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in favorable cases by atomistic molecular 
dynamics (MD) simulations. [ 9,13–16 ]  

 Further development in improving the 
performance of OSC requires a deeper 
knowledge and ability to control the 
molecular organization at the interface 
between the materials playing the role 
of electron donor and acceptor. Impor-
tant factors are the choice of donors and 
acceptors chemical nature, their mor-
phology and the type of heterojunction, 
which currently consists of either a planar 
interface between two thin layers of donor 
and acceptor (bilayer cell, [ 17 ]  possibly rep-
licated) tandem cells, [ 18,19 ]  or an interpen-
etrated bicontinuous arrangement where 
the D, A materials are microsegregated 
inside a single photoactive layer (bulk het-
erojunction or BHJ). [ 20,21 ]  The orientation 
of donor and acceptor molecules at their 
interface and in particular the possibility 
of, say, “face–face” instead of “edge on” dis-

position of the respective aromatic moieties is of great impor-
tance for bilayer, as well as for BHJ cell performances. [ 22,23 ]  

 As far as materials are concerned, both small molecules and 
polymers have and are being used. In general terms of effi -
ciency polymer based devices, more extensively studied, have 
shown the best top performance, but small molecule cells are 
now showing similar results. [ 24,25 ]  Small molecules have the 
advantage of being of a well-defi ned chemical composition: 
they can be easily purifi ed and their physical properties can be 
determined and controlled favoring a better reproducibility of 
solar cell performance with respect to the batch to batch vari-
ations often found in polymers. While chemical composition 
represents an essential aspect, polymorphism for crystalline 
materials or more generally the detailed molecular arrange-
ment in space (e.g., the type of mesophase for liquid crystalline 
materials) [ 26 ]  plays an important role. For small molecule mate-
rials these aspects can be thermodynamically controlled and 
well defi ned reaching equilibrium conditions at a certain tem-
perature  T , pressure  P , and composition. However molecular 
organizations can very signifi cantly change in thin nanometric 
fi lms and, moreover, the fi lm preparation process can be a non-
equilibrium one making the fi nal result even more diffi cult to 
predict. 

 Here we wish to investigate the possibility of controlling 
morphology at a donor- acceptor interface prepared with a phys-
ical vapor deposition process, applying a methodology we have 
recently developed and applied to the deposition of pentacene 
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  1.     Introduction 

 A key element of any organic solar cell (OSC) [ 1,2 ]  is the interface 
between electron donor (D) and acceptor (A) materials where 
tightly bound charge pairs, originated from the decay of pho-
togenerated excitons, dissociate. If this process can successfully 
compete with charge recombination, the separated charges can 
travel towards their respective electrodes performing a neces-
sary step towards achieving conversion of solar light in elec-
tricity. The evaluation of the different competing electronic 
processes taking place at the DA interface is far from obvious [ 3–6 ]  
and its results can even be counterintuitive [ 7–9 ]  because they 
strongly depend on the detailed knowledge of the donor and 
acceptor molecular organization, [ 9–12 ]  as can now be achieved 
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on C 60 . [ 27 ]  We have chosen as donor α-sexithiophene (T6) [ 28 ]  
and as acceptor fullerene (C 60 ) that have the advantage of being 
relatively simple but also well studied experimentally. T6 has 
been used since more than twenty years [ 29 ]  as model system 
for small molecule organic p-type semiconductor, in particular 
in organic fi eld effect transistors, [ 30 ]  and to understand crystal 
nucleation, growth, and epitaxy. [ 31 ]  Conversely C 60  fullerene is 
a standard choice as n-type semiconductor either used as such 
in its crystalline form or, more often, functionalized to make it 
soluble and polar as the widely used PCBM which is most often 
amorphous. The T6-C 60  interface has been studied with ultravi-
olet and X-ray photoelectron spectroscopy to assess Fermi level 
alignment and the extent of charge transfer, [ 32–34 ]  as it consti-
tutes a prototypical system for solar cells. [ 35–37 ]  In addition, it 
has been shown that the relative weak intermolecular interac-
tions at this interface can be exploited and controlled in order 
to achieve a variety complex architectures. [ 38–40 ]  

 Some simulations of oligothiophenes-C 60  have been per-
formed: equilibrium fi lms of T4 on C 60  have been simulated 
with atomistic molecular dynamics and their properties com-
pared with the bulk. [ 14 ]  The molecular organization of C 60  on a 
monolayer of T6 adsorbed on an Ag(111) surface has been actu-
ally studied elsewhere. [ 41 ]  We are not aware, anyway, of simu-
lations of the all-important process of fi lm formation, of how 
this infl uences the morphology and, more importantly of how 
this can help in trying to suggest a methodology to obtain the 
planar alignment of T6 on C 60 , rather than the tilted one that 

is expected to improve performance. [ 23 ]  In the following, we 
shall see that such an alignment should be achievable obtaining 
planar smectic layers by a suitable sample preparation protocol.  

