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Abstract 

C8-BTBT-C8 is one promising candidate for the development of high-performance electronic devices based 

on thin-film technologies. Its monoclinic polymorph has a well-established role in thin-film growth. Yet, 

quite little information is available about its dynamics on the molecular scale, and the structures of the 

mesophases which form at high temperature (about 100 K above ambient temperature). The present study is 

devoted to the analysis of such phases, with the ultimate goal at developing molecular models. 

Already at ambient temperature, our molecular dynamics simulations reveal a rich conformational behavior 

of the alkyl side chains, with gauche conformations as leading structural defects. Heating promotes the 

formation of a stacking faulted mesophase (380 K), and a smectic phase, at 385 K, upon side chain melting.  

Although more disordered, this phase bears several analogies with the smectic A phase, experimentally 

observed at 382.5 K. At higher temperatures, the increase in configurational disorder is brought by molecular 

diffusion and other phenomena, finally leading to an isotropic molten phase.  



Our in-depth analysis, complemented by hot-stage polarizing microscopy data, provides interesting insights 

on this material, highlighting the challenges associated with the modeling of soft semiconducting systems. 

 

Introduction 

Organic semiconductors are a wide class of materials with a broad spectrum of applications, ranging from 

solar energy conversion to sensing
1-4

. The success of many applications requires highly ordered, large area 

crystalline structures, to maximize the efficiency of charge transport along the available intra and 

intermolecular channels
5-8

. Molecular assemblies suitable for this purpose are often obtained by means of 

thin film technologies. Here, the active material is deposited onto an inert substrate and subsequently 

engineered during device manufacture. The precise control of thin film morphology represents a formidable 

issue, due to the many factors that affect molecular organization
9,10

. The development of ordered crystalline 

phases results from the competition between weak molecular interactions and thermal motion. The 

interactions with the substrate, in combination with kinetic effects, may heavily interfere with this process, 

triggering the formation of poorly ordered molecular assemblies, or crystal polymorphs different from those 

observed in the bulk
11

. At the same time, the precise control of such interactions may eventually lead to 

structures with new and interesting properties. 

Although examples of surface-induced polymorphism have occasionally been reported
12-14

 several active 

materials, once deposited, develop crystalline thin phases closely resembling bulk ones. This especially 

occurs when film-substrate interactions are weak
15

, so that the interactions between adsorbed molecules play 

a dominant role in thin film assembling. In such cases, the characterization of bulk polymorphs and their 

thermal behavior represents a preliminary step toward a better understanding of on-surface dynamics. 

Removing the complexity associated with surface interactions can be expected to simplify the investigations; 

nonetheless the detailed characterization of the different polymorphs of a given compound remains 

challenging in many cases. 

One specific issue concerns the availability of structural models for materials for which some phases are 

elusive and difficult to detail at the atomistic level. One meaningful example is provided by liquid crystals 

(LC)
16,17

 for which partially disordered mesophases are often observed. LC materials often result from the 

addition of long alkyl side chains to π-conjugated aromatic cores
18

. This design guarantees high solubility in 

common organic solvents while preserving the desired film-forming properties. At the same time, it brings 



some degree of molecular “softness” which may allow for the formation of stable phases characterized by 

conformational and/or configurational disorder. Quite a large variety of such mesophases have now been 

recognized
18-20

, including the smectic phases, where the molecules are organized in layers, the translational 

symmetry being broken in at least one direction in space
21-23

. 

In contrast to highly ordered crystalline phases, the characterization of smectic and other disordered phases 

cannot rely on experimental techniques alone, but requires the integration of experimental data and 

computational modeling techniques, such as molecular dynamics
24-26

. So far, this method has proven 

valuable in the characterization of the bulk properties of “soft” semiconducting materials
26-31

, including 

polymers
32

. 

Herein, molecular dynamics is applied to the study of the thermal behavior of a solution-processable 

semiconductor, the 2,7-dioctyl-[1]benzothieno[3,2-b][1]benzothiophene (C8-BTBT-C8)
33,34

. C8-BTBT-C8 is 

well-known among BTBT derivatives
35

, thanks to the high charge-carrier mobility displayed in organic field-

effect transistors (OFETs) device architectures
36-38

. C8-BTBT-C8 is characterized by two distinct, reversible 

phase transitions at high temperature: from the room temperature monoclinic crystal polymorph (space group 

P21/a) to a smectic A phase (SmA) at 382.5 K, followed by melting to the isotropic phase at 398 K
33,39

. A 

second, triclinic polymorph has recently been discovered at low temperature
31

. 

A number of studies have highlighted the importance of the monoclinic polymorph in C8-BTBT-C8 thin 

film growth
15,40-46

. Yet, little information is available on the dynamics of this polymorph on the molecular 

scale. A concrete issue involves the development and the stability of the mesophases forming at high 

temperatures. These have been shown to play a role in the dewetting/rewetting processes taking place during 

thermal treatments
43,44

.  

In contrast to another study
28

 which has primarily focused on C8-BTBT-C8 equilibrium structures, here 

we investigate the thermal behavior of C8-BTBT-C8 in a wide range of temperatures (from ambient to high 

temperatures). Special emphasis is put on the analysis of the phase transition mechanisms and the resulting 

phases. Our goal is twofold: to gain some insights on the structure of C8-BTBT-C8, and develop atomistic 

models which may supplement the available experimental information.  

 

 

 



Computational Methods 

Molecular dynamics simulations 

The monoclinic crystal structure of C8-BTBT-C8 was used as a starting point for the MD simulations. 

Figure 1A shows two molecules within the monoclinic unit cell (space group P21/a) with the following 

lattice parameters: a = 5.927(7) Å, b = 7.88(1) Å, c = 29.18(4) Å, β = 92.443(4)° 
34

. The structure is 

characterized by a herringbone arrangement of BTBT cores in the ab plane. 

