
This document is the Accepted Manuscript version of a Published Work that appeared in final form in the 
Journal of Chemical Theory and Computation, copyright (C) American Chemical Society after peer review 
and technical editing by the publisher. To access the final edited and published work 
see https://pubs.acs.org/doi/10.1021/acs.jctc.7b01176. 
 

1 
 

Analyzing Fluxional Molecules using DORI 

 

Laurent Vannay,[a] Benjamin Meyer,[a] Riccardo Petraglia,[a][c] Giuseppe Sforazzini,[b] Michele 

Ceriotti[c][d] and Clémence Corminboeuf[a][d]* 

 

[a]Laboratory for Computational Molecular Design, Ecole Polytechnique Fédérale de Lausanne, 

CH-1015 Lausanne, Switzerland 

[b]Laboratory of Macromolecular and Organic Materials, Institute of Material Science and 

Engineering, Ecole Polytechnique Fédérale de Lausanne, 1015 Lausanne, Switzerland 

[c]Laboratory of Computational Science and Modeling, Institute of Materials, Ecole Polytechnique 

Fédérale de Lausanne, 1015 Lausanne, Switzerland 

[d]National Center for Computational Design and Discovery of Novel Materials (MARVEL), Ecole 

Polytechnique Fédérale de Lausanne (EPFL), 1015 Lausanne, Switzerland 

 

Address correspondence to: clemence.corminboeuf@epfl.ch 

  



This document is the Accepted Manuscript version of a Published Work that appeared in final form in the 
Journal of Chemical Theory and Computation, copyright (C) American Chemical Society after peer review 
and technical editing by the publisher. To access the final edited and published work 
see https://pubs.acs.org/doi/10.1021/acs.jctc.7b01176. 
 

2 
 

ABSTRACT  

The Density Overlap Region Indicator (DORI) is a density-based scalar field that reveals covalent 

bonding patterns and non-covalent interactions in the same value range. This work goes beyond 

the traditional static quantum chemistry use of scalar fields and illustrates the suitability of DORI 

for analyzing geometrical and electronic signatures in highly fluxional molecular systems. 

Examples include a dithiocyclophane, which possesses multiple local minima with differing 

extents of π-stacking interactions and a temperature dependent rotation of a molecular rotor, where 

the descriptor is employed to capture fingerprints of CH-p and p-p interactions. Finally, DORI 

serves to examine the fluctuating π-conjugation pathway of a photochromic torsional switch (PTS). 

Attention is also placed on post-processing the large amount of generated data and juxtaposing 

DORI with a data-driven low-dimensional representation of the structural landscape. 

INTRODUCTION 

Quantum chemical approaches generally rely upon the wavefunction or the electron density, which 

are both intricate and difficult to interpret. The wavefunction is undeniably a complex 

multidimensional object, while the electron density is rather featureless.1–8 One way of overcoming 

this conundrum is to use molecular scalar fields, which condense the chemically relevant 

information obtained from quantum calculations into one single intuitive real space function (see 

Figure 1).  

One of the most illustrative molecular scalar field is certainly the Electron Localization Function 

(ELF),9–11 which identifies regions where electrons locate1 and classify chemical bonds.3 Different 

localization measures such as the Localized Orbital Locator (LOL),12 the Parity Function (P),13,14 

the Electron Pair Localization Function (EPLF),15 the Localized Electron Detector (LED),16 the 

Electron Localizability Indicator (ELI)17 or the single exponential decay detector (SEDD) have 
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reinforced the interpretative power of scalar fields, while also extending their range of applications 

to post-Hartree-Fock (e.g., ELI),18 quantum Monte Carlo (e.g., EPLF)19 and orbital free formalisms 

(e.g., LED, SEDD).  

 

Figure 1: Three-dimensional representation of the benzene plotted for ELF= 0.8 (left), two-

dimensional DORI maps in the sh plane of the butadiene with DORI=0.99 isocontour in white 

(center) and three-dimensional representation of the parallel-displaced benzene dimer for 

DORI=0.95 (right) with the covalent/non-covalent DORI domains in white/red respectively. 

