 329 

for their fast response and reversible behaviour under external stress. A detailed description of the molecular 330 

conformational changes that occur under mechanical stress is difficult to obtain using ensemble techniques, despite 331 

the high importance of these processes for the rational design of chemically precise architectures. Advanced single-332 

molecule techniques of such mechano-responsive motifs are now crucial. Here, we have employed advanced 333 

AFM-based single-molecule force spectroscopy experiments and molecular dynamic simulations to precisely 334 

describe the folded states of PDI dimers and to uncover the force-induced unfolding pathways. 335 

We have modified a looped PDI dimer with flexible polymers for AFM interfacing, with a strong anchoring strategy 336 

for stable passive force spectroscopy experiments. Active SMFS in acetonitrile revealed the force signature of 337 

individual dimers and suggested two folded geometries associated with distinct unfolding forces. Molecular 338 

dynamics on the PDI dimer revealed these folding conformations, which comprise oppositely oriented PDIs, namely 339 

the parallel and anti-parallel conformers. The simulated optimized geometries revealed the effect of the bridging 340 

loop, which surrounds the PDI units in an anti-parallel conformation and therefore affects the unfolding kinetics.  341 
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The unfolding mechanisms were described by steered molecular dynamics starting from both folded conformations. 342 

While the anti-parallel conformer unfolds in a single step as the mechanical force is aligned with the PDIs, the 343 

parallel dimer undergoes a local reorganization of the PDI units toward the anti-parallel conformer before force-344 

induced unfolding. This two-step unfolding mechanism has been described energetically, evidencing a favoured 345 

pathway ‘parallel to anti-parallel to unfolded’ compared to the straightforward unfolding of the parallel conformer, 346 

which was not observed. Interestingly, this unfolding pathway has also been observed in real time during passive 347 

force spectroscopy experiments. Despite the very small conformational difference between the parallel and anti-348 

parallel forms, we were able to probe and discriminate them, and to measure their respective lifetimes under 349 

mechanical stress. We showed that the difference in the unfolding mechanisms is associated with a difference in 350 

mechanical work required for the unfolding (higher for the parallel conformer), measured by SMFS and simulations. 351 

This difference in mechanical stability originates from the spatial arrangement of the loop bridging both PDI units, 352 

impacting the parallel or anti-parallel orientation of the PDIs and thus their unfolding mechanisms. It is worth 353 

emphasizing the high similarity between the MD simulations and the thermodynamic analysis of passive force 354 

spectroscopy experiments. This coupled method uncovered two distinct folded conformations that were hidden by 355 

standard ensemble techniques and provided a high-resolution, detailed description of the rupture of noncovalent 356 

interactions in perylene diimide dimers. Furthermore, the energetic description of both unfolding pathways and the 357 

illustration of the kinetic laws governing noncovalent interactions highlight the effectiveness and accuracy of our 358 

combined single-molecule approach. This methodology offers the requisite precision to distinguish conformers that 359 

were not accessible with existing approaches, but also provides access to unfolding mechanisms and direct 360 

measurements of individual π-interaction lifetimes under force. We emphasize the importance of this approach for 361 

the rigorous mechanochemical description of noncovalent molecular systems to be integrated in responsive 362 

materials.  363 
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 555 

Mechanical force is used to probe π–π interactions within individual perylene diimide dimers by AFM-based force 556 

spectroscopy. Experiments and molecular dynamics simulations reveal two long-lived conformers with distinct 557 

mechanical stability and rupture pathways. Passive force spectroscopy quantifies their lifetimes under load and 558 

capture their dissociation pathways, providing insight into the energy landscape of noncovalent assemblies. 559 