  2.     Vapor Growth of T6 on C 60 (001) 

 The deposition, nucleation and growth of T6 on C 60  is simu-
lated with a technique based on atomistic molecular dynamics 
(MD), reminiscent of the experimental process, and proposed 
in a recent investigation of the pentacene/C 60  interface. [ 27 ]  This 
scheme, in which one T6 molecule at a time is landed on the 
C 60 (001) substrate, allows the direct observation of the out-of-
equilibrium processes at the growing interface, which is left 
free to self-organize. In the present study, the vapor growth 
process is followed up to the formation of three T6 monolayers 
(MLs), as shown by the fi nal snapshot in  Figure    1  a, for a total 
time of about 250 ns.  

 A fi rst overview of the mechanism of growth of T6 on 
C60(001) is given by the evolution of coverage and average tilt 
angle (formed by the long molecular axis and the C 60  plane 
normal,  Θ  in Figure  1 b) for each ML, as a function of the 
number of deposited molecules, shown in Figure  1 c,d, respec-
tively. The growth proceeds in a layer-by-layer fashion, and is 
characterized by a collective reorientation of T6 molecules, 
that are initially adsorbed fl at and then stand-up at higher cov-
erage, similarly to what observed in the simulated vapor growth 
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 Figure 1.    a) Final structure obtained after the deposition of 1030 T6 molecules on the C 60 (001) surface, showing that different tilt directions are 
obtained in each ML. b) Top view of the C 60 (001) surface and defi nition of the tilt ( Θ ) and twist or azimuthal ( φ ) angles. Throughout the paper, molecular 
orientations are defi ned by the main inertia axes. c) Fractional coverage in each ML (345 T6 are assumed for a complete ML). d) Tilt angle averaged 
over the T6 molecules in each ML at different deposition steps, and relative standard deviation (error bars).
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of pentacene on the same substrate, [ 27 ]  and for T6 on SiO 2  [ 42 ]  
Going into the details of the growth, already from inspecting 
Figure  1 d, it appears that for ML1 reorientation occurs in a dif-
ferent way with respect to ML2 and ML3. In fact, the average tilt 
 Θ  of ML1 decreases smoothly from 90 to 30 degrees, while for 
ML2 and ML3 the change of alignment is sharp, though associ-
ated with a large spread of values (see error bars in Figure  1 d). 

 To better classify the different stages of the growth, it is 
useful to follow not only the tilt angle, but also the twist 
angle defi ning the direction of molecular tilting with respect 
to the box  x  axis, coincident with the C 60  (100) direction 
( φ  in Figure  1 b).  Figure    2   shows the distributions of  Θ  and 
 φ  angles for three representative moments of the growth of 
ML1, alongside the respective snapshots. At low coverage 
(0.14 ML) T6 molecules lie fl at, maximizing their interaction 
with the substrate by inserting into the grooves between lines 
of C 60  molecules along the ‹110> directions. The molecules 
do not stay isolated but assemble in domains where T6 long 
molecular axes are directed along one of the two mutually 
perpendicular groove directions. This aggregation produces a 
distribution of twist angles characterized by four peaks (red 
line in Figure  2 b), one for each possible direction. The forma-
tion of such domains was not registered for pentacene growth 

on the same substrate, where the initial wetting layer has no 
preferred twist orientation, [ 27 ]  and is instead consistent with 
photoluminescence and microscopy experiments on SiO 2    , 
which proved the existence of layers of fl at molecules in the 
region between standing T6 islands. [ 42,43 ]  

