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Abstract 

Naphthalene diimide (NDI) based molecules are soft organic functional materials investigated 
for their n-type semiconducting properties and, recently, for their coupled electronic and ionic 
transport properties. Such quality makes them potential candidates as mixed ionic-electronic 
conductors (OMIECs) for electrochemical energy storage devices and bioelectronic sensors. A 
key aspect is the rationalization of their solid-state structure and morphology, ultimately 
controlling the transport properties. Here, we introduce two newly synthesized NDIs, namely 
NDI-TEG, functionalised with linear triethylene glycol side chains, and NDI-crown, with 15-
crown-5 rings. Their bulk structural properties, investigated via experimental characterizations 
and state-of-the-art molecular dynamics (MD) simulations, are compared with those of the 
parental species NDI-C10, featuring symmetrical n-decyl side chains. Our MD simulations 
reproduce remarkably well the experimental crystal structures of NDI-C10 and NDI-TEG. At the 
same time, we compute ex novo the amorphous morphology of NDI-crown, by simulating the 
experimental film casting conditions. Order parameters and correlation functions allow us to 
provide detailed atomistic insights into both short- and long-range order, as well as to disclose 
the thermal disorder effects, highlighting the role of the functional side groups. Our study 
establishes a validated computational ground for modelling NDIs in condensed solid phases, 
benchmarking the procedure with respect to experimental XRD data, and extending it to 
amorphous films, thus paving the way for an in-depth understanding of the structure-property 
functions of small molecule n-type semiconductors. 

 

Introduction 

Naphthalene diimide (NDI) based compounds stand out due to their high stability and electron 
mobility, outperforming other rylene diimide-based systems.1,2 Facile tuning of the lowest 
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unoccupied molecular orbital (LUMO) energy levels provide access to bench-stable materials 
with high operational stability in organic electronic devices and low susceptibility to deleterious 
side-reaction involving e.g. water and oxygen. Beside being studied for their exceptional supra-
molecular properties3 and n-type semiconducting characteristics,4 NDIs have recently been 
investigated as organic mixed ionic-electronic conductors (OMIEC).5 

OMIECs are a rising and promising class of soft functional materials (conjugated molecules or 
polymers) able to conduct both ionic and electronic charges (e.g. electron, hole)6–12. Such 
coupled conduction mechanisms, together with the facile solution processability and 
chemical synthesis, has led to the application of OMIECs in devices where the ionic transport 
is crucial, ranging from organic electrochemical transistors,13–15 light-emitting devices, 16–18 
optoelectronics,19 biosensors20 to energy storage systems.21–24  

The performance of organic semiconductors, and in particular of OMIECs, is tied to the solid 
state morphology, which dictates among others the water/ions penetration, the ionic and 
electronic transport properties, and the overall device functionality.11,25 OMIECs structure-
function rules can be inferred from experimental data, namely the π-stacking and short/long-
range order enhances the electronic transport, while polar side chains govern the ionic 
diffusivity by influencing the solubility, packing motifs and solvent intake.26,27 However, 
achieving precise control over OMIECs morphology and functionalities remains a critical 
challenge.23,28–34 

Small-molecule OMIECs offer an attractive platform for fundamental investigations.35 In this 
case, fixing the central -conjugated chromophore and exploring different functionalisations to 
the periphery of the system (e.g., side chain variations, halogen substitutions, etc.) provide 
access to closely related systems with wide-ranging differences in e.g. morphological and 
electronic characteristics. Notably, NDI-based molecules exhibit a complex morphological 
landscape.36–38 Depending on the side functional groups, the solid state structures may feature 
various degrees of order, ranging from crystalline, showing a quite rich and heterogeneous 
polymorphism, or liquid crystal phases. Paradigmatic examples are NDI-C6 (i.e., n-hexyl side 
chains), showing at least four different polymorphs, depending on the thermal treatment and 
deposition method, and NDI-C10, featuring a polymorphic transition followed by a liquid 
crystal phase close to the melting point.36,37 

