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ABSTRACT: Understanding energy transfer is of vital importance in a diverse range of 

applications from biological systems to photovoltaics. The ability to tune excitonic coupling in 

any of these systems, however, is generally limited. In this work, we have simulated a new class 

of single-molecule spectroscopy in which force microscopy is used to control the excitonic 

coupling between chromophores. Here we demonstrate that the excitonic coupling can be 

controlled by the mechanical manipulation of the molecule (perylenediimide dimers and 

terrylenediimide-perylenediimide heterodimers) and can be tuned over a broad range of values 

(0.02-0.15 eV) which correspond to different regimes of exciton dynamics going from the folded 

to the elongated structure of the dimer. In all the systems considered here, the switching from high 

to low coupling takes place simultaneously with the mechanical deformation detected by a strong 

increase and subsequent decay of the force. These simulations suggest that single-molecule force 

spectroscopy can be used to understand and eventually aid the design of excitonic devices.  
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Molecular excitonic systems are formed by aggregates of interacting chromophores.1–3 

Electronic excitations in these systems form excited states that can be localized or delocalized over 

several chromophores and evolve over time following coherent or incoherent energy transfer 

mechanisms, depending on the regime of transport. In organic materials, generally with low 

dielectric constants, the excited states are normally referred to as Frenkel excitons4 and can be 

understood as a linear combination of single electron excitations localized on individual 

chromophores. The dynamics of the excitons in molecular aggregates and, specifically, their 

coherent dynamics in ultra-fast processes is an important research focus in two distinct areas of 

physical sciences. The dynamics of the exciton formed in organic materials plays an important role 

in many optoelectronics devices including solar cells5–7 and light emitting diodes.8–10 Light 

harvesting complexes, used by plants and bacteria to transfer excitation energy to the 

photosynthetic center,11–14 offer the opportunity to study the coherent time evolution of an excited 

state in a predetermined and known spatial arrangement of chromophores.15–17 

The dynamics of the exciton in all cases is determined by the strength of the excitonic coupling, 

i.e. the interaction between the localized excitation (which is determined by the geometry), and the 

coupling of the exciton with the local nuclear modes, i.e. the exciton-environment coupling (which 

is partially controlled by the temperature). In all systems under investigation, there is very limited 

external control on the exciton dynamics and therefore little chance to design experiments to study 

exciton physics under different regimes or to exploit exciton dynamics to perform specific 

functions. Controlling the exciton coupling by external stimuli may lead to new optoelectronic 

devices, e.g. optomechanical switches. In the coherent exciton transport regime, the ability to 

control excitonic coupling can form the basis of new quantum information devices, where the 
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information is contained in the excitonic wave-function and the information processing takes place 

by controlling the excitonic Hamiltonian.18–21 

An opportunity to control the excitonic coupling is offered by the growing accuracy achievable 

in single-molecule force spectroscopy (SMFS),22 where mechanical stimuli can force a change in 

conformation in a molecular system (see Figure 1a). The most common force spectroscopies are 

magnetic tweezers,23 optical tweezers24 and atomic force microscopy (AFM.)25,26 AFM can be 

combined with other techniques to allow simultaneous measurement of, for example, current,27 

fluorescence spectroscopy28–30 infrared spectroscopy31 as well as optical tweezers combined with 

FRET,32,33 fluorescence microscopy34 and other optical spectroscopy.35 Specifically, in an AFM 

experiment, one end of a molecule is attached to a macroscopic surface and the other to an AFM 

tip (see Figure 1a) controlling the force exerted on the molecule. 

The aim of this paper is to simulate a new variety of SMFS where both elongation force and 

excitonic coupling are simultaneously evaluated. The force spectroscopy allows the exploration of 

different conformations that the system can assume, while the excitonic coupling is evaluated, for 

example, from optical absorption or more complex time dependent techniques. This new SMFS 

opens the possibility to investigate excitonic physics at an unprecedented level of detail and to 

design new excitonic devices where the exciton dynamics is controlled externally.   

A realistic model system. To test the potential of this SMFS, we consider systems consisting of 

two chromophores connected by a bridge where an external force is used to control the separation 

between the chromophores. Specifically, we investigate two classes of molecules: one formed by 

two perylenediimide units (PDI) and the other formed by one PDI and one terrylenediimide (TDI). 