Electron densities are self-consistently optimized at the B3LYP/TZP level. 

The aforementioned scalar fields identify regions where electrons locate, which by design, 

precludes their identification of non-covalent regions where electrons are not well localized. The 

Non Covalent Interaction (NCI)20 method was developed to fill this gap by specifically 

highlighting regions of low electron density gradient and low densities. Other approaches revealing 

covalent bonding patterns and non-covalent interactions simultaneously are also available, either 

through coupling different scalar fields (e.g. ELF and NCI)21,22 or through stand-alone methods 

like the versatile Quantum Theory of Atoms and Molecules (QTAIM).23–26 This work exploits 

another powerful scalar field, the Density Overlap Region Indicator (DORI),27 introduced by de 

Silva and Corminboeuf, which was derived from the single exponential decay detector.28–30 In 



This document is the Accepted Manuscript version of a Published Work that appeared in final form in the 
Journal of Chemical Theory and Computation, copyright (C) American Chemical Society after peer review 
and technical editing by the publisher. To access the final edited and published work 
see https://pubs.acs.org/doi/10.1021/acs.jctc.7b01176. 
 

4 
 

short, DORI captures regions of space where the electron density between atoms, molecules or 

atomic shells clash. Such regions are characteristic of covalent and non-covalent interactions, both 

of which are revealed by DORI in the same value range. The scalar field probes geometrical 

features of the electron density in these overlapping regions by measuring the deviation from a 

single-exponential decay. The descriptor is dimensionless and solely dependent upon the electron 

density and its derivatives (eq. 1):  

  (1) 

where 

  (2) 
Thus, DORI is well defined at any level of theory, and can also be exploited with orbital-free 

approaches as well as proatomic and experimental densities.31 It is worth noting that a physical 

interpretation of DORI has been provided in terms of the local wavevector,32–34 which reflects the 

shape of the electron density. 

Molecular scalar fields have generally proved to be both insightful and reliable in a 

comprehensive range of applications. They can distinguish between different classes of chemical 

bonds35,36 including metal-metal,37,38 metal-ligand,39,40 organic,41–46  ionic,47 or multicenter.48 

Moreover, they also reveal non-bonding interactions such as e.g. hydrogen49–51 or halogen bonds52–

55 and vdW interactions in the excited state and have helped rationalize chemical reactivity 

involving e.g. cycloaddition,56 hydrogen transfer,57 or electron transfer58 mechanisms, in systems 

ranging from organic59–62 to metallic.63,64 The range of DORI applications is comparably broad 

and includes: the construction of different classes of exchange-correlation functionals65,66 and 
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adaptive QM/MM schemes,67 the characterization of nanomaterials,68 the classification of excited 

states,69,70 the identification of fingerprints associated with CO2 sequestration by organic 

molecules,71 and the conformational behavior of small bio-organic molecules46 and hydrogen-

hydrogen contacts in zincocene related compounds.45 

Each of the aforementioned applications essentially rely upon a traditional “static” quantum 

chemistry picture, in which only one or a handful of gas phase 0K structures are considered. Yet, 

aside from a few cases involving small and rigid molecules, static representations of chemical 

processes may not provide a comprehensive picture. Indeed, there are many interesting phenomena 

that involve highly fluxional molecules where thermal motion heavily influence molecular 

properties. Examples include the subtle relative energy prediction of polymorphic crystal 

structures of floppy molecules,72 the world of molecular actuators73–79 as well as organocatalytic 

processes,72 each of which all evolve on complex potential energy surfaces. For these types of 

systems, static descriptions are insufficient80 and molecular dynamic (MD) trajectories become 

necessary. Of course, fluxional processes could still benefit from insights provided by molecular 

scalar fields as has been occasionally shown. One relevant example is Bonding Evolution Theory 

(BET),81,82 which is a combination of ELF and catastrophe theory,83 and can be used to 

discriminate specific events during a reaction processes (e.g., bond formation or dissociation). 