Despite this rich body of work, the structure–dynamics relationships of NDIs at solid state 
remain largely underexplored. We therefore focus on elucidating the morphology and time-
correlation dynamics of three NDI derivatives with distinct functionalised side-chains. By 
systematically combining crystallographic characterizations and extended molecular 
dynamics (MD) simulations, we provide atomistic-level insight into how chemical 
modifications dictate the crystalline versus amorphous nature, packing motifs, and local 
ordering phenomena. Such structural insights are instrumental for interpreting future mixed 
conduction measurements, and serve as an essential benchmark for developing predictive 
design rules of small-molecule organic conductors. 
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Starting from the single crystal of NDI-C10,36 symmetrically functionalized with n-decyl side 
chains, we provided to the best of our knowledge the first all-atom computational study (i.e., 
force-field molecular dynamics (MD) simulations) of such species, parametrizing the force 
field at best to reproduce the experimental X-Ray Diffraction (XRD) data. Following this 
computational validation, we extended our analysis to two newly synthesised NDI derivatives: 
NDI-TEG, which incorporates linear triethylene glycol side chains, and NDI-crown, 
functionalized with 15-crown-5 rings (Scheme 1). The hydrophilic oligoether side chain (such 
as triethylene glycol) is a popular motif in OMIECs molecular design enabling interactions 
with hydrated ions while the cyclic crown ether derivatives offer cation-selective interactions 
dictated by the radius of the crown ether and the ionic radius of the cation.39 These 
functionalisations draw inspiration from perylene diimide systems,40,41 where similar side 
groups have shown promising results towards enhancing the ion selectivity as well as the 
electron transport for mixed ionic-electronic conductor applications. NDI-TEG is highly 
crystalline, while NDI-crown is amorphous as confirmed by thin-film X-ray diffraction (see 
Electronic Supporting Information (ESI), Figure S9). Our extended atomistic MD simulations 
successfully reproduce the experimental crystal structure of NDI-TEG, and at the same time 
compute ex novo the amorphous morphology of NDI-crown. Finally, through a combined use 
of structural order parameters and correlation functions, we characterize both short- and 
long-range order of each NDI species in the solid state, thus paving the way for an in-depth 
understanding of their structure-property functions towards their use as organic mixed 
ionicand electronic conductors. 

Scheme 1. Chemical structures of NDI-C10, NDI-TEG and NDI-crown, along with the 
definition of the dihedral angles , , and  analysed in this work (vide infra). The same dihedral 
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definitions (see colour code) are applied to NDI-TEG and NDI-crown. For NDI-TEG and NDI-
crown atoms 5 and 8 are oxygen. 

 

Methods 

Details about the experimental methods (e.g., materials, synthesis, thermogravimetric 
analysis, differential scanning calorimetry, X-ray diffraction data) are reported in the ESI file. 

Molecular Dynamics Simulations 

MD simulations were performed via LAMMPS-2Aug202342,43 on supercells of NDI-C10, NDI-
TEG and NDI-crown. The bonded parameters were taken from the OPLS-AA force field (version 
2020),44 that has been already employed in several MD studies about OMIECs.45–49 Bonds 
involving hydrogen atoms were constrained using the SHAKE algorithm.50 The usage of 
appropriate force constants ensured the planarity of the NDI core. The supercell for NDI-C10 
is a 8x8x8 (containing 512 molecules), generated from the experimental XRD structure taken 
from the Cambridge Crystallographic Data Centre (CCDC 1972224).36 To reproduce the single 
crystal structure via MD simulations, a careful re-parametrization of some force field terms is 
generally required. In this study, we re-parametrized the non-bonded terms via the following 
procedure. The non-bonded (e.g., van der Waals) parameters were obtained in two ways: i) 
standard values, as provided by OPLS-AA/2020, ii) recomputed values, by following the 
procedure reported in Refs. 51-53, that is performing quantum chemical calculations to derive 
appropriate partial charges (vide infra) and effective volume of the atoms, for then applying the 
Tkatchenko-Scheffler (T-S) method.51–53 The quantum chemical calculations were performed 
with Gaussian1654 considering the ωB97X-D2 range separated functional and the def2-TZVPP 
basis set.55–57 The NDI-C10 (single molecule) structure was optimized starting from the XRD 
geometry (CCDC 1972224).36 The partial charges were evaluated using two population analysis 
schemes, namely CHELPG and DDEC6 (density-derived electrostatic and chemical electron 
density partitioning).58–61 DDEC6 charges were computed using the Chargemol program. We ran 
four sets of MD simulations by exploiting all different combinations between non-bonded 
parameters and partial charges (that is, OPLS with standard non-bonded parameters and either 
CHELPG or DDEC6 atomic charges, OPLS with recomputed non-bonded parameters via the 
Tkatchenko-Scheffler (T-S) method (here named OPLS/T-S) and either CHELPG or DDEC6 
atomic charges). 

After energy minimisation, the system was equilibrated in the NVT ensemble at 300 K for 1 ns. 
The Nosé–Hoover thermostat was used with a time constant of 0.2 ps. The MD integration time 
step was 2 fs. For the Coulomb interactions, the particle-particle particle-mesh for long-range 
electrostatics method was used, and the van-der-Waals and Coulomb cut-offs were set to 1.2 
nm. Then, a 20 ns simulation was performed in the NPT ensemble with Nosé-Hoover barostat 
and  Martyna, Tuckerman, and Klein correction, at 300 K and 1 atmosphere, with a time 
constant of 2 ps. The barostat was first set such as only isotropic cell fluctuations were allowed, 
that is the cell angles are constrained and the dilations/compressions are coupled in all three 
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directions (iso keyword in LAMMPS). By constraining the crystal cell to isotropic variations, we 
can isolate the contribution of the non-bonded parameters and atomic charges on the resulting 
mass density. The properties were finally averaged over the last 10 ns. After this first validation 
phase, the protocol that better reproduced the NDI-C10 density (i.e. OLPS/T-S and DDEC6 
charges) was applied to both NDI-C10 and NDI-TEG, this time with anisotropic cell fluctuations 
for the production runs. 