A supercell consisting of 15 × 15 × 3 unit cells along a, b, and c axes (1350 molecules, 97200 atoms 

overall) was constructed to simulate a C8-BTBT-C8 bulk crystal. Views of this input structure are provided 

in Figure 1B. 

 

Figure 1. A) C8-BTBT-C8 unit cell. The unit cell lengths are reported, along with the A and B labels used to 

distinguish the two alkyl side chains. B, C) Views of the supercell input structure along the a (A) and c axes 

(C). For better clarity hydrogens atoms (top and bottom views) and alkyl side chains (bottom view) have 

been omitted. Carbon and sulfur atoms are highlighted in orange and yellow, respectively. 

 

 

Full atomistic simulations were performed using the GROMACS 2021.2 package
47,48

. To model intra and 

intermolecular interactions we adopted an all-atom force field (FF) based on the CHARMM36 



parametrization
49-53

, within the CHARMM general force field framework
54-56

. This choice was justified by 

the need to model the thermal behavior of C8-BTBT-C8 on silica surfaces in an ongoing study
57

, for which a 

force field compatible with CHARMM has recently been made available
58

.  

A straightforward protocol was then used for force field generation and implementation. A single C8-

BTBT-C8 molecule was first submitted to the CGNEFF web utility
59

, in order to define atom types and 

charges. The atomic charges were subsequently refined at the HF/6-31G(d)//HF/6-31G(d) level, following 

the RESP-A1 approach
60

, via the PyRED utility
61,62

. Files suitable for use in GROMACS were finally 

obtained via porting utilities
63

. The force field parameters and the MD input files in GROMACS format are 

supplied with the Supporting Information. 

The leapfrog algorithm with a time step of 1 fs was used to integrate the equations of motion. Temperature 

was controlled by coupling with a velocity rescaling thermostat
64

, with a coupling constant of 1.0 ps.  

All simulations were performed at ambient pressure. During equilibration and all the production runs 

involving phase transitions, the pressure was controlled via the Berendsen barostat (BE)
65

. Due to its 

sensitivity to large box deformations, the Parrinello-Rahman (PR) barostat
66

 was only used to equilibrate the 

structures obtained from BE runs at ambient temperature (see below). For both barostats, the coupling time 

constant was set at 5.0 ps and isothermal compressibility at 1 × 10
-6

 atm
-1

.  

No constraints were applied to the simulation box lengths and angles, thus allowing for the development of 

triclinic P1 structures. Periodic boundary conditions were applied along all dimensions in all systems. 

Electrostatic interactions were treated via the particle-mesh-Ewald method
67

 with default settings (Fourier 

grid spacing of 0.12 nm and PME order of 4).  

Following CHARMM specifications for GROMACS
68

, the cutoff for non-bonded interactions was set at 

1.2 nm. Non-bonded forces were switched in the range between 1.0 to 1.2 nm via a force-switch modifier. 

All simulations were carried out under the NPT ensemble. 

During force field validation (see below), the starting input structure was equilibrated via a short run (5 ns) 

under the BE barostat, then a longer (10 ns) production run was performed under the PR barostat. A short 

(0.5 ns), dense NPT-PR run was also carried out, saving the trajectories at each ps, to be used for analysis 

purposes. All these simulations were performed at 293 K and 1 atm, so to compare with experimental XRD 

data. 



To study the behavior of C8-BTBT-C8 at high temperatures, independent 100-ns NPT runs were 

performed at different temperatures. The choice of the simulation time of production runs was made on the 

basis of preliminary simulations and previous calculations on a similar system
30

.  

In all cases, the aforementioned equilibrated structure obtained at 293 K was used as starting point. To 

better handle the large box deformations expected during phase transitions, all these runs were performed 

under the BE barostat. In some cases, these simulations were extended beyond 100 ns to further check our 

results.  

MD trajectories were collected every 50 ps, and processed mostly using in-house programs, in order to 

extract relevant physical and structural information, including powder XRD patterns. Additional software 

packages, including Mercury
69

, Discovery Studio
70

, VMD
71

, Gnuplot
72

, Mathematica
73

, OriginPro
74

, were 

also used in data analysis and figure production.  

 

Structural descriptors 

Figure 2 summarizes the different structural descriptors used in the present work to characterize the 

molecular structures. Molecular orientation was quantified by means of the core tilt angle, φ (see Figure 2A) 

between the vector connecting the two farthest atoms of the BTBT aromatic core (ui(t) for the i-th molecule), 

and the phase director, q. The latter, corresponding to the average orientation of all tilt angles, was chosen as 

the eigenvector associated with the largest eigenvalue of the Cartesian ordering matrix, Q(t), namely
75

: 
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The sign of φ was computed relative to the b axis. The average overall molecular orientation was 

quantified by means of the second-rank Legendre polynomial, P2(t), defined as:  

  ( )  
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i=     (2) 

whose ensemble average will be hereafter indicated as <P2(t)>. The value of <P2(t)> can be expected to 

approach unity when the long molecular axis is, on average, aligned along the phase director. Figure 2B 

collects the side chain intramolecular parameters for chains A and B. These include seven C-C-C-C torsion 

angles labeled τ1-τ7, the C8 chain length, ℓ, and the side chain tilt angle, δ. 

 

 



  

Figure 2. Definition of structural descriptors used in the present work. A) Definition of the core tilt angle, φ, 

calculated as the angle between the vector connecting the two farthest C atoms (dashed red line connecting 

the green atoms) and the phase director, q. The core normal was defined as the vector product between the 

vectors connecting selected core atoms (blue and orange). The molecular centroid (small red circle) is also 

shown. B) Intramolecular side chain parameters: torsion angles τ1- τ7, C8 chain length, ℓ, measured between 

the red carbon atoms (dashed red line). The tilt angle δ was considered only at 293 K and calculated with 

respect to the c* axis, except for Table S3. For clarity only chain A is shown. The same labels were also 

adopted for chain B. 