The two chromophore units are connected through an aliphatic chain, the bridge, with n CH2 
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groups (where n: {2-5}) and the extremities are each linked to an oxy-aliphatic chain, the linkers 

(see Figure 1b). These chromophores are suitable candidates for this experiment because of their 

optical stability, large extinction coefficients and high fluorescence quantum yields.36 The overlap 

of the PDI emission and TDI absorption spectra makes this pair suitable for electronic energy 

transfer experiments.36,37  

 

Figure 1. (a) Scheme of an AFM force spectroscopy setup. In these simulated experiments, the 

cantilever-surface distance (L) is controlled while the end-to-end molecular distance (ξ) thermally 

fluctuates. The spectroscopic properties of the molecule can be measured while simultaneously 

mechanically manipulating the intermolecular distance between the chromophores. The yellow 

arrows show the transition dipole moments. (b) Molecular structures of the systems investigated 

here. The PPn molecule is formed by two PDI molecules linked with a bridge of length n (e.g. 

panel a shows molecule PP2). TPn is formed by a TDI linked with a PDI. Both molecules are 

terminated with PEG linkers shown in the bottom panel.  

The simulation of the pulling experiment is based on a constrained Molecular Dynamics (MD) 

scheme with details similar to those used in ref. 38–41 and provided in the Supporting Information 
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(SI). Briefly, the elongation is obtained by the application of a stiff isotropic potential on one 

terminal carbon atom which mimics the attachment to a surface, whilst the other terminal carbon 

is connected to a virtual harmonic spring, simulating the AFM cantilever. The excitonic coupling 

presented in the main manuscript is computed using the transition atomic charge method42 and 

therefore includes only the Coulombic contribution and will be indicated as JC.  To calculate the 

excitonic coupling, the PEG linkers and all the atoms of the bridge were removed from the 

conformations of the MD trajectory. The atomic transition charges were computed once using TD-

DFT/LRC-ωPBEh/6-31G*43 from an isolated PDI monomer, following the definition in eq. S1 of 

reference 42 (a full definition is also reported in the SI).44 As shown in the SI we have verified that 

the contribution of short range interaction45 is small and can be neglected for the system studied 

here and thus JC provides a good estimate of the total exciton coupling.   

 

Force and excitonic coupling spectroscopy. The results from the simulation of the force (F)-

excitonic coupling spectroscopy for molecules PP2 and PP3 as a function of the end-to-end 

molecular length  are shown in Figure 2. The predominant conformations along the pulling 

experiment of both PP2 and PP3 are shown in Figure 3 (see also Figure S4, S5 and S6 in the 

Supporting Information for a more complete set of images). Consider first the force-excitonic 

spectroscopy of PP2 (Figure 2a). At ξ < 6 Å the molecule is compressed which leads to a negative 

force. Upon elongation, the force depends weakly on the displacement (6 Å < ξ < 15 Å). In this 

region, the PP2 conformations essentially form a quasi-π-stacked structure at ξ = 5 Å followed by 

a fully-π-stacked structure at ξ = 12 Å (Figure 3 top panel). Around ξ = 20 Å a force peak is 

observed: the increase in the force followed by its drop denotes a mechanical transition from a 

mechanically stable structure to another one. Before the transition, the molecule forms a stable 
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conformation (ξ = 17 Å Figure 3 top panel) as both potential energy U and the potential of mean 

force (PMF) ɸ (equivalent to the Helmholtz free energy) in Figure 2c show. At increased 

elongation, the applied force overcomes the π-stacking interactions and the molecule assumes a 

gauche conformation (ξ = 22 Å Figure 3 top panel). Overcoming the π-stacking interactions causes 

the increase in both free energy and potential energy.46 This conformational change significantly 

affects the excitonic coupling (Figure 2e). Between ξ = 5-20 Å, the average coupling oscillates 

around 0.14 eV. At the transition point, it drastically drops to ∼0.06 eV. Upon further elongation, 

another force peak signals a mechanical transition around ξ = 32 Å: the weak π-stack interactions 

of the gauche conformation are stretched until the molecule is fully elongated (see conformations 

at ξ = 28 Å and 34 Å). This region is also characterized by a concave region of the PMF, which 

indicates a mechanically unstable region. Here the intermediate coupling decreases until it reaches 

its minimum value as the PDI units are at the furthest possible distance.  