For NDI-TEG we considered a 5x5x5 supercell (each unit cell contains 4 molecules, in such way 
a similar number of molecules as for NDI-C10 is considered in the MD simulations) starting 
from the experimental XRD structure, as derived in this work. The non-bonded parameters have 
been computed with the T-S method, and the partial charges with the DDEC6 scheme. After 
energy minimisation, the system was heated in the NVT ensemble from 0 K to 300 K in 3 ns. A 
subsequent equilibration in the NVT ensemble at 300K was performed for 1 ns. With respect to 
the benchmarking protocol defined above, we introduced a gentle heating from 0 K to 300 K in 
3 ns to minimise the morphology fluctuations in the NVT ensemble. Production run was 
performed in the NPT ensemble at 300 K and 1 atmosphere for 20 ns. Triclinic cell fluctuations 
were allowed with the keyword tri in LAMMPS. The time constants of the thermostat and 
barostat are the same as defined above.  

For NDI-crown we employed a similar simulation protocol as reported in Ref62, to generate an 
amorphous thin film morphology as obtained from deposition of chloroform solution.62–64 The 
force field employed is the same as for NDI-C10 and -TEG (OPLS/T-S with DDEC6). After energy 
minimisation, the system (500 molecules in the simulation box) was heated from 0 K to 500 K 
in 5 ns with the usage of the Langevin thermostat and Nosé-Hoover barostat, setting the 
pressure to 1 atmosphere and the time constant to 2 ps. The damping parameter of the 
Langevin thermostat was 3.8 ps62. The dielectric constant of chloroform, 4.81, was employed 
to scale the electrostatic interactions. Subsequently, the system was simulated for 30 ns at 500 
K and then cooled from 500 K to 300 K in 5 ns, with the same setting used during the heating 
process. The final production run was performed in the NPT ensemble for 30 ns, using the Nosé-
Hoover thermostat and barostat, at 300 K and 1 atmosphere, the dielectric constant was set to 
1.0. 

Structural Analyses 

The radial distribution functions (RDF) considering the nitrogen atom belonging to NDI pairs and 
dihedral distribution functions (DDF) (see Scheme 1 for the definition of the dihedral angles 
considered in our analysis) were computed with the code TRAVIS.65,66 The molecular 
orientational order parameter Q was also considered to study the long range orientational 
order. Q is defined as the largest eigenvalue of the Saupe ordering matrix Qαβ,67–73 namely 

𝑄αβ =
1

𝑁
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where the index i runs over the number of molecules N, u⃗ α
(i) is a vector describing the molecular 

orientation and the indices α and β run over the three cartesian coordinates (x, y, z), that is over 
the three vector components. Q ranges from 1, when all molecules are oriented in the same 
direction and the system is perfectly ordered, to 0 when all molecules are randomly oriented 
and the system is disordered. The orientational order parameter was computed with MDTraj.74  
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Results and Discussion 

NDI-C10. We focus on the room temperature polymorph of NDI-C10, the only species 
investigated in this study that is already reported in literature,36 which shows a triclinic unit cell. 
The NDI cores are stacked in layers separated by the side chains, the latter adopting an all-
trans conformation, as shown in Figure 1. 

 

Figure 1. Experimental NDI-C10 crystal structure.36  Lattice vectors (a b, c) are reported in red, 
green and blue, respectively. View along the b vector (panel a) and from the c vector (panel b). 

 

At first, we validated the atomistic force field based on the experimental XRD data. As reported 
in Methods, we relied on the OPLS/2020 (from now on OPLS) for the bonded parameters by 
describing here only the fundamental role played by the non-bonded parameters and atomic 
charges in determining the structural and thermodynamic properties of crystalline NDI-C10. 
Aiming at reproducing the experimental crystal density, we tested four combinations in our MD 
simulations, namely: OPLS with standard non-bonded parameters and either CHELPG or 
DDEC6 atomic charges, OPLS with recomputed non-bonded parameters via the Tkatchenko-
Scheffler (T-S) method (OPLS/T-S) and either CHELPG or DDEC6 atomic charges. While the 
OPLS non-bonded parameters and the CHELPG charges are extensively used in literature, the 
recomputed T-S non-bonded parameters together with the DDEC6 scheme have been recently 
proved successful in reproducing the elusive glass transition temperature in polymers51 and in 
the simulation of biomolecules.53  In our force field validation phase, we restricted the cell to 
isotropic fluctuations, constraining the crystal cell angles to their experimental value. In this 
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way, we can isolate the contribution of the non-bonded parameters and atomic charges on the 
calculation of the density. Main results are summarized in  

Table 1. 

Table 1. Experimental and computed mass densities (g/cm3) of the NDI-C10 crystal computed with four 
combinations of non-bonded parameters (OPLS, meaning the OPLS/2020 non-bonded parameters, OPLS/T-S for 
recomputed non-bonded parameter with T-S procedure, see Methods) and atomic charges (CHELPG or DDEC6). 
Percentage error between brackets. 