 

 

Results and Discussion 

Dynamics at ambient temperature and force field validation 

In the early stages of our investigation, we performed MD simulations at ambient temperature (293 K) 

aimed at providing a basis for proper discussion of simulations at higher temperatures and assessing FF 

reliability by comparison with XRD data at the same temperature
34

. 



To this end, the bulk supercell detailed in Figure 1 was shortly equilibrated (5 ns) via the BE barostat at 

293 K. Subsequently, a longer (10 ns) run was performed using the PR barostat at the same temperature, 

followed by a 500-ps dense NPT-PR run. 

The MD trajectories extracted from this simulation showed a rich conformational behavior of the C8 chains 

embedded in the crystal structure. Analysis of 500 frames 1 ps apart provided more than 1 million different 

observations for each parameter describing the chain conformations. The seven C-C-C-C torsion angles τ1 - 

τ7 defined in Figure 2 show several interesting trends. The first torsion along the C8 chain, τ1, describes the 

rotation of the whole chain with respect to the central BTBT core (Figure 2). Chains A and B (defined in 

Figure 1) show identical distributions, with a global two maxima distribution centered at ca. ±65° arising 

from the superposition of the two independent distributions (Figure 3A). Merging the data for chains A and 

B, according to centro-symmetry, gives the distribution reported in Figure 3B for the 500 ps trajectory. The 

merged τ1 distribution centered at positive values is left tailed with the peak mode at +67.3° in agreement 

with the experimental value of 65.7(7)° 
34

. Values of τ1 around 65° allow relieving of non-bonded repulsive 

contacts between the first two methylene units of the octyl chains and the BTBT core
76

. In Figure 3B, the left 

tail from τ1 = +30° down to negative values accounts for ca. 13 % of all conformations, including τ1 = 0°, an 

arrangement with the first two methylene groups closest to BTBT C-H moieties. 

In Figure S1A the trajectories of two randomly chosen molecules (adjacent in the simulation box) show 

different behaviors for their alkyl chains. Both chains of molecule #329 have oscillations of τ1 around the 

mean value with few short trips toward 0°. On the contrary, the chain of molecule #330 with positive τ1 at 

325 ps suddenly jumps into the region of negative torsions, lying around -67° for about 65 ps. In the same 

time interval, increased fluctuations appear also for the other chain but without stabilizing at positive values 

of τ1. For a given molecule, conformations with both chains having τ1 of the same sign are unlikely, as 

evidenced by the density plot of Figure S1B with sparingly occupied regions with this feature (white circles). 

These regions correspond to heavily non-centrosymmetric molecules whose intramolecular potential energy 

(due to stretch, bend, van der Waals terms) are not particularly unfavorable. However, when both τ1 are 

around +67° (or -67°) (top molecule in Figure S1C) clashing of the chains with neighbor almost 

centrosymmetric molecules (bottom molecule in Figure S1C) is produced. Therefore, random cavities can 

appear from time to time due to thermal fluctuations of the crystal structure allowing existence of these chain 

conformations for short times. 



 

  
Figure 3. A) Cumulative distributions for chains A and B that show identical distributions with opposite sign 

of τ 1; B) Distribution obtained after merging data for A and B side chains according to centro-symmetry. 

The distribution of τ1 for a single chain emerges, arbitrarily chosen as that with positive τ1. 

 

Torsion angles τ2-τ7, defined in Figure 2, are all characterized by sharp distributions centered at 180°, i.e. 

anti conformations (Figure S2). However, gauche populations at ca. ±67° (data are normalized in the range 

0-360° so that -67° corresponds to +293°) are always present with varying populations for different positions 

along the chain. This gives rise to two distinct subgroups of torsions: the first subset comprises torsion angles 

τ2, τ4 and τ6 exhibiting only tiny gauche satellites, evidenced by the histograms in Figure S2 and data in 

Table S1. While these secondary peaks are hardly visible for τ2 and τ4, their relevance grows slightly but 

steadily on moving toward the free end of the chain. A similar trend for gauche conformations is observed 

also for torsions τ3, τ5 and τ7. In this subgroup, the gauche populations are easily observable already in τ3 

(closest to the BTBT core), grow slightly with τ5 and reach a 2/1 anti/gauche ratio for τ7 at the end of the 

alkyl chain (Figure S2).  

Although the increasing relevance of the gauche maxima on moving away from the BTBT core toward the 

end of the alkyl chains can be expected, due to an increased freedom of motion at the end of the alkyl chains, 

the origin of the even/odd τ pattern here reported is unclear and, to the best of our knowledge, has never been 



explicitly reported in previous experimental or computational studies. Indeed, MD simulations of 

polyethylene reveal no or very few gauche defects for infinite chains
77,78

. 

For n-alkanes, infrared spectroscopy on deuterated molecules evidenced the presence of gauche defects 

and gauche-anti-gauche kinks, with gauche defects concentrated at the end of chains, especially in the 

rotator phases
79,80

. Compared to n-alkanes, the present system possesses an increased freedom for the 

conformational dynamics of chains due to the presence of the BTBT core which acts as a spacer within the 

ab plane, consistently distancing alkyl chains from each other (Figure S3 qualitatively compares the steric 

hindrance of C8-BTBT-C8 side chains with n-octane ones). 

Eclipsed conformations are practically absent (see Figure S2 at 0, 120 and 240°) as they represent high 

intramolecular potential energy states, and appear only for short times during conformational interchange. 