Similarly a force peak indicates the π-stacked conformation breaking point for PP3. At this 

elongation, the excitonic coupling decreases, but contrarily to PP2, we find no intermediate region 

between the high and low coupling plateaus. This result is consistent with the finding of a single 

force peak at ξ = 22 Å. Note the both larger breaking force and free energy difference of this system 

when compared to PP2 (Figure 2 c and d). When the molecule is fully stretched, the low coupling 

plateau is now lower with respect to PP2 due to the longer bridge which allows the PDI units to 

lie at a longer distance. Another difference is the increased stability of the π-stacked conformation 

of PP3 with respect to PP2: the PP2 π-stacked conformation is destabilized by both the strained 

N-C-C angles of the bridge and the repulsive interactions between the oxygen atoms. The excellent 

correlation between the critical points in the force spectroscopy and those in the excitonic coupling 
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map demonstrates that, by monitoring the force, one can control the magnitude of the excitonic 

coupling through mechanical deformation of the molecule.  

 

Figure 2. (a, b) 2D histograms of force vs. elongation. The dashed line indicates the force average. 

(c, d) 2D histogram of the relative potential energy and average value with dashed line. The entropy 

ΔS and Helmholtz free energy ɸ of the molecule is shown in red and blue dashed lines respectively. 

(e, f) 2D histograms of the absolute value of excitonic coupling. The dashed line shows the average 

values. The results for PP2 and PP3 are respectively shown on the left (a, c, e) and on the right (b, 

d, f). The color bar indicates the number of counts in bins of dimension 0.5 Å × 3.5 pN for (a-b), 
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0.5 Å × 0.01 eV for (c-d), and 0.5 Å × 0.003 eV for (e-f). The averages are calculated with bins of 

dimension 1 Å. The arrows in a and b refer to the structures in Figure 3. 

 

 
  

Figure 3. Representative structures along the pulling of PP2 (top panel a) and PP3 (bottom panel 

b) at different ξ. The constrained terminal carbon atoms are shown in green. The representative 

structures were obtained via a cluster analysis of conformations binned over 1 Å. 

Excitonic coupling change while pulling. Figure 4 shows the average force and the histogram 

of the excitonic coupling for molecule PP2, PP3, PP4 and PP5 versus the end-to-end molecular 

distance ξ. For all homo-dimers, the strong coupling regimes are measured in a region where the 

π-stacking interactions are strong and the free energy shows a mechanically stable phase 

(Supporting Information Figure S2). This demonstrates that the geometries responsible for a large 

coupling are not artifacts that come from non-physical structures. Note that the difference in free 

energy between 5 Å and 12 Å (the two stable conformers for short extensions) is smaller than the 

thermal energy for all molecules studied in this work (Supporting Information Figure S2 and S3). 

In all four cases, the major force peak is situated at the excitonic coupling switching region. The 
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position of the peak is constant as the bridge becomes longer: the breaking point is determined by 

the lengths of the PEG linkers (7.6 Å each and 3.6 Å for π-stack distance: a total of ca. 19 Å). The 

coupling switch is abrupt, i.e. from ∼0.15 eV to ∼0.03 eV over few Angstroms.  

The range of excitonic coupling explored in the pulling experiment is not much affected by the 

bridge length (the lowest coupling slightly decreases for longer bridges), but the latter affects the 

conformational space of the chromophores units. Specifically, for PP2 and PP4 we find a region 

of intermediate coupling magnitude (labeled by I in Figure 4a and 4c), which is absent in either 

PP3 or PP5. The force shows that a second breaking event takes place at longer ξ only for even n, 

while when n is odd we find only a single peak in the force. The reason for this is found by the 

different angle between the principal axis of the PDI units (see transition dipole moments sketched 

in Figure 1). When the π-stacked conformation is broken and n is 2 (even), the relative 

conformation of the CH2 groups of the bridge changes from staggered to gauche. The dihedral 

angle increases as the molecule is stretched: this is the conformation responsible for the 

intermediate coupling. For n = 3 (odd) the CH2 groups are already in gauche with respect to each 

other, thus stretching of the molecule causes the angle between the PDIs principal axes to increase 

(see transition dipole moments sketched in Figure 1) and the coupling decreases almost linearly 

until the CH2 groups are forced to assume an all trans conformation which brings the PDI further 

apart (see Figure S4). The cluster analysis of the trajectories shows that after the first peak, an even 

number of CH2 allows for long range π interactions while an odd number does not. This is due to 

the preferred all-trans conformation of an alkane chain, and the respective angle with the PDI units. 