 At increased coverage, the different domains merge into a 
fi lm with homogeneous molecular orientations, as suggested 
by the single-peaked distribution of both tilt and twist angles 
(Figure  2 , 0.58 ML). By continuing the deposition until ML 
completion, whereas the tilt direction remains pinned to the 
110⎡⎣ ⎤⎦  direction (Figure  2 , 0.87 ML), the average tilt gradually 

decreases, eventually leading to the formation of a standing 
layer of crystalline T6. A recent organic molecular beam deposi-
tion study provides an experimental confi rmation of this result. 
Radziwon et al. in fact reported the growth of standing T6 
layers on C 60  at high temperature ( T  > 320 K), with the forma-
tion of disordered structures of lying molecules, more suitable 
for organic solar cell applications, occurring only close to room 
temperature. [ 44 ]  

 Unlike ML1, the formation of ML2 proceeds via the forma-
tion of an initial aggregate of T6 molecules presenting a broad 
and structure-less distribution of tilt angles, and a quite well 
defi ned twist, as shown in  Figure    3   at 1.16 ML coverage. This 
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 Figure 2.    Growth of the fi rst T6 ML on C 60 (001). Distributions of a) tilt and b) twist angles of T6 long axis at 0.14 (50 T6), 0.58 (200 T6), and 0.87 
(300 T6) ML coverage, and c) corresponding snapshots. The growth of ML1 proceeds through a gradual lying–to–standing reorientation of T6 mole-
cules upon increasing coverage. The azimuthal molecular orientation (twist angle  φ ) is inherited from the low coverage phase, where T6s are lying 
parallel to the [110] direction of the substrate.
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initial aggregate grows in size upon adding 
new T6 molecules and, when it reaches 
about 100 T6 units, it transforms into a 
crystalline island of nearly circular shape 
(see Figure  3  at 1.45 ML). This nucleus 
is characterized by a crystalline core, in 
which standing T6s show a herringbone 
arrangement, surrounded by a defective 
edge formed by tilted molecules: the broad 
distribution of molecular tilts (green line in 
Figure  3 a) presents a maximum just below 
30 degrees, belonging to standing molecules 
in the core, and a tail at larger angles due 
to molecules at the edges. The distribution 
of twist angles is even broader (green line 
in Figure  3 c), with in practice all the tilting 
directions of T6 molecules equally probable.  

 A closer inspection reveals that actu-
ally the island is a chiral supramolecular 
assembly, in which T6 molecules are locally 
tangential to the perimeter, leading to a 
propeller-like structure when observed 
from the top. This is shown in  Figure    4   for 
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 Figure 3.    Growth of the second T6 ML. Distributions of a) tilt and b) twist angles of T6 long axis at 1.16 (400 T6), 1.45 (500 T6), and 1.74 (600 T6) 
ML coverage, and c) corresponding snapshots. The growth of ML2 proceeds through the formation of a crystalline island of roughly circular section 
and defective edges, characterized by a chiral supramolecular organization (see Figure   4  ). An analogous mechanism is observed for the growth of 
ML3 (see Figure S5, Supporting Information).

 Figure 4.    a) Side and b) top view of the chiral crystalline island formed by 106 T6 molecules on 
the T6-ML1 substrate, as obtained from VD simulations at 1.30 ML. For clarity the substrate 
is omitted and T6 molecules are drawn with different colors. The arrow in (b) shows the direc-
tion of molecular tilting. The island chirality is quantifi ed by the asymmetric distribution of the 
chirality index χ, shown in panel (c). The distributions for the T6 molecules within the core 
(r i < 20⊥  Å), and at the edge of the island are also plotted.
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the nucleus formed at 1.30 ML, that is, when the initial dis-
ordered aggregate of ML2 starts to self-assemble in a chiral 
island. In order to quantify the chirality of this object, we 
computed the distribution of a pseudoscalar chirality index: [ 45 ] 

 χ
( )= ⋅ ×⊥ +n r ui i i� ��

  
(1) 

   

 Here, n
�

 defi nes the axis of the island (vector perpendicular 
to the plane passing through the island centroid), r i�

⊥  is the 
vector pointing from the island axis to the centroid of mole-
cule  i , and iu