 CHELPG  DDEC6  
OPLS  1.145 

(2.93%) 
1.144 

(2.93%) 
OPLS/T-S  1.214 

(2.93%) 
1.185 

(0.51%) 
Experimental density36 1.179 

 

The usage of standard OPLS non-bonded parameters underestimates the densities, which are 
almost insensitive to the choice of the atomic charges. Instead, the recomputed non-bonded 
parameters (OPLS/T-S) in combination with the CHELPG charges overestimates the density, 
while their combination with the DDEC6 produces the best match with the experimental data, 
leading to a supercell density equal to 1.185 g/cm3, that is a 0.51% deviation from the 
experimental value of 1.179 g/cm3. Considering the above results, we found that our 
reparametrized OPLS/T-S force field, in combination with DDEC6 charges, can be considered 
the best interaction potential for reproducing NDIs experimental data, therefore we considered 
it for all the following simulations. 

Once the force field was benchmarked, we ran a production simulation in which the cell edges 
and angles can vary independently. On this MD trajectory we performed the structural analyses 
reported in Figure 2. 
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Figure 2. Structural analyses of the simulated NDI-C10 crystal structure (MD data, orange), compared to the 
experimental XRD data (blue). Panel a): radial distribution function (RDF) between nitrogen atoms. Panel b): ϑ 
angle (C1-N2-C3-C4, see Scheme 1) dihedral distribution function (DDF) (full width at half maximum – FWHM – 
equal to 25° for both peaks), and panel c) ϕ angle (C6-C7-C8-C9) DDF (FWHM equal to 25° ). Panel d): order 
parameter Q (equation 1) computed considering three schemes: orientation of only the molecular cores (violet 
data), orientation of only the -C10 side chains (green data), or orientation of the whole molecule (brown data). 

 

The MD computed radial distribution function (RDF, Figure 2a) nicely overlaps the one 
computed on the experimental crystal structure (XRD), proving the effectiveness of our 
simulation protocol (anisotropic cell variations) and the validity of the re-parameterized force 
field (OPLS/T-S, DDEC6) in reproducing the NDI-C10 crystal structure. The computed principal 
peak, representing the first coordination shell between nitrogen atoms belonging to nearest-
neighbour NDI pairs, slightly down shifts with respect to the experimental value, being 4.48 Å 
(MD) vs. 4.75 Å (XRD) (Figure 2a). This is ascribable to a slight volume compression with respect 
to the experimental cell reflected in a small increase of the mass density (1.263 g/cm3 from MD 
vs. 1.179 g/cm3 from XRD). The a and c cell vectors slightly shrink by 5.55% and 4.10%, 
respectively, with vector a representing the direction of the - stacking. Cell vector b 
undergoes a 3.55% dilation. The deviation of the computed RDF peaks around 16 Å is due to 
the compression along the c vector.  
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Concerning the side chain conformations along with the dynamics, the dihedral angle ϑ 
dictates the direction of the alkyl chains with respect to the NDI core (C1-N2-C3-C4, Scheme 
1). Its dihedral distribution function (DDF), reported in Figure 2b, shows two peaks since the 
two side chains are oppositely oriented with respect to the NDI plane (Figure 1). The position 
of the experimental and simulated peaks is the same, lying at 90° and 270°, and the full width 
at half height of the distribution is equal to 25° for both peaks, showing that the impact of the 
thermal disorder (T = 300 K) on the simulation cell is limited to a broadening with respect to the 
equilibrium value and does not promote the population of other conformers. The same 
considerations apply to the dihedral angle ϕ (C6-C7-C8-C9, Scheme 1), which describes the 
local orientations of the terminal methyl groups. Our MD simulation reproduces the 
experimental peak distribution at 180° (Figure 2c), with a width at half height equal to 25°, as 
for ϑ. The dihedral distribution functions of other torsional angles are reported in ESI (Figure 
S10). Notably, the ζ angle distribution nicely reproduces the experimental data, proving that the 
all-trans chain conformation is maintained throughout the dynamics. Our finite temperature 
MD simulation supports the experimental crystal data for NDI-C10 (see also Table S6, ESI), 
showing stacked NDI units with fully extended alkyl chains, preserving their full extension even 
at 300 K, therefore being resilient to thermal induced disorder effects at room temperature. 

Lastly, we evaluate the global orientational order by computing the nematic order parameter Q 
(equation 1) throughout the entire simulation cell, over the MD production run (i.e., 20 ns). Q 
was computed in three different schemes, as reported in Figure 2d, namely by considering a) 
only the atoms belonging to the NDI cores (violet data), b) only the atoms of the side chains 
(green data), or c) the atoms of the whole molecule (brown dotted data). For each case Q is 
higher than 0.996 during the entire MD production run, revealing that the temperature does not 
affect the orientational ordering of the NDI cores, the side chains nor the overall crystal 
structure.  

The perfect match between the experimental and MD based data prove that our MD 
methodology produces a state-of-the-art description for NDI-C10 crystal cell at room 
temperature. 