Generally, we find that the longer the bridge, the longer the average distance between the center 

of mass of the PDI units and thus the magnitude of the coupling in the the intermediate regime 

(labelled “I” in figure 4) decreases from n = 2 to n = 4.  For n = 4 it is already difficult to distinguish 
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this region and the even-odd effect described above becomes less important. Note also the average 

force of the second peak for n = 4 is much lower than n = 2.  

The length of the bridge affects also the coupling transition: the shorter the bridge, the sharper 

the drop of the coupling. As the bridge length increases, the transition between the high and the 

low coupling regime becomes smoother: this is attributed to a larger number of degrees of freedom 

available when the bridge is long. 

 

Figure 4. 2D histograms of the absolute value of excitonic coupling and force average for PPn 

with even n (left panel) and odd n (right panel), where n = {2, 3, 4, 5}. An intermediate coupling 

regime (I) is found only when the bridge is formed by an even number of CH2. An extra peak of 

the average force (blue arrow) is also found for even n, which signals another favorable 

conformation ensemble at longer ξ. The color bar indicates the number of counts in bins of 

dimension 0.5 Å x 0.003 eV. The average force is calculated with bins of dimension 1 Å.  

The effect of the modulation of the excitonic coupling on the electronic and dynamical properties 

of the system depends on the regime of electron energy transfer.2,47 For strong coupling, exceeding 

the strength of exciton-vibration coupling, the system displays very delocalized excited states with 

no nuclear relaxation able to localize the excitation on one chromophore. Preparing an excited 
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state localized on a single chromophore in the high coupling limit would generate coherent 

dynamics (Rabi oscillations) between the chromophores. In the opposite, weak coupling, limit the 

excitons can become localized on a single chromophore by nuclear relaxation and the dynamics of 

exciton transfer would be incoherent, i.e. the excitation energy will hop between the two 

chromophores with a characteristic rate. The hopping barrier in the incoherent limit can be 

estimated as λ/4, where λ is the reorganization energy for the exciton transfer which, for the PDI 

molecule was evaluated computationally as 0.29 eV (See Supporting Information) in fair 

agreement with the value that can be extracted from the absorption/fluorescence spectra (e.g. 0.21 

eV using the data from ref. 48,49 where the PDI is attached to a solubilizing group). When the 

excitonic coupling becomes comparable with the hopping barrier there is a transition between the 

incoherent and coherent regime and the exact quantum mechanical propagation becomes more 

complex. It is therefore remarkable that the range of excitonic coupling accessible through this 

experiment allows one to study the exciton dynamics close to the coherent regime (with minimal 

elongation and JC ~0.15 eV) and in the purely incoherent regime (at large elongation and JC in the 

~0.01–0.03 eV range). Moreover, as the position of the force peak coincides with the strong to 

weak coupling switch, monitoring the force one can switch between coherent and incoherent 

regime via mechanical manipulation. 

An additional difference between the high and low coupling configurations is the nature of the 

excited eigenstates (S1 and S2). To illustrate the spectroscopic differences at different elongations, 

we report simulated absorption spectra for the PP2 and PP5 systems in Figure 5 (see also Figure 

S8 in the SI). The spectra were obtained from the eigenstates  |𝑎⟩ =
1

√2
(|1⟩ + |2⟩), |𝑏⟩ =

1

√2
(|1⟩ −

|2⟩) of the excitonic Hamiltonian  𝐻 = 𝐸𝑆1(|1⟩⟨1| + |2⟩⟨2|) + 𝐽𝐶(|1⟩⟨2| + |2⟩⟨1|), with |1⟩, |2⟩  

the localized excitations states and  𝐸𝑆1 = 2.79 eV. The intensity of the transition from the ground 
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states to the excitonic eigenstates was computed as proportional to  |⟨0|𝜇|𝑎⟩|2 =  
1

2
|𝜇1 + 𝜇2|2 and 

|⟨0|𝜇|𝑏⟩|2 =  
1

2
|𝜇1 − 𝜇2|2 with 𝜇1 = ⟨0|𝜇|1⟩ and 𝜇2 = ⟨0|𝜇|2⟩ ( denotes the electric dipole 

operator and the matrix elements were computed for the isolated PDI molecules in the correct 

orientation and sign consistent with the evaluation of the coupling). In the high coupling – folded 