�
+  corresponds to the T6 long axis (the vectors in 

Equation  ( 1)   have all unit length and iu
�

+ is chosen to point in 
the  z  > 0 direction). The asymmetry of the distribution (thick 
black line in Figure  4 c) demonstrates the chirality of the island, 
and its negative mean value indicates a left-handed orientation 
of molecular axes (statistically, right- and left-handed orienta-
tions are expected to be equally probable). In Figure  4 c we also 
differentiate the distribution of  χ  for the molecules belonging 
to the core and to the edge of the island. Although the quan-
titative result depends on the arbitrary defi nition of the two 
regions, we fi nd that the outer part is more chiral than the 
inner one. By depositing more T6 molecules the island grows, 
expanding its herringbone packed core, and maintaining its 
chirality at the edges (see Figure S6, Supporting Information). 
This phase of the growth continues until the island comes into 
contact with its periodic replica, forming a crystalline ML with 
well-defi ned and uniform molecular orientations (see Figure  3 , 
1.74 ML). 

 In order to clarify the stability of the chiral island, also in 
relation to the fi nite size of our simulation box and to periodic 
boundary conditions, we performed additional simulations of 
selected aggregates of the growing second ML on a 2 × 2 replica 
of the substrate (consisting of C 60  and T6 ML1). Specifi cally, we 
considered the chiral aggregate obtained at 1.30 ML and the 
crystallite at 1.74 ML, formed after the merging of the island 
with its periodic replica, and simulated them at 300 and 500 K. 
It turned out that not only the chiral nucleus remains stable 
on the enlarged substrate, but also the crystallite formed at 
1.74 ML rearranges, forming an island with a shape very sim-
ilar to the former, though the reorganization is much slower 
at 300 K (initial and fi nal snapshots of these simulations are 
shown in Figure S4, Supporting Information). This result 
clearly demonstrates the thermodynamic stability of the crystal-
line nucleus with disordered and tilted edges, a structure that 
we suppose to be inherent to the growth of T6 on T6. 

 We continued the deposition of T6 molecules until the com-
pletion of the second and of a third ML, leading to the fi nal struc-
ture shown in Figure  1 a. The growth of the third ML is qualita-
tively and quantitatively similar to that of ML2, that is, it proceeds 
through the formation of a chiral aggregate with disordered 
edges when about 100 molecules are deposited (Figure S5,S6, 
Supporting Information), which progressively becomes a true 
crystalline layer with a tilting direction not correlated with the 
one of the underlying ML2. 

 Again this mechanism is at variance with the simulated 
growth of pentacene in the same thermodynamic conditions: 
in that case, we did not fi nd such a strong qualitative differ-
ences in the growth of ML1 and ML2, and the growing MLs 
were rather regular also at terrace edges. As a matter of fact, for 

the case of T6 it turns to be preferable to lose some crystallinity 
at the terrace edges rather then exposing high energy crystal-
line surfaces such as (010). [ 46 ]  It is worth noting that such an 
effect can only be detected and explored with MD simulations 
of the growth, which can take into account thermal and struc-
tural disorder and kinetic effects, while other, more refi ned cal-
culations on crystal energetics and structure [ 47,48 ]  are limited to 
perfect crystal shapes. 

 The simulated deposition process seems to produce different, 
and apparently uncorrelated, molecular orientations in the dif-
ferent layers, that is, a so-called turbostratic structure. This may 
appear unrealistic, if one considers that the known bulk–phase 
crystalline polymorphs of unsubstituted oligothiophenes are 
formed by synclinic layers. [ 29 ]  However several experimental 
observations showed that interlayer defects of similar nature 
may occur in thin molecular fi lms. [ 49–51 ]  For instance, Cam-
pione and co-workers [ 52 ]  showed that the homoepitaxy of T6 
is reduced by increasing temperature, at which even needles 
of lying molecules can form, indicating that the differences 
in free energy between the possible orientations are small, as 
well acknowledged for organic-organic epitaxy. [ 31,53,54 ]  Interest-
ingly, in reference  [ 52 ]  it was also observed a roughening at (100) 
terrace edges upon increasing temperature, which was attrib-
uted to desorption, but that in the light of the present results 
it could be also related to the peculiar shape of islands, as dis-
cussed above. Indications of a reduced interlayer correlation 
in T6 fi lms grown on SiO 2  are also provided by Raman scat-
tering measurements, in which lattice phonons polarized in the 
direction perpendicular to molecular layers are not found for 
thicknesses lower than 10 ML,  [ 50 ]  while conversely grazing inci-
dence X-ray experiments showed that a layered structure still 
exists. [ 49 ]  