Therefore, anti conformations dominate the chain regions described by τ2-τ4-τ6 but become less relevant 

along the sequence τ3-τ5-τ7. This overall behavior allows the adoption of a simple description of the 

conformational space of the C8 chains with negligible loss of information. By using only τ3, τ5 and τ7 as 

descriptors of the chains dynamics, the reduced conformational space comprises 27 clusters of torsions 

arising from the three peaks in each of the τ3, τ5, τ7 distributions (Figure S4A-C). Owing to differences in the 

relevance of the anti and gauche populations, the clusters are strongly scattered in size. Figure S4D 

summarizes these clusters as spheres whose diameter is proportional to the number of observations. The 

central cluster at (τ3, τ5, τ7 ) = (180°, 180°, 180°) collects 57.3 % of all data points, followed by two clusters 

(180°, 180°, 68°) and (180°, 180°, 295°) each comprising 9.4 % of points. More than half of the chain 

dynamics comprises zig-zag fully extended chains with six anti conformations (all-trans), providing the 

longest chains (see Figure 2). With other combinations of the τ2-τ7 angles the number of gauche defects 

increases, including double or multiple gauche defects, and kinked chains arise, more sterically demanding 

for accommodation within the surrounding neighbors. As an example, τ3, τ5 and τ7 all close to ±67° coupled 

to the almost monomodal distributions of τ2-τ4-τ6 give τ2-τ7 sequences of the type agagag (where a = anti and 

g = gauche; in the subsequent discussion g+ will represent τ around +67°, g- τ around -67°, i.e. +293°) 

including ca. 6% of all conformations. Figure S4E shows the observed agagag conformations which include 

the other four enantiomeric cases. When considering the presence of gauche defects independently of their 

sign the conformations exceeding 1% of cases are reported in Table S2. 



At 293 K 18 % of chains bear only one terminal gauche defect, aaagag and agagag, accounting for 6% 

each, while agaaaa and aaaaga, with only one g defect, are less likely than agagaa and agaaag with two 

gauche defects. These eight most frequent cases account for 98% of conformations. Interestingly, the aaaaga 

case (gauche close to the end of chain) is less frequent that agaaaa where the defect is close to the BTBT 

core, in contrast with other reports
79,80

. 

Out of 3
6
 = 729 possible main cases (a, g+, g-) for six torsions τ2-τ7, in molecules comprising two or more 

gauche conformations, the sign (same or opposite) and the position of the gauche defects within the chains 

determine only a moderate increase of the intramolecular potential energy compared to the all-trans 

conformation but, more important, increase steric crowding and non-bonded interactions with the 

surrounding molecules
81

. According to our calculations, the average non-bonded contribution to the potential 

energy at 293 K is about 12.5 kJ/mol (per molecule) greater than that evaluated for the starting configuration 

with all-trans conformation (as from the XRD data
34

). Most of this energy is associated with the electrostatic 

interactions, thus highlighting the role of partial atomic charges in side chain dynamics. 

The octyl chain length, ℓ, exhibits a bimodal distribution (Figure S5A) with peaks at 8.12 Å and 8.95 Å, 

with full widths at half maximum (FWHM) of 0.631° and 0.257°, respectively. The length of C8 chains 

(defined in Figure 2B) is the outcome of the overall ensemble of local conformations τ2-τ7; the longest alkyl 

chains represent 56 % of all data points (threshold at 8.7 Å) and imply fully stretched chains with all-trans 

conformations (Figure S5B-G). All other combinations of local conformations give rise to a broad 

distribution owing to the many different sequences of torsions with shorter chains. On the contrary, the 

molecular centroids fluctuate around the average without strong correlations with conformational changes of 

the alkyl chains. 

The value of ℓ in the monoclinic room temperature structure of C8-BTBT-C8
34 

is 8.90 Å, close to the 

sharpest peak of the simulation. However, at 293 K the MD simulation affords an average cell c axis of 

28.20(3) Å, thus one Å shorter than the experimental value of 29.18(4) Å. The deviation from the 

experimental value of the d001 thickness can arise from the force field parameters that influence the length 

and tilt angle of the chains, the tilt of the BTBT core (see Figure 2), molecular motion along the c axis, and 

the interlocking pattern of methyl groups at the interface between adjacent (001) layers (see below). As to 

the effect of chain length, the statistical distribution in single MD frames mirrors the 500 ps temporal 

distribution reported in Figure S5A. Therefore, there are constantly more than 50% of molecules with fully 



extended chains able to sustain the thickness of the (001) monolayer. Figure 4 provides a color-coded 

representation of the temporal evolution of torsion angles τ2-τ7 for four selected molecules. The bright green 

areas evidence predominance of torsions with τ = 180° ±10°, completed by anti conformations more deviated 

from the ideal angle (olive green areas). The different behavior of “even” and “odd” torsions is easily 

appreciated by noting that τ2-τ4-τ6 plots are green-colored most of the time while τ3-τ5-τ7 plots experience 

frequent conformational changes. The gauche defects (blue-coded for positive values, red coded for negative 

values translated by +360°), appear and disappear several times during the 500 ps trajectory, including 

sudden changes from g+ to g- or viceversa. 

 

 

Figure 4. Color-coded representation of the temporal evolution of torsion angles τ2-τ7 for four selected 

molecules during a 500-ps run at 293 K. According to the look up table at the right of plots anti 

conformations are represented by bright green and olive-green areas, gauche conformations are evidenced by 

blue or red regions, very rare eclipsed conformations by white or black areas. 