 

NDI-TEG. Following synthesis and crystal growth by slow cooling of a hot concentrated solution 
in methanol, we successfully obtained a single crystal structure of NDI-TEG by X-ray diffraction 
(see ESI for further details and Tables S1-S5). At room temperature, NDI-TEG is characterised 
by a monoclinic crystal lattice, as depicted in Figure 3. The NDI cores are stacked in a columnar 
fashion along the b axis. Notably, two neighbouring NDI cores along the crystallographic c axis 
are oriented in opposite directions, one molecule inwards the a-c plane and one outward the 
a-c plane (Figure 3b). The triethylene glycol side chains show a peculiar conformation, far from 
the all-trans conformation of the parent alkyl-based NDI-C10 species. In NDI-TEG side chains, 
only two dihedrals, the third and fifth, are close to 180° while the others adopt different 
conformations. In the solid state, this unique side-chain conformation enables the NDIs to 
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closely pack uniformly in all three dimensions without creating, in contrast to NDI-C10, a 
lamellar structure characterized by alternating layers of NDI planes and side chains.  

 

Figure 3. Experimental NDI-TEG crystal structure (this work, deposited structure CCDC 2456282). Lattice vectors 
(a, b, c) are reported in red, green, blue, respectively. Panel a): view from the b lattice vector. Panel b):  two 
neighbouring molecules exhibiting different orientations, each colour represents an asymmetric unit. 

 

To get atomistic insights into the NDI-TEG crystal structure we employed the same MD 
simulation protocol as benchmarked on NDI-C10. Remarkably, for NDI-TEG we were able to 
reproduce the experimental density of 1.376 g/cm3 with only a 2.48% overestimation. Notably, 
the variations in the cell angles are less than 0.1% (ESI, Table S7), while the changes in the b 
and c cell edges are under 1%. Only the cell vector a exhibits a larger variation of 2.80%. Figure 
4 reports the RDF, DDF and Q order parameter analyses for NDI-TEG, similarly to what reported 
for NDI-C10 in Figure 2.
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Figure 4. Structural analyses of the simulated NDI-TEG crystal structure (MD data, orange), compared to the 
experimental XRD data (blue). Panel a): RDF between nitrogen atoms. Panel b): ϑ angle (C1-N2-C3-C4, see 
Scheme 1) DDF (FWHM equal to 12° and 14°) and panel c) ϕ angle (C6-C7-C8-C9) DDF (FWHM equal to 30°). 
Panel d): order parameter Q (equation 1) computed considering three schemes: orientation of only the molecular 
cores (violet data), orientation of only the TEG side chains (green data), or orientation of the whole molecule 
(brown data). 

 

The comparison between the MD computed and experimental RDF is quite remarkable (Figure 
4a), showing a perfect agreement between the two. The first principal peak is computed at 4.48 
Å, close to the experimental value of 4.45 Å. A good agreement with the experimental results is 
obtained also for the ϑ angle DDF (Figure 4b), which describes the rotation around the bond 
connecting the side chains and the NDI core (Scheme 1). The ϑ DDF of the crystal structure 
presents four peaks, two at 80° and 100° and two at 260° and 280°, respectively. This splitting 
is simply due to the choice of the frame of reference. In the crystal cell, two neighbouring cores 
have different orientations and the consequence is that the ϑ angle assumes two opposite 
values. In one molecule ϑ is 80° for one chain and 280° for the other side chain, in the 
neighbouring molecule ϑ assumes the 100° and 260° values. The peaks computed from the MD 
trajectory deviate at most by 4° from the experimental value and the full width at half height of 
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the four peaks is between 12° and 14°. The terminal dihedral angle of the TEG chains, ϕ, is more 
elusive (Figure 4c). In the crystal structures ϕ can be 165° or 195°, during the finite temperature 
MD simulation ϕ assumes the average value of 180° and the associated peak has a full width 
at half height of 30°. The thermal effects during the MD average the distribution of the principal 
peak and promote two smaller peaks at 85° and 276° (Figure 4c). Also the ζ angle, the first 
dihedral angle that influences the conformation of the side chain (Scheme 1), is in good 
agreement with the XRD data (Table S7 and Figure S11, ESI), reproducing the gauche and 
gauche prime orientations of the side chain.  

Despite these thermal effects, the nematic order parameter Q confirms the overall 
reproduction of the experimental crystal cell structure (Figure 4d). The ordering of the side 
chains and of the entire molecules is remarkably close to the crystal experimental case, 
showing a Q larger than 0.98. The Q parameter computed considering only the NDI cores can 
reach at most the value of 0.5, since two neighbouring cores have opposite spatial orientation 
in the experimental crystal cell. In our simulation the Q parameter of the cores is close to 0.5 
and thus the spatial order of the cores is perfectly maintained throughout the entire dynamics 
at 300 K. 