– configuration the chromophores will form an H-aggregate (with side-by-side transition dipole 

moments) while in the low coupling – elongated – configuration they form a J-aggregate (with 

head-to-tail transition dipole moments).50  In the folded H-aggregate the S1 absorption from the 

ground state would be almost forbidden and the S2 would be intense and blue shifted with respect 

to the isolated chromophore. In the elongated J-aggregate, the S1 absorption becomes intense and 

redshifted and S2 absorption becomes forbidden. Fluorescence measurements can also indicate 

whether the chromophores are in the folded or elongated configuration: in the first case the 

fluorescence would be suppressed while in the second it would be enhanced. It should be noted 

that H- and J- character depends on the relative sign of 𝐽𝐶  and the transition dipole moments (in 

our simulations the sign of 𝐽𝐶  is constant and the H- and J- character is given by the relative 

orientation of 𝜇1 and 𝜇2). 
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Figure 5. Simulated absorption spectra for PP2 and PP5 computed every 0.2 Å elongation using 

a Gaussian line shape with σ = 0.03 eV.  

 

Force-spectroscopy can be applied also to heterodimers, for example TDI and PDI (see Figure 

1b). In this case, there is an overlap between the emission spectrum of PDI and the absorption 

spectrum of the TDI which allows energy transfer from PDI to TDI following a selective excitation 

of the PDI molecule. The rate of energy transfer is controlled by the excitonic coupling,51 thus it 

is again possible to control the exciton dynamics through mechanical manipulation. An additional 

complication which will not be addressed in detail here is the presence of charge transfer (CT) 

states among the low energy lying states of the heterodimers. CT states were identified for 

molecule TP2 for selected geometries at different elongations (Supporting Information Table S2). 

The CT energy levels are affected by the distance; thus, the energy of these excited states increases 

as the center of mass distance length between TDI and PDI increases. Also for the hetero-dimers 

(Figure 6) we find a high coupling regime at short elongation where the chromophores are in close 
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contact and strongly interacting. When the force signals a mechanical deformation, the coupling 

decreases and as the molecule is stretched further, the coupling drops to a low coupling plateau. 

We also find an extra mechanical deformation after the main force peak for both TP2 and TP4 

and not for TP3 and TP5. An intermediate coupling region is also seen for the even carbon atoms 

bridge TPn and it is not seen for the odd carbon atoms bridges, just like the PPn molecules. In 

contrast with PPn molecules, all the heterodimers show a larger coupling variance in the folded 

region. Specifically, the variance becomes larger as the bridge is longer. In fact, for a longer bridge 

there are more degrees of freedom which allows more conformations to be accessible, thus a larger 

spread in the coupling.  

 

Figure 6. 2D histograms of excitonic coupling for the hetero system TPn with n = {2, 3, 4, 5}. 

The average force is more structured with respect to PPn molecules. The results are comparable 

and follow the same trend as PPn systems results. The color bar indicates the number of counts in 

bins of dimension 0.5 Å × 0.003 eV. The average force is calculated with bins of dimension 1 Å. 
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In conclusion, we have simulated a new class of single-molecule spectroscopy experiments in 

which force microscopy is used to control the excitonic coupling between chromophores in 

suitably designed dimers. Specifically, we have demonstrated that the exciton coupling can be 

varied over a broad range of values (0.02-0.15 eV) by the mechanical manipulation of the 

molecule. The stronger and weaker coupling correspond to different regimes of exciton dynamics 

and are found in correspondence with the folded and elongated structure of the dimer. These two 

conformations can also be detected optically (because they behave rather differently as H- and J- 

aggregates respectively) and, maybe more remarkably, from the force peak: in all the systems 

considered, the switch between high and low coupling regime corresponds to a strong increase of 

the force and subsequent drop. Relatively modest, but easy to rationalize, changes are observed 

when the length of the bridge between chromophores is changed, with a potentially interesting 

“intermediate” regime found for the –(CH2)2– bridge. Most of the findings can be translated to the 

situation where two chromophores are different and their interaction is probed by the rate of energy 

transfer. Our findings suggest that a single-molecule force spectroscopy can be used to explore 

many subtleties of molecular exciton physics thanks to the potentially very accurate control 

achievable on the excitonic coupling.  
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