 



The experimental value of δ (see Figure 2) is 35.6° 
34

 while the mean tilt of the two molecules in the unit 

cell averaged during the 500 ps trajectory is 37.0°. The values of δ in Figure S6A (after merging the data of 

both chains) and Table S3 show a monomodal distribution without correlation between the tilt of chain A 

and chain B. The distribution is slightly skewed toward the c* axis with mean tilt of 37.3(4.3)°. The tilt of 

chains referred to the mean tilt direction (see the discussion at higher temperatures below) gives the sharper 

distribution of Figure S6B (with average value of 7.02(3.6)°), with deviations becoming less and less likely 

as they become larger. 

The herringbone angle between adjacent molecules, often used to describe the packing features of 

polycyclic molecules, including organic semiconductors, is 52.27° for the average unit cell of the MD 

simulation, to be compared with the experimental value at room temperature of 56.42°. To further 

characterize the dynamics of C8-BTBT-C8, Figure S7A shows the distribution of the BTBT core tilt angle  

and the angle between the projection onto the ab plane of the normal to the BTBT core and the a axis (Figure 

S7B). Two symmetric peaks centered at 64.0(4.7)° and 116.0(4.7)° (each for one of the independent 

molecules in the unit cell in the NPT simulation not constrained to P21/a symmetry) confirm the 21 axis. 

The angle of the BTBT core normal with the reciprocal vector c* (Figure S7C) indicates that on the 

average the BTBT cores are orthogonal to the ab plane with a maximum excursion of 10° below and above 

the plane
82,83

. The influence of static and dynamic features in semiconducting molecular crystals upon their 

physical properties and performance has been deeply analyzed in terms of alkyl chain length
84

, static and 

dynamic disorder and thermal motions
83,85

. 

The monomolecular layers contacting each other at the (001) interface represents a crucial structural aspect 

of monoclinic C8-BTBT-C8. As mentioned above, the terminal methyl groups are the most mobile region of 

the C8-BTBT-C8 molecules due to molecular librations about the mass center and the conformational 

flexibility of the octyl chains. The cumulative effects are included in the X-ray structural model as time- and 

space-averaged coordinates and anisotropic displacement parameters (ADP) (Figure S8A). The usual trend in 

the average mean square displacement of atoms along the alkyl chains is evident in Figure S8B (for one 

selected molecule) with increasing amplitudes for the terminal atoms.  

The systematic effect of librational disorder modeled with ADP is the apparent shortening of bonds on 

moving from the center to the periphery of molecules as observed in C8-BTBT-C8 crystal structure. The 

same trend emerges in our simulations with an anomalously short value of 1.12 Å for the CH2-CH3 distance, 



to be compared with the experimental value of 1.46 Å. Another difference between simulations and 

experiment appears in the separation between (001) adjacent monomolecular layers; planes passing through 

the last methylene units along the chains are 4.45 Å apart in the X-ray structure and 4.28 Å for the average 

MD structure, obtained by averaging the atomic coordinates over 500 ps, whilst keeping two independent 

molecules (see Figure S9). The interlocking of methyl groups is also slightly different on going from 

simulation to experiment (see Figure S10).  

The series of Cn-BTBT-Cn structures with n=2-5
86

 and n=10, 12
39

 show different (001) interface 

structures depending on the value of n. Moreover, the methyl groups from the present MD simulations are 

more mobile and disordered than what emerges from the experimental crystal structure at room temperature 

(and because of that they have not been used to set the interface reference plane).  

The results of the above analysis are summarized in Table 1, where experimental and calculated unit cell 

parameters and densities are compared. Overall, the present force field exhibits a slight increase along a and 

b-axis, and a moderate decrease along c-axis. Nonetheless, the space group and molecular symmetry are 

neatly reproduced by the MD simulations, all parameters agreeing on a statistical basis with the P21/a space 

group symmetry and -1 molecular point group symmetry of the monoclinic structure
34

. 

 

Table 1. Comparison of experimental and calculated C8-BTBT-C8 unit cell parameters and densities at 293 

K. MD estimates refer to the 500-ps run. Standard deviations are reported in parentheses. Percentage 

deviations are also reported for some relevant cell parameters. 

 a [Å] b [Å] c [Å] α [deg] β [deg] γ [deg] density [g/L] 

Expt.* 5.927(7) 7.88(1) 29.18(4) 90.00 92.443(4) 90.00 1133.64 

MD 
6.15(1) 

+3.76 % 

7.98(1) 

+1.26 % 

28.20(3) 

-3.36 % 
90.05(31) 

91.52(10) 

-0.99 % 
89.98(10) 1115.1(1.5) 

*) Data from Ref. [34]. 

 

Furthermore, the average MD crystal structure (Figure S9) provides a good match to the experimental one, 

as evidenced by the agreement of the corresponding powder XRD patterns reported in Figure 5, with 

differences mainly depending on the different cell axes length. 

The minimal differences in geometrical parameters, preserving de facto the published monoclinic 

symmetry are an indication of the good performance of the chosen force field. This outcome is quite 

remarkable considering that the present force field was not specifically designed to describe compound 



dynamics in the solid state. Different factors may be responsible for the above results, the most significant 

being the recalculation of atomic charges. Indeed, short test simulations performed prior to atomic charge 

optimization showed worse performance in terms of unit cell parameters (not shown). Following our 

previous work
30

, we have recently started to test other force fields, which gave acceptable results at 293 K, 

but failed modeling the phase transition to the smectic phase. 

 

  
Figure 5. Calculated XRD powder spectra for the experimental

34
 and the average unit cell at 293 K. 

  



Thermal behavior at high temperatures 

As a further step in our investigation, we attempted at modelling the dynamics of bulk C8-BTBT-C8 at 

different temperatures. This material is characterized by a transition from crystalline to the smectic (SmA) 

phase at 382.5 K, and a transition to the isotropic melt at 398 K
43

. More recently, a triclinic, low-temperature 

phase has also been discovered, upon cooling the monoclinic polymorph between 140 and 150 K
31

. 