Given the importance of non-covalent interactions an ELF/NCI cross interpretative BET strategy 

was also recently employed to monitor the full range of interactions.21 While BET does add 

significant insight into chemical reaction,60,84,85 its applications have been constrained to intrinsic 

reaction coordinates, which facilitate easy understanding of reaction mechanisms, but does not 

necessarily reflect  dynamical processes. As mentioned by Piquemal21 BET is, in principle, 

applicable to MD trajectories, but this possibility awaits further exploration.  
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The averaged NCI index (aNCI),86 an extension of the existing NCI framework, is another 

strategy, which accounts for the fluctuation of the environment around a target molecule. Within 

aNCI, the environment is allowed to fluctuate while the geometry of the solute molecule is kept 

frozen. As such, aNCI effectively samples the solute-solvent fluxional interactions for a given 

solute geometry, but is unable to describe the inherent fluxionality of a solute molecule.  

The only example exploring the effects of dynamical fluctuations on ELF and QTAIM was a 

prototypical SN2 reaction by Adamo and co-workers.87 In this work, the “crucial role of the 

electron charge transfers during the formation of the ion−dipole complex”87 was only properly 

described using dynamical analysis. Still, the system investigated (chlorine exchange in 

chloroform) had a limited number of degrees of freedom. Along a similar line, the pioneering ELF 

investigation of Marx and Savin,88 on the elusive bonding of the “highly fluxional” CH5
+

 molecule 

should be mentioned. The authors analyzed a “statistical sample” of 64 molecules extracted from 

an MD trajectory to clearly distinguish between the three-center, two-electron H2-C bond, from 

the remaining three two-center, two-electron CH bonds.   

This number of examples present in the literature already illustrates the suitability of using 

bonding descriptors beyond traditional static quantum chemical situations. This work goes a step 

further and demonstrate the usefulness of DORI27 to analyze covalent bonding patterns and non-

covalent interactions in three highly fluxional systems (Figure 2). 

The first example is a dithiocyclophane (1)89–91 that is dominated by low energy conformations 

characterized by different extent of intramolecuar π-stacking that are well described by DORI. For 

the molecular rotor (2),91,92 DORI is used to fingerprint and discriminate between the compact 

enthalpy-driven structures and the disordered conformations. Finally, DORI is used to examine 

the fluctuating π-conjugation pathway of a photochromic torsional switch (PTS, 3).93 We stress 
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that the objective of this work is to emphasize the usefulness of a density-based property, such as 

DORI, to discriminate between covalent and non-covalent interaction patterns in highly flexible 

molecules and not to invoke any possible correlation between DORI and interaction energies. 

 

 

Figure 2: 3D representation of Thieno-[2,3-b]-thiophene (1), a molecular rotor (2) and a 

photochromic torsional switch (3). 

COMPUTATIONAL DETAILS 

Molecular dynamics trajectories of 1-3 were performed using Born-Oppenheimer MD (BOMD) 

at the DFTB3 level,94–96 as well as our recent REMD@DFTB3 variant91 that combines Density 

Functional Tight Binding (DFTB3) in DFTB+ 97 with Replica Exchange Molecular Dynamics 

(REMD, parallel tempering) powered by i-PI.98,99  

REMD performs several molecular dynamic trajectories (i.e., replica) at different temperature with 

each replica being able to exchange its atomic positions and velocities each of the other replicas. 