 It is fi nally worth noting that, despite the absence of epitaxy 
between the T6 MLs, the standing T6/C 60  interface produced by 
vapor deposition may be suitable for devices such as ambipolar 
fi eld effect transistors, as charge transport is nearly two-dimen-
sional and occurring within the fi rst two monolayers. [ 30 ]   

  3.     High Temperature Annealing of the T6/C 60 (001) 
Interface 

 Besides the two well-known crystal phases, T6 also exhibits 
at least one liquid crystal (LC) phase above 570 K, as revealed 
by a few experimental studies carried out in the ’90s, [ 55,56 ]  and 
recently “rediscovered” by our group with computer simula-
tions. [ 28 ]  The tunability of the molecular alignment with sur-
faces, magnetic and electric fi elds offered by such phases can 
be in principle exploited to control the morphology of the 
semiconductor. Indeed, although in the specifi c case of T6 the 
crystal-LC phase transition occurs at high temperature, posing 
severe diffi culties to practical applications, other similar mate-
rials, such as phenyl-thienyl all-aromatic co-oligomers, [ 57 ]  or 
other alkyl substituted aromatic compounds, [ 58,59 ]  present sim-
ilar phases at more manageable temperatures. Conversely, the 
high temperatures of T6 LC phases are not an issue in com-
puter simulations, therefore here, as a proof of principle, we 
could investigate the behavior of liquid crystalline T6 on the 
C 60 (001) surface without encountering any technical diffi culty. 
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Since mesophases of rod-like molecules typi-
cally show a planar alignment on regular 
surfaces, [ 60,61 ]  our aim was to explore the 
opportunities offered by high temperature 
annealing for producing an interface more 
suitable for solar cell applications than the 
one obtained by vapor deposition, namely 
one with T6 layers parallel to the C 60  surface. 

 A preliminary simulation, performed on 
the vapor-deposited sample in Figure  1 a at 
600 K, confi rmed that also liquid T6 prefers 
a planar alignment on the C 60  surface. We 
therefore proceeded with constructing an 
amorphous T6 fi lm wafered between two fl at 
C 60  surfaces, that is, a situation similar to 
what may locally occur in bulk heterojunc-
tion solar cells—and equilibrated in the NpT 
ensemble at 600 K and 1 atm (see Experi-
mental Section for details). The choice of 
a NpT simulation is aimed at avoiding the 
effect of the interface with vacuum, that typ-
ically induces a homeotropic alignment on 
rod-like mesogens, and may propagate for 
some nanometers inside the sample. [ 60,61 ]  
Before discussing the results, it is worth 
recalling that, with the force fi eld used here, 
melting from the crystal to a layered LC 
phase (smectic A) occurs at 580 K for bulk 
samples, and it is followed by the transition 
to a nematic phase at 610 K and fi nally to 
the isotropic liquid at 670 K. [ 28 ]  

 Already from the snapshot in  Figure    5  a, 
it appears that our attempt to obtain a liquid 
crystalline phase of T6 with planar alignment 
on C 60  was successful, with T6 molecules forming smectic 
layers extending from the bottom to the top surface. A further 
analysis of the phase director of the liquid crystal phase dem-
onstrates that its orientation is templated by the surface, as it 
coincides with the C 60  [110] direction.  

 The fi ngerprint of a smectic phase is the presence of den-
sity fl uctuations along the direction normal to the layers (par-
allel to C 60  [110] axis), that gives rise to a characteristic X-ray 
peak corresponding to the layer spacing  d . The amplitude of the 
density fl uctuations is mainly captured by the order parameter 

r dcos 2 /1 12τ π( )= , which appears as the fi rst coeffi cient in a 
cosine series expansion of the linear pair correlation function 
along the director: [ 62 ] 

 
g r nr dn

n

1 2 cos(2 / )12
2

1
12∑τ π( ) = +

=

∞

 
 (2)

   

 The smectic order parameter is equal to 0.45, clearly con-
fi rming the presence of a layered structure as suggested by the 
profi le of  g ( r  12 ) plotted in Figure  5 c. This value is lower than 
in bulk T6 at the same temperature (0.52 in another study) [ 28 ]  
indicating that the confi nement partially disrupts the positional 
order along the director. Correspondingly, the layer spacing 
is measured to be  d  = 26.7 Å here, versus the bulk value of 
26.2 Å. The slightly larger spacing