Hereafter, we report on the results obtained at high temperatures.  

Based on the above experimental data, different temperatures were investigated, in the range between 380 

K and 500 K, so as to account for possible deviations between calculated and experimental phase transition 

temperatures. In the following, we shall report the results obtained at a few representative temperatures, 

namely 380, 385, and 460 K. 

 

 

Figure 6. Views of the structures obtained from the NPT simulations along the a axis, at A) 293 K; B) 380 

K; C) 385 K; D) 460 K. The structure at 293 K refers to the 500-ps NPT-PR run (see above). 

 

Figure 6 collects snapshots of the final structures extracted from NPT-BE simulations at the different 

temperatures. For comparison purposes, also the structure at 293 K is reported. Unit cell parameters, 

densities, and average order parameters associated with these simulations are collected in Table 2. A 



comparison with experimental data has been performed by measuring the thermal expansion of mm sized 

crystals of C8-BTBT-C8 (grown from tetrachloroethane solutions) with a hot stage in the range 303-373 K. 

The expansion along a axis was ca. 1% whereas along b the crystals enlarged by 4% with a linear trend. 

At 380 K, a phase transition was observed, with the starting structure evolving to a smectic phase with 

stacking faults. The time-resolved supercell density profiles, reported in Figure 7A, and the evolution of box 

parameters (see Figure S11) suggest an overall process consisting of two subsequent stages. 

Figure 7. Time-resolved profiles of A) density, B) order parameter P2(t), extracted from NPT-BE run at 380, 

385 and 460 K. 

 

Table 2. Average unit cell parameters, densities and average order parameters of C8-BTBT-C8 extracted 

from the NPT-BE simulations at different temperatures. All values were calculated discarding the first 30 ns. 

Standard deviations are given in parentheses. Details of the calculations are given in the text. 

 

T [K] a [Å] b [Å] c [Å] α [°] β [°] γ [°] density [g/L] <P2(t)> 

380 5.941(37) 8.95(16) 28.02(15) 87.96(81) 87.51(28) 90.023(42) 1034.5(4) 0.841(3) 

385 5.82(12) 9.37(33) 28.29(14) 88.10(55) 87.19(31) 90.02(18) 991.1(7) 0.86(3) 

460 6.452(18) 9.02(18) 28.73(46) 90.040(45) 90.47(11) 89.929(55) 920.6(4) 0.004(31) 

 

 

The first stage was a fast (4 ns) supercell relaxation, characterized by a quick drop in density, due to the 

increase in supercell volume. Supercell size increased along b and c, whereas it decreased along a. A modest 

change in supercell shape was related to the change in the β angle, from 91.03°, to 87.52° (at 4 ns). No 



relevant changes were detected in the two remaining angles. This initial stage was followed by a more 

gradual and slower structural rearrangement, lasting about 30 ns overall. 

The evolution of P2(t) at 380 K, reported in Figure 7B, is consistent with the hypotheses of two 

consecutive stages. During the former, the molecular orientation along the phase director, essentially aligned 

with c*, changed only slightly. After about 4 ns, a more significant rearrangement occurred, with P2(t) 

gradually approaching 0.841(3) after 30 ns (see Table 2). 

 

 

 Figure 8. A) Evolution of core tilt angle φ and B) of torsional angle τ1 obtained from MD simulations at 380 

K. The absolute molecular populations are also reported. For better clarity, the data have been window-

averaged over time intervals of 3 ns. 

 

To investigate this outcome further, we considered φ angle behavior in more detail. Based on the 

definition of φ given in Figure 2, two equal groups of molecules were recognized in the starting crystal 

structure
34

, one with φ = +2.52°, the other with φ = -2.51°. After relaxation at 293 K, these values settled at φ 

= +4(2)° and φ = -4(2)°. 

Figure 8A follows the evolution of φ at 380 K. For better clarity, the original distributions, collected every 

50 ps, were window-averaged over a time interval of 3 ns. At the beginning of the simulation, the molecular 

orientations were evenly distributed in two main ensembles, resembling those recognized at 293 K. After 

about 4 ns, all molecules changed their orientations gradually and simultaneously, with two/thirds of the 

molecules tilting toward positive φ values. The tilt angle distributions looks asymmetrical with respect to φ = 

0 due to the phase director orientation. This was shifted by about 6.7° with respect to the c* axis, as a 

consequence of different tilt angle populations. 



By the end of the simulation, core tilt angles attained stable averages, namely 12(4)° (900 molecules) and -

27(4)° (450 molecules), respectively (first 30 ns discarded). The effect of this structural rearrangement is 

clearly visible in the tilted molecular layers that appear in Figure 6B. The resulting system is partially 

disordered and the original symmetry lost. The faulted stacking of the layers of Figure 6B could be an 

artifact due to the small size of the simulation box. However, stacking faults are commonly observed in other 

layered organic (and inorganic) crystals
87

, including semiconductors (e.g. quaterthiophene
88

). In fact, the 

faulted interfaces require only a modest cost (a few %) in terms of stabilizing energy compared to the correct 

stacking sequence and lead to polysynthetic twinning and polytypes.  

Next, we monitored the conformational changes associated with the alkyl side chain torsions. Figure 8B 

shows the evolution of τ1 over time (chain A), the syn conformation being at 0°. The two local maxima at the 

early stage of the simulation are representative of the gauche configurations, g+ (+67°) and g- (-67°), already 

present at 293 K (see above). During the phase transition, both distributions broadened to include previously 

unsampled syn conformations. After about 30 ns, the maxima of the distribution attained constant values, e.g. 

76.5° and 106.5°, with slightly different populations (see Figure S12). 