The algorithm dictating the exchange keeps all the replicas in the respective canonical ensemble 

for the targeted temperature. For 1 and 2, the trajectories were taken directly from reference 91, 

while for 3 trajectories are based on from reference 93. We analyzed the gas phase trajectories at 

300K for 1 and 3, and at 310K for 2.  
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The BOMD trajectories of 1 ran for 5.4x106 steps assembled from 54 equivalent simulations 

initiated with random configurations generated from previous BOMD. REMD temperature ranges 

from 300K to 1500K with 16 replicas (2x105 steps/replica) for 1, and 48 replicas (1.5x105 

steps/replica) for 2. A Langevin thermostat with a time constant of 100 fs kept each replica at a 

constant temperature. For (3), the REMD temperature ranged from 300K to 1200K using 32 

replicas (1.5x105 steps/replica), and a GLE thermostat100 to improve the mapping. For all three 

systems, a time step of 0.25 fs was found to be sufficient to avoid any drift in the conserved quantity 

while integrating the Newton equations. All forces were computed at the DFTB3/3OB101,102 level, 

with the dispersion correction based on the Universal Force Field parameters103  as implemented 

in the DFTB+ code. 97   

The REMD@DFTB3 trajectories at the targeted temperature are then post-processed exploiting 

DORI. All electron densities used for DORI were computed at the PBE/6-31G* level in 

Gaussian09 on a subset of random snapshots extracted from the REMD or MD trajectories.  

The quantitative analysis was performed by integrating the electron density or considering the 

volume associated with the relevant DORI domains defined by a given DORI isovalue (Viso): 

𝐷𝑂𝑅𝐼!"#[𝑉!$%] = ∫ 𝜌(𝑟)𝑑𝑟&!"#
   (3) 

𝐷𝑂𝑅𝐼'%([𝑉!$%] = ∫ 𝑑𝑟&!"#
   (4) 

Both DORIvol (in Bohr3) and DORIint (in electron/Bohr3) capture the relevant bonding or non-

covalent patterns and are capable of distinguishing between the signatures of rather directional H-

bonds (smaller DORI basin volume) and more diffuse π-stacking interactions (larger DORI basin 

volume) characterizing the different molecular conformers (see Figure S1 and S2 the in Supporting 

Information). Here, DORIvol is favored for the evaluation of non-covalent interactions, whereas 

the integration of the density is more intuitive when discussing a covalent bonding pattern. For all 
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systems, DORI, DORIint and DORIvol were computed on a locally modified version of DGRID-

4.6, with a precision of at least 10points/Bohr. The isovalue taken for each system was chosen 

such as the basin representative of the targeted interaction remains separated from the other 

domains. As discussed in the original DORI paper,27 the quantitative analyses are thus dependent 

upon the chosen isovalue. We insure that the trends persist for any selected isovalue leading to 

similar domain separations (see Figures S1, S3 and S4 in the SI). In the case of the 

dithiacyclophane (1) and rotor (2), the DORIint and DORIvol were computed on a truncated frozen 

snapshot geometries saturated with hydrogen atoms, placing emphasis on the targeted interaction. 

While not mandatory, such a truncation accelerates the DORI analysis without modifying the 

relevant contributions to the targeted domains (see Figure S5 and a detailed description in the SI). 

The π-conjugation pattern within the dithiophene unit of the photochromic torsional switch93 

was analyzed using DORIπ, corresponding to the DORI function based on the π-density only. The 

relevant orbitals (see Figure S6 in the SI) were localized using the Adaptive Natural Density 

Partitioning (AdNDP) proposed by Boldyrev and co-workers,104–106 which is ideally suited for this 

purpose (see supplementary information for the detailed procedure). 

Finally, the conformational spaces of the molecular rotor and the photochromic torsional switch 

are depicted using the sketch-map dimensionality reduction algorithm107–109 (see S.I. for the 

detailed procedure). 