 

NDI-crown. After synthesis, all attempts at growing a suitable single crystal of NDI-crown were 
unsuccessful, implying that the morphology cannot be determined through XRD measures at 
present (see details in ESI, Figure S9). Insights into its atomistic structure can however be 
provided by our MD simulations, having re-parametrized and benchmarked the force field for 
both NDI-C10 and NDI-TEG derivatives. In such way, it would be possible to generate 
reasonable morphologies for the amorphous phase. Here, we employed the previous 
parametrization scheme to simulate a NDI-crown thin-film deposited from chloroform, 
reflecting typical experimental conditions. The resulting amorphous morphology is shown in 
Figure 5, while the structural analyses on the computed morphology are shown in Figure 6. 
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Figure 5. Panel a): amorphous NDI-crown MD generated morphology. Panel b): NDI-crown monomer along with 
the representation for the vectors parallel (blue) and normal (red) to the molecular core used in the structural 
correlation analyses (vide text). Panel c) and d): examples of NDI-crown π-π dimer and edge-on dimer as extracted 
from the MD simulation box. 
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Figure 6. Structural analyses of the simulated NDI-crown amorphous structure. Panel a): RDF between nitrogen 
atoms. Panel b): ϑ angle (C1-N2-C3-C4, see Scheme 1) DDF (FWHM equal to 27° and 30°). Panel c): histogram of 
the ratio between two axes (axis 1 (red) and axis 2 (blue)) of the 15-crown-5 ring. Panel d): spatial correlation 
function C(r) (equation 3) of the fluctuations of the vectors parallel (blue) and normal (orange) to the NDI core 
(see also blue and red vectors in Figure 5). Vertical dotted line marks the loss of short range order. 

 

The resulting density of the simulation cell is 1.304 g/cm3, similar to the NDI-TEG density. The 
RDF (Figure 6a) confirms that the structure is amorphous, characterized by a lack of long-range 
structural order. In such scenario, the analysis of the ϑ angle is especially relevant (Figure 6b). 
First, the two peaks located at 97° and 281° present a full width at half height equal to 30° and 
27°, respectively, and are skewed towards smaller values with respect to the centre of the peak. 
The broadening is higher than the counterpart evaluated for NDI-C10 and NDI-TEG, indicating 
that thermal disorder effects on the 15-crown-5 side chains are slightly higher than the ones on 
the n-decyl and triethylene glycol chains. Moreover, the ϑ angle dictates whether the 15-crown-
5 motifs are placed either at the same side with respect to the NDI plane (syn isomer), or at 
opposite sides with respect to the NDI plane (anti isomer), see ESI Figure S14 for a structural 
representation of the isomers.  We found that our simulation time (30 ns at 500K and 30 ns at 
300K) is sufficient to obtain a stable syn/anti distribution converging to 48% molecules in syn 
and 52% in anti.  
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To better characterize the structural properties of NDI-crown, we check the circular aspect 
ratio (roundness) of the crown ether side chain, namely the ratio between the two inner-circle 
axes (axis 1 and axis 2), as defined in Figure 6c. Such geometrical properties are fundamental 
since the size and shape of the crown ethers influence, for instance, the binding selectivity to 
ions 75. The distribution of the axis 1 / axis 2 ratios (Figure 6c) shows a mean value equal to 
1.067, with a 0.200 standard deviation. The mean value of axis 1 is 5.95 Å, while the mean value 
of axis 2 is 5.69 Å, indicating that during the dynamics the 15-crown-5 motif nicely 
approximates the shape of a circle, by keeping its roundness. It must be noticed that in the 
calculation of the radii the atoms are treated as points, not considering the van der Waals radii.  

Given the overall lack of long-range structural order, as proven by the RDF (Figure 6a) as well as 
by the calculation of the nematic order parameter Q which is close to zero (Figure S12, ESI), we 
investigate the local dynamics and structural correlation between the NDI cores to get insights 
into their short-range order and collective dynamics of NDI-crown. 

To this aim, we resort to the analysis of structure-based correlation functions as introduced by 
Cavagna et al. studying general disordered systems,76 ranging from glasses to living systems, 
such as bacteria and bird flocks. In ref76 Cavagna et al. study the local and collective spatial 
behaviour of birds within a flock during the fly time. We translate such approach to describe 
how the movement of a molecule is correlated to another one within the amorphous phase, 
thus solving their collective spatial dynamics. We start by defining the behavioural state to 
observe considering a vector parallel to the NDI core (i.e., connecting the two nitrogen atoms, 
see blue arrow in Figure 5b) and a vector normal to the NDI core (see red arrow in Figure 5b). 

This vector dyad describes the orientation of the NDI plane in space. The fluctuation vector (𝑓 𝑖) 
of a specific NDI core (named here, site i) around the positional mean computed for all NDIs 
(N) is defined as  

𝑓 𝑖 = 𝑝 𝑖 −
1

𝑁
∑ 𝑝 𝑘  

𝑁

𝑘=1

(2) 

where p can either be the vector parallel or normal to the NDI plane. Large 𝑓 𝑖 indicates that the 
positional orientation of a molecule (𝑝 𝑖) is considerably different from the average orientation 
of the whole system (called polarization in Ref76). To study possible correlations occurring 
between local positional fluctuations of NDIs, the spatial correlation function of the fluctuated 
vectors is computed, reading as  

𝐶(𝑟) =
1

𝑐0

∑ 𝑓 𝑖𝑖𝑗 𝑓 𝑗𝛿(𝑟 − 𝑟𝑖𝑗)