As shown in the same figure, gauche peak positions of τ2-τ7 angles were essentially unaltered with respect 

to those observed at 293 K (±67°). The distributions for the τ2-τ7 angles showed the even/odd τ pattern 

already recognized at lower temperature, albeit with a relative increase of gauche populations. Such increase 

was quite significant, as testified by the anti/gauche ratio for the torsions τ3, τ5, and τ7, which were 1.4, 1.1, 

and 0.7, respectively. The same analysis performed on chain conformations at 293 K was extended here, in 

order to identify the most frequently occurring patterns. Table S4 reports the most representative 

conformations (with populations above 1%). Compared to 293 K, the contributions of individual 

conformations were more evenly distributed. The all-trans conformation, aaaaaa, previously accounting for 

the largest fraction (56 %) of cases, turned out to be less representative (about 11 %) than conformations 

with a terminal gauche defect, namely aaaaag, agagag, aaagag. These conformations accounted for more 

than 40% of cases, overall. The remaining conformations featured at least one pattern of the form aga, 

whereas gg and ggg defects were only occasionally present.   

Increasing the temperature to 385 K provided the smectic phase reported in Figure 6C. This temperature is 

close to that experimentally observed for the phase transition to the smectic A phase
43,44

, and the lowest 

temperature at which this transition was observed within 100 ns.  



The evolution of the corresponding density and order parameter are reported in Figure 7. The inspection of 

such profiles suggests a process made of three consecutive stages. The former two stages closely resembled 

those at 380 K, namely a short supercell relaxation (1 ns), followed by the development of a partially 

disordered structure. The third stage started after about 27 ns, when the density (1030 g/L) and the order 

parameter (close to 0.8) changed suddenly (see Figure 7). The transition, triggered by a significant increase 

of side-chain conformational disorder, extending from a group of molecules to the whole structure. Notably, 

while the density quickly settled at a constant value (991.1(7) g/L, see Table 2), the box lengths a and b were 

still evolving after 100 ns (see Figure S13). The P2(t) profile did not attained an asymptotic value over the 

simulation time span, thus suggesting the presence of orientational disorder in the newly formed structure. 

 

Figure 9. A) Evolution of core tilt angle φ and B) of torsional angle τ1 obtained from MD simulations at 385 

K. The absolute molecular populations are also reported. For better clarity, the data have been window-

averaged over time intervals of 3 ns. 

 

This conclusion is consistent with the evolution of the core tilt angle reported in Figure 9A. The 

development of the mesophase obtained at 380 K is clearly visible up to 27 ns, when the transition to the new 

phase settled in. Molecular orientations were, on the average, distributed in two groups centered at about ± 

10° with respect to the phase director. Such an alignment is visible in the structure reported in Figure 6C. At 

about 36 ns, a major change in core tilt orientations occurred, from positive to negative values, which 

appeared to be an irreversible process. The factors triggering such process are not known at present and will 

be the subject of further investigations. 

Concurrently with the aforementioned molecular rearrangements, the development of the new phase was 

characterized by conformational changes mostly related to τ1 torsions, as highlighted by Figure 9B. The most 



notable change was represented by the increase of anti conformations at the expenses of syn ones, starting at 

27 ns. Meanwhile, the maxima of the distribution gradually shifted at ± 110°. The distributions of the 

remaining angles (see Figure S14) were essentially unaltered, except for a slight increase in gauche 

populations along with the temperature increase. Also in this case, as shown by the conformational analysis, 

reported in Table S5, at least two gauche conformations were more representative than the all-trans one. 

This result is consistent with recent reports on similar compounds
89,90

. 

The thermal behavior so far reported bears strong analogies to the “side-chain melting” also observed in 

other small molecule semiconductors
91

, as well as -conjugated polymers
92

 and oligomers
93

. As mentioned 

above, the presence of the aromatic core in BTBT derivatives increases the conformational freedom of n-

alkyl side chains, compared to that of corresponding to n-alkanes. 

A variety of molecular diffusion phenomena took place in the alkyl molten regions after the phase transition.  

As shown in the supplementary movie (see Movie S1), where the molecules have been colored according to 

their orientation (red for φ < 0°, blue for φ > 0°), these events included the transfer between adjacent layer 

and/or the orientation reversal with respect to the layer plane. The transfer between adjacent layers was 

detected for 23 molecules. Among them, 11 completely reversed their orientation (e.g. |φ| > 90°). Others 

(11), conversely, having reversed their orientation, returned to their starting layer after a brief excursion into 

the molten region. This behavior was, in fact, been experimentally observed in polymorphic transitions of 

asymmetrical BTBT derivatives
20,94-96

. 

All of the above mentioned phenomena did not disrupted the layered structure. We may thus classify the 

structure obtained at this temperature (Figure 6C) as a smectic phase. Experimentally, the transition from the 

monoclinic to a smectic A phase is observed at about 382.5 K
43,44

. The phase we have obtained at 385 K is 

more disordered than a smectic A phase, due to molecular diffusion. We note, nonetheless, that this phase 

has not yet been precisely detailed on the molecular scale, and according to the above mentioned reports, 

diffusion phenomena are not uncommon in BTBT derivatives. 

 Among the different factors responsible for our results, we believe that the delicate balance between inter- 

and intra-molecular forces underlying the process had a major role. An accurate description of such forces is 

known to be a real challenge for classical force fields, as demonstrated in a number of works
28,30

. To further 

support this consideration, we add that, so far, our attempts at modeling this phase transition using other 

parameterizations, such as GAFF/AMBER
97

 did not succeeded.  