Results and Discussion 

Thieno-[2,3-b]-thiophene  

The π-stacked, arrangement of (hetero)aromatic cores is a distinct packing motif associated with 

pronounced optical and semiconducting properties.110 Previously, DORI was shown to be a useful 

descriptor of the “electronic compactness” of π-stacked motifs in quatertiophene crystals27 and 
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one-dimensional nanofibrils.68,80 In these materials, solubilizing side chains, hydrogen-bond and 

dispersion-driven aggregators were exploited to achieve tight packing, which was conveniently 

probed using the integration of the electron density within the DORI intermolecular domains 

(DORIint) (i.e., electronic compactness). The DORI-based “electronic compactness”27 largely 

correlated with charge mobility albeit offering distinct information.80 

Along the same line, the bridged asymmetrically polarized dithiacyclophane incorporating a 

thieno-[2,3-b]-thiophene89 (1), possesses two low-lying π−π stacked conformers.111 Thus, it is 

ideally suited for evaluating the advantages of DORI over geometrical variables for analyzing 

packing fluctuations. Two geometrical collective variables characterize this “molecular pac-man”: 

the distance between the center of mass of the rings and the angle between the normal to the plane 

formed by the atoms in the rings (Figure 3). The relation between the geometrical criteria and the 

DORIint value of 10’000 snapshots extracted from 54 independent 25 ps NVT DFTB molecular 

dynamic trajectories (1.35 ns in total) at 300 K is presented in Figure 3. The “π-stacked 

conformational region” corresponds to small R and θ values where the density overlap, i.e., 

DORIint, is significant (red, orange).  Inversely, DORIint vanishes when the molecule opens (i.e. 

for large R and θ values) as the density overlap decrease toward zero (blue). Valuably, DORI 

encompasses all the structural and electronic features associated with the π-stacking pattern into a 

single (DORIint) value. For instance, Figure 3 clearly shows that the density overlap is more 

sensitive to R than to θ.  
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Figure 3: Two-dimensional representation of the dithiacycloplane conformers color-coded with 

the integral of the electron density within the intramolecular DORI domain, DORIint[0.80] (in 

electron/Bohr3). Conformers are extracted from DFTB trajectories at 300K. The snapshots are 

described based on the distance between the center of mass of the π-subsystems (R), and the angle 

between the two planes describing the π-systems (θ) mapped in the [0,90] range. DORI values are 

computed on electron densities relaxed at the PBE/6-31G* level on frozen DFTB3/3OB-UFF MD 

geometries. 
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Figure 4: Structure occurrence based on integral of the electron density (DORIint[0.8] in 

electron/Bohr3) within the intramolecular DORI=0.8 domain of the truncated dithiocyclophane, 

computed on the structures extracted from the MD (left). DORIint[0.8] of two optimized geometries 

(static #1, #2), the average MD geometry, and mean of DORIs from the standard MD at 300K, and 

from REMD@DFTB3^300K. DORI are computed on electron densities relaxed at the PBE/6-

31G* level, on DFTB3/3OB-UFF (MD) geometries. 

 

The comparison between the snapshots of the 300 K MD trajectories and the static gas phase 

geometry highlights the pronounced π-stacking fluctuations typical of this molecule. As mentioned 

earlier, two π-stacked minima having an interplane distance of 3.6 and 4.2Å were found by static 

optimizations at the DFTB (or DFT).90 These minima are within 2 kcal mol-1 of one another (in 

favor of the former at the DFTB3/3OB level) and are associated with an electronic compactness, 

of 0.24 and 0.11 electrons, respectively (as measured by i.e. DORIint[0.8], see Figure 4). According 

to the DORIint profile, the fluxional behavior of dithiacyclophane causes neither of the two static 
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structures to be very representative of the molecule (see the time evolution of DORIint in Figure 

S3 in supporting information). Within the timescale explored (1.35 ns), the molecule 

predominantly oscillates between these two conformations. Occasionally a third region 

represented by an open conformation is also visible. The ensemble of DORIint values shows a 

Gaussian distribution centered between the two closed conformations (DORIint=0.19) but closer 

to the lower lying stacked minimum. A non-negligible contribution also arises from the open form 

(DORIint < 0.05). For this flexible system, it was demonstrated that only a more efficient sampling 

technique, e.g., REMD@DFTB3, permits a thorough exploration of the potential energy surface 

and reveals the presence of another dominant conformational “disarticulated” region.91 When the 

structures stemming from all three conformational regions are accounted for (i.e., from 

REMD@DFTB3), the π-stacked conformations become less prevalent and the resulting mean 

DORIint value is consequently much closer to zero. Taken together, this system clearly illustrates 

the importance of merging traditional quantum chemistry with accelerated sampling techniques 

prior to applying density-based descriptors that are capable of recognizing interaction patterns. 