∑ 𝛿(𝑟 − 𝑟𝑖𝑗)𝑖𝑗

(3) 

where δ(𝑟 − 𝑟𝑖𝑗) is a smoothed Dirac δ-function acting on the distances 𝑟𝑖𝑗  between the centres 
of the NDI cores. 𝑐0 normalises the largest value of the function (in absolute value) to 1, so the 
correlation function ranges from -1 to 1. When C(r) has large positive values, the vector 
fluctuations are almost parallel and therefore correlated. In our case this occurs when the 
vectors defining the orientation of the NDI cores are moving in the same direction. When C(r) 
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has large negative values, the fluctuations are antiparallel and anticorrelated, so the vectors 
are moving in opposite directions. The correlation function is zero when the fluctuations are 
randomly oriented. Equation 3 therefore provides spatial information, specifically, how the 
movement of one NDI core influences the movement of the others.   

Figure 6d depicts the computed C(r) as defined in equation 3, for both parallel (Cp(r), blue data) 
and normal (Cn(r), orange data) NDI vectors. For short distances, smaller than 5 Å, the structural 
fluctuations of the vectors parallel to the cores are correlated (Cp(r) > 0), while those of the 
normal vectors are anticorrelated (Cn(r) < 0). A positive correlation of Cp(r) implies the existence 
of molecular aggregates where the NDI cores tend to be aligned in the same direction (in-plane 
correlation). Such aggregate configurations can be achieved either via a π-π stacking of the NDI 
plane (Figure 5c) or an edge-on packing (Figure 5d), where the NDI cores are perpendicular to 
each other, still maintaining the long axis vectors (blue vector, Figure 5b) parallel. This finding 
reveals the existence of a short-range structural order between the NDI cores. The negative 
values for Cn(r) reflect an anticorrelation between the normal vectors of NDIs, thus implying a 
short-range order however with vectors pointing in opposite direction. Both Cp(r) and Cn(r) 
suggest that on average across the bulk NDI-crown self organizes in local aggregates (e.g., 
dimers, trimers) with packing motifs that can range from π-π, edge-on or tilted stacking. For 
distances larger than 5 Å both Cp(r) and Cn(r) decay to small values, close to zero, indicating 
absence of spatial correlation, therefore long-range disorder.  
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Comparative analysis 

Having fully characterized the short- and long-range structural order of NDI-C10, NDI-TEG and 
NDI-crown, we now compare the three species with a view to emphasise some preliminary 
structure-property functions. In Figure 7 we report the radial distribution function, the 
coordination number and the dihedral distribution function of each system to underline 
different structural properties of NDIs, ultimately related to their molecular structure. 

 

Figure 7. Comparative analyses of the simulated NDI-C10 (blue data), NDI-TEG (orange data) and NDI-crown 
(green data) morphologies. Panel a): RDF between nitrogen atoms. Panel b): integral of the RDF, namely the 
coordination number. Panel c) and d): ϑ and ζ angle DDF. 

 

From the comparison of the RDFs (Figure 7a) clearly emerges the amorphous nature of NDI-
crown compared to the crystalline structural order of NDI-C10 and NDI-TEG. For both NDI-
C10 and NDI-TEG the principal peak is located at the same distance (4.48 Å), thus reflecting 
similar nearest neighbour proximity between the NDI moieties for such two species. NDI-C10 
shows sharper and more intense peaks than NDI-TEG, indicating tighter molecular packing and 
reduced influence of thermal disorder. In contrast, the broad and weak features of NDI-crown 
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confirm its amorphous morphology. The amorphous NDI-crown, unlike the other two crystals, 
presents a tail of the radial distribution function which extends to lower distances than NDI-
C10 and NDI-TEG. The structures contributing to such tail are represented by dimer-like 
aggregates where the intermolecular distance between the NDI cores are lower than 4 Å, 
corresponding to roughly 7-8% of the molecules in the simulation box. Such aspect is quite 
remarkable because, despite the limited number of molecules featuring the close packed 
structure, it shows that a structurally hindered species like the NDI-crown can still lead to inter-
molecular distances which are even lower than those obtained by linear side chains, like C10 
and TEG. The integral of the RDF (Figure 7b) shows a dimer-like interaction up to 6 Å for NDI-
C10 and NDI-TEG. The integral of the RDF shows also that NDI-C10 is the closest packed 
structure throughout the whole simulation box. Interestingly, each molecule of NDI-TEG and 
NDI-crown has the same number of neighbouring molecules in a radius of 10 Å, despite the 
differences in the chemical structure and short-range morphology.  