The difficulties of such simulations are further exacerbated by the complex and sluggish dynamic behavior 

of this smectic mesophase. During several heating/cooling runs performed on C8-BTBT-C8 with hot-stage 

polarizing microscopy several patterns typical of smectic systems appeared (see Figures 10 and S15-17 for 

selected snapshots of structural transformations of C8-BTBT-C8 samples). Even while keeping constant the 

temperature the analyzed samples remained dynamic for several minutes while reducing their potential 

energy by coarsening/ripening, a symptom of slow kinetics during these structural changes. 

 

 
Figure 10. Focal conic domains (FCD) in rapid motion/rearrangement after the crystal to mesophase 

transformation happened at 383 K (heating rate +1 K/min, images taken with Linkam THMS-600 heating 

stage and metallographic microscope Olympus BX51). Images are 360 m along the horizontal axis. The 

dark regions in images from D to I correspond to regions of isotropic melt as viewed under crossed 

polarizer/analyzer. 

 



 

To complement the previous results, other simulations were performed at higher temperatures up to 460 K. 

The results obtained at 390 and 400 K turned out qualitatively similar to those at 385 K, in terms of 

mechanism and final structures. Also in this case, three consecutive stages were required to describe the 

overall process. As expected, increasing the temperature shortened the duration of the former two stages 

compared to 385 K. As shown in Figure S18, at 400 K the starting structure turned smectic after about 7 ns. 

Again, the molecular orientations were dynamically swapping between two main groups. In analogy with the 

previous case, the increase of side chain conformational disorder during the transition was mostly related to 

the τ1 torsional (see Figure S19), being the remaining distributions less affected by the temperature increase. 

In fact, the angles τ2-τ7 explore most of their conformational space at room temperature, whereas τ1 only a 

small fraction, due to the steric contacts between the first methylene group and BTBT core hydrogens.  

Increasing the temperature allows this angle to gain full access to its conformational space. Finally, 

molecular diffusion phenomena at 390 and 400 K were closely similar to those observed at 385 K, albeit 

more pronounced. 

The phase transition to the isotropic melt was detected starting at 460 K. As shown in Figure 7A, after an 

initial drop, the density followed by a more gradual decrease, while approaching the value of 920.6(4) g/L 

(see Table 2). According to the P2(t) profile (see Figure 7B), the orientational order was completely lost after 

about 30 ns, as testified by its average value, 0.004(31) (see Table 2). The visual inspection of the MD 

trajectories confirmed the development of an increasingly disordered structure from the layered one, finally 

leading to the isotropic molten phase reported in Figure 6D. 

 

Conclusions 

In this work, we have systematically investigated the dynamics and the thermal behavior of C8-BTBT-C8 

at ambient and high temperatures. Our choice of its monoclinic polymorph as reference structure was mainly 

dictated by two reasons: the availability of a fully solved XRD structure, and the fact this same structure is 

similar to that developed in thin film forming processes of technological relevance
42,33

.  

The MD simulations performed at ambient temperature, revealed quite a significant freedom in side chain 

conformational dynamics, when compared to n-alkanes. This outcome is due to the presence of BTBT cores, 

whose steric hindrance limits the potential energy increase associated with the accessed conformations. 



Among them, gauche conformations appear to play a leading role as structural defects. This observation is in 

line with recent experimental findings on asymmetric BTBT derivatives
89,90,96

. Furthermore, our results 

suggest that a similar behavior may also be extended to species isomorphic with C8-BTBT-C8, namely Cn-

BTBT-Cn, with n = 7,10,12 
34,39,98

. Besides, our simulations revealed other interesting structural features, 

such as the even/odd alternating pattern in the side chain torsion distributions, which do not have a clear 

explanation at present, and may be the subject of future works. 

Increasing the temperature, two phase transitions were observed. The first one, occurring at 380 K, 

resulted in a stacking faulted structure with molecular layers tilted differently with respect to the c* axis. 

Currently, no experimental evidence supports the existence of this structure for BTBT derivatives. 

Nonetheless, its appearance is not unlikely, taking into account its modest energy cost and the fact stacking 

faults are not uncommon in organic semiconductors
88

. Simulations on larger crystal assemblies will 

eventually help assessing whether this phase is an artifact associated with the box size.  

According to our simulations, the second phase transition observed at 385 K was triggered by side chain 

melting. The in-depth analysis of the resulting phase revealed a number of interesting structural features, 

such as the diffusion of molecules across neighbor molecular layers, sometimes accompanied by their 

complete reversal. An entirely similar phenomenon, leading to a change in molecular packing features has 

been experimentally observed for Ph-BTBT-C10 by different groups
94,96

. Interestingly, in our previous work 

on Ph-BTBT-C10
30

, we were not able to detect diffusion processes, plausibly due to a much slower kinetics 

compared to C8-BTBT-C8.  

The phase we have detected at 385 K can be classified as smectic, yet not as smectic A phase, owing to the 

presence of diffusing molecules and the distribution of core tilt orientations. These features also characterize 

the mesophases at 390 and 400 K, and reliably all the mesophases up to the isotropic melting point (460 K). 

This suggests that the phase at 385 K might already be a partially molten phase. The existence of this phase 

is difficult to prove experimentally, also due to the limited structural information that can be extracted from 

XRD experiments at this temperature
99

. Nonetheless, we note that the coexistence of difference phases is not 

unlikely, as testified by the hot stage experiments (see Figure 10 and S15-17).  

The force field used for the simulations was chosen in the need to conduct a parallel study on silica 

surfaces
57

. According to our analysis, the description of side chain dynamics should be improved to better 

describe the crystal structure. Meanwhile, we note that attempts at modeling this particular phase transition 



using other force fields were, so far, unsuccessful. Based on our previous study
30

, this suggests that large 

differences likely exist among the members of the BTBT family in terms of force field requirements and 

sensitivity.  
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