Molecular rotor 

Molecular rotors are one of the most illustrative classes of fluxional systems. These molecules 

usually comprise a fairly static component (the stator) and a more flexible and eventually 

switchable unit (the rotator). One of the main computational and experimental challenge consists 

in understanding112,113 and controlling114,115 molecular flexibility and dynamic motion within the 

system such that more efficient rotors can be designed.116 One key factor influencing the rotor 

dynamics is the torsional potential, which is highly sensitive to the nature and strength of the non-

covalent interactions occurring between the rotator and the stator.116 We illustrate this aspect by 

considering the dynamic motion of a recently synthesized molecular rotor (2), which features 
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enthalpy driven conformational states stabilized by stator-rotor non-covalent interactions and more 

disordered (entropically favored) conformational states.92 In this system, the subtle interplay 

between the enthalpy and entropic factors was evaluated experimentally using variable-

temperature NMR,92 and computationally by both a static92 and an REMD@DFTB391 picture. 

  
Figure 5: Schematic representations of the molecular rotor and their occurrence in function of 

their DORIvol[0.8] in Bohr3. The histogram is equivalent to the barre histogram in Figure S1 (see 

SI) except that each point corresponding to a structure, with the x-value being its DORI volume, 

is represented. Within a given interval of 2.0 Bohr3, the y-value is randomly attributed (using a 

random uniform distribution function) to each point in the range [0,hist(y)], where hist(y) is the y-

value of the histogram depicted in Figure S1. 

DORIvol[0.8] values are computed on the model system using the DORI domains stemming 

from the two stator-rotator interactions. DORI are computed on electron densities relaxed at the 

PBE/6-31G* level on the DFTB3/3OB-UFF REMD geometries. 
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The structural motifs featuring the rotor and the stator throughout the fluxional process at 310 

K are schematically represented in Figure 5. Conveniently, the individual structural patterns have 

specific DORI signatures, encoded by their unique non-covalent DORI domains. The characteristic 

volume of these domains, DORIvol, can be monitored across the simulation to identify the dominant 

conformations. The histogram in Figure 5 displays the relative occurrence of each of these patterns 

sampled at 310 K (using REMD) in terms of DORIvol. The figure uncovers the clear dominance of 

the disordered conformations. The patterns range from a small number of very open-structures 

(DORIvol ~ 0-30 bohr3), where there is nearly no overlap between the rotor and the two stators, to 

the frequently visited and dominant disordered structures that feature loose π-π or CH-π contacts, 

visible for DORIvol < 70 bohr3. The largest DORIvol (between 80 and 100 bohr3) are associated with 

the reduced assortment of very compact enthalpy-driven conformations, which possess substantial 

π-π or CH-π contacts. The predominance of the disordered (i.e., entropy driven) conformations 

aligns well with experiment92 and with our alternative analysis of the REMD@DFTB3 results91 

based on chemical shifts. Given the floppy nature of the systems discussed in this work, it is clear 

that many geometric parameters would be needed to fully characterize all of the different molecular 

fluctuations. DORI fingerprints, instead, provide a single value that captures the structural and 

electronic information of the different molecular conformers. In order to assess the extent to which 

this single parameter can characterize the complex structural landscape of fluxional molecules, it 

would be useful to juxtapose DORI with a data-driven low-dimensional representation of the 

structural landscape, rather than with few, more or less, arbitrarily selected collective variables. 