The equilibrium value of the ϑ angle (Figure 7c), governing the position of the side group, falls 
in the same region however it presents some differences for the three species. Most notably, 
due to the symmetry of the crystal cell, NDI-TEG shows four peaks, while NDI-C10 and NDI-
crown show only two. In NDI-TEG the ϑ angle is stiffer compared to the two other species, as 
reflected by the full width at half height of the peaks being 12-14°, while for NDI-C10 and NDI-
crown it ranges from 25° to 30°. This aspect might reflect larger thermal disorder effects for 
NDI-C10 and NDI-crown than for NDI-TEG. On the other hand, the ζ angle (Figure 7d) 
highlights the difference between morphologies. For crystalline NDI-C10 and NDI-TEG the 
peaks are centred around the experimental values and the effect of thermal disorder is 
comparable to the ϑ angle case. For NDI-crown, on the other hand, the ζ angle shows the 
morphological versatility of the amorphous phase. The three peaks are centred at 56°, 183° and 
302° and the thermal effects are higher with respect to those affecting the ϑ angle, proving a 
wider exploration of the phase space. 

The above structural analyses provide some understanding about the overall conformational 
versatility, however they can not give insights into the inner dynamics and time-scales, 
reflecting possible time-dependent structural relaxations. To include dynamical information, 
we investigated some inner structural changes via a time-dependent correlation function 
largely used in the analysis of liquid (disordered) systems, showing how fast the memory of a 
molecular orientation is lost77,78 The latter is the time required for the molecules to lose their 
initial configuration, called reorientation time.  (see ESI for details about the computation of the 
correlation function).  For NDI-C10 and NDI-TEG we witness a hindered rotational dynamics 
(i.e., constant correlation function), typical of rigid crystal structures (Figure S13, ESI). 
Interestingly, for NDI-crown both the rotational dynamics of the naphthalene cores and of the 
crown motifs are partially allowed, so the reorientation correlation function rapidly decays in 
the first 5 ns, however maintaining a high value (>0.90) still after 30 ns dynamics. Full 
reorientation, if any, might occur however on a timescale much longer than our capable 
computing time, suggesting a rigid, glassy-like state.79 
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Overall, the amorphous NDI-crown shows richer conformational versatility with respect to the 
crystalline NDI-C10 and NDI-TEG counterparts. This versatility, however, could be related to 
the simulated deposition process, which produces a (meta)stable state in which the internal 
dynamics are hindered. 

 

Conclusion 

In this work, we performed extended molecular dynamics (MD) simulations on three NDI 
species, namely the well-known NDI-C10 (functionalized with n-decyl side chains), as 
reference compound, and two newly synthesized NDIs, the latter potential candidates as 
OMIECs: NDI-TEG (with linear triethylene glycol side chains) and NDI-crown (with cyclic 15-
crown-5 motifs). The three species have been synthesized and experimentally characterized. 
NDI-C10 and NDI-TEG result in crystalline forms at room temperature, while NDI-crown 
appears amorphous at solid state. To get quantitative insights into the structural order at the 
molecular scale, we performed MD simulations by carefully re-parameterizing the non-bonded 
parameters of the force field. Such approach results in a remarkable match between simulated 
and experimental single-crystal data for NDI-C10 and NDI-TEG, leading to an overestimation 
of only 1-2% in the MD computed mass density and crystal cell parameters.  

At room-temperature, NDI-C10 single-crystal shows a lamellar stacking motif with close 
packed NDI cores, and perpendicular side chains showing an all-trans conformation.  Thermal 
disorder does not trigger significant sliding or rotations of the NDI cores, nor does it introduce 
gauche-like conformations within the side chains,  as confirmed by a high nematic global order 
parameter (Q > 0.99).  

NDI-TEG, instead, forms a columnar arrangement in which neighbouring cores along the c axis 
adopt opposite orientations. The triethylene glycol side chains are normal to the NDI unit, 
however they show a mixed gauche-trans conformation, similarly to other semiconducting 
small molecules for p-type organic electrochemical transistors.29 This unique chain 
conformation allows for a dense molecular packing, without forming lamellar layers. Thermal 
fluctuations slightly broaden the dihedral angle distributions, however the overall structure is 
kept, as reflected by high Q values (> 0.98). 

Replicating the experimental conditions, our MD simulations were able to predict the solid-
state morphology of NDI-crown, which was found to be amorphous. Accordingly, Q is close to 
zero. Despite a disordered bulk, NDI-crown shows some short-range structural order. We 
characterized the order by introducing a spatial correlation function, previously considered in 
the field of correlated complex systems, finding that on a short-range NDI-crown self organizes 
in local aggregates (e.g., dimers, trimers), with packing motifs that range from π-π, edge-on or 
tilted stacking.  

Finally, time-dependent orientational auto-correlation functions revealed the high structural 
stiffness of each species, however showing a higher rotational degrees of freedom for NDI-



 21 

crown than for NDI-C10 and NDI-TEG. Such feature suggests the existence of possible 
metastable (glassy-like) states, otherwise impossible to capture with standard MD simulation 
techniques, suggesting the use of advanced enhanced sampling methods for their 
investigation.80 

Our joint experimental and computational investigation shows that linear and crown glycol side 
chains, can have a profound impact on the bulk morphology of the NDIs. The first leads to highly 
crystalline materials with hindered internal dynamics, while the second results in amorphous 
films showing a local degree of molecular ordering and correlation dynamics. Such structure-
dynamic property may pave the way for further systematic analysis aiming at designing 
guidelines for electronic and ionic transport properties in small-molecule conductors. 
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