Fortunately, numerous algorithms have been developed for reducing the dimensionality of the 

representation of complex free-energy surfaces using linear (e.g., principal component analysis117–

119) and more elaborate non-linear projections (e.g., ISOMAP,120 Laplacian eigenmaps121, locally 



This document is the Accepted Manuscript version of a Published Work that appeared in final form in the 
Journal of Chemical Theory and Computation, copyright (C) American Chemical Society after peer review 
and technical editing by the publisher. To access the final edited and published work 
see https://pubs.acs.org/doi/10.1021/acs.jctc.7b01176. 
 

16 
 

linear embedding122 or sketch-map107–109). Here, the sketch-map technique specifically introduced 

by Ceriotti et al. was used to analyze atomistic data characterized by high dimensional thermal 

fluctuations.107,109 

Sketch-maps can be generated starting from any suitable high-dimensional representation of an 

atomistic configuration, and reduce this description to a low-dimensional (often, 2D) description 

in a way that preserves proximity between states: two points close on the sketch-maps share high 

structural resemblance in the high-dimensional space. Sketch-map has been successfully employed 

to describe the conformational space of proteins,109,123 extended solids,124 molecular and model 

clusters,108,124 to bias MD simulations,109 or to classify (high-throughput) structural 

databases.124,125 In this work, in order to avoid any bias in the construction of the low-dimensional 

representation, we do not select specific high-dimensional descriptors, but use a general measure 

of structural similarity124 that only relies on a combination of comparisons of local atomic 

environments. Owing to the highly flexible nature of the molecular rotor, 2, no clear-cut free-

energy basins emerge from the sketch-map analysis (see Figure 6). However, despite the breadth 

of the basin, structures with comparable interactions are projected close to each other in this 

representation. When the map is color-coded with DORIvol[0.8] values, it becomes clear that even 

without identifying separate structural clusters the sketch-map representation captures the essential 

features of the fluctuations of the rotor: a drift from high density overlap conformations (right, 

orange) to open forms of the rotor (left blue) is clearly visible. This observation demonstrates that 

sketch-map determines in an automatic, agnostic fashion structural features that are strongly 

connected with different levels of non-covalent bonding. Conversely, the excellent correlation 

between the main sketch-map variables and DORI prove that this density-based fingerprints can 

effectively capture the essential structural features of a highly fluxional system.   
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Figure 6: Sketch-map representation of the molecular rotor 2, color-coded with the sum of the 

DORIvol[0.8] (in Bohr3) stemming from interactions between the two stators and the rotator. 

Photochromic torsional switch 

In the previous examples, DORI was used to characterize only non-covalent interactions. 

Considering that the descriptor also capably distinguishes different bonding patterns, the final 

example uses DORI to gauge the extent of π-conjugation in a photochromic torsional switch (PTS) 

comprised of a azobenzene and a bithiophene subunit.93 In this PTS, a strong rearrangement upon 

photoisomerization modulates the π-conjugation within the bithiophene subunit.93 In short, the Z 

azobenzene configuration allows the bithiophene subunit to achieve a quasi-planar anti-
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conformation, whereas a twisted bithiophene dominates the E azobenzene configuration. This 

torsion-planarization, which directly impacts the extent of π-conjugation, was probed 

experimentally by measuring the absorption spectra.93 Here, the conjugation strength is monitored 

by the DORIπint of the inter-thiophene bond in Figures 7 and 8. As evident from Figure 7 (right), 

neither the ÐSCCS dihedral angle (θ), nor the inter-thiophene carbon-carbon bond (R) entirely 

describes the extent of delocalization. Both the Z and E configurations are affected by thermal 

fluctuations meaning that for a given dihedral angle (θ) characteristic of the planar dithiophene 

(i.e., Z-azobenzene configuration, inter-thiophene θ∈[120,180]), the π-conjugation (i.e., 

DORIπint) decreases as the bond length increases. Similarly, for a fixed C-C bond length, the 

DORIπint weakens as the two thiophenes twist out of planarity. Hence, DORIπint decreases when 

the π-delocalization is reduced either by bond lengthening and/or deplanarization of the 

dithiophene. The sketch-map in Figure 8, which clearly separates the E from the Z-azobenzene 

configurations without using arbitrarily selecting collective variables, is even more insightful when 

enriched by a color coding based on the DORIπint values. The rather weak π-conjugation 

(coinciding with low DORIπint values, light blue-green) is distinctive of the E-azobenzene 

configuration, which contrasts with the dominant red color (larger π-conjugation) of the Z-

azobenzene region. While this difference attests that this switch efficiently modulates the extent 

of π-conjugation within the bithiophene unit, the electronic information encoded in this DORIπint-

based map is more comprehensive than the geometrical variables as it captures both the 

imperfection of the switching design (i.e., the switch is not perfectly forcing the bithiophene unit 

out of planarity in its E configuration or planarity in the Z configuration) and the softness of the 

inter-thiophene all reflected by the green points in a red region and vice versa. Nevertheless, the 
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final picture given by DORIπint for the PTS is an overall higher π-overlap for the Z-configuration, 

which correspond to experimental findings.93 

 

 

Figure 7: Representations of the photochromic torsional switch and its associated 

DORIπint[0.99] (in blue, in electron/Bohr3) for the inter-thiophene bond (left). Correlation of the 

DORIπint[0.99] with the inter-thiophene bond distance (R) and the inter-thiophene SCCS dihedral 

angle (θ), mapped in the [0,180] range. DORI are computed on electron densities relaxed at the 

PBE/6-31G* level on frozen DFTB3/3OB-UFF geometries from REMD.  

Additional chemical insight is provided by comparing the DORI based sketch-map with its free-

energy colored counterpart (Figure 8b). The later readily illustrates the highly-structured nature of 

E-azobenzene, which contrasts with the more disordered Z-configuration. The fact that DORIπint 

does not uncover this difference indicates that the overall flexibility of the molecule is not 

dominated by the bithiophene unit. 
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Figure 8: Sketch-map representation of the photochromic torsional switch 3, producing two 

distinct zones corresponding to the Z- and E-azobenzene configuration (left and right respectively). 

The map is color-coded with the electron density integral stemming from the DORIp [0.99] (in 

electron/Bohr3) domain of the dithiophene bridging bond (a), and with the free energy computed 

from the REMD occurrences (b).  

 
Conclusion 
In conclusion, we have shown that DORI provides unique insight into studies involving highly 

fluxional molecular systems. Using snapshots extracted from molecular dynamic simulations that 

exploited the efficiency of REMD@DFTB3, characteristic DORI-based electronic signatures were 

examined in tandem with a powerful data-driven low-dimensional representation of the structural 

landscapes. This procedure resulted in a picture that captured fluctuations arising from changes in 

bonding patterns and non-covalent interactions more clearly than with arbitrarily chosen 

geometrical collective variables. Thus, representations of complex conformational spaces and 

electronic processes can be described with no loss of structural information by using a single 

DORI-based variable.  

The combination of DORI descriptors with sketch-map, a non-linear dimensionality reduction 

technique that strives to obtain a similarly general simplified description based on geometric 
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parameters, cross-validates the two approaches. The strong correlation between the location of a 

configuration on a sketch-map and its corresponding DORI value (encoded with color) shows that 

DORI can distinguish structurally different conformations, and, vice versa, that sketch-map 

coordinates identify structural variables that are associated with marked changes in both covalent 

and non-covalent bonding. While, this work has focused on three illustrative systems characterized 

by specific fluctuating (non-)covalent interactions, similar analyses could be highly beneficial to 

better comprehend the massively different behavior types seen in chemistry and material sciences 

(e.g., catalysis, supramolecular chemistry, amphidynamic crystals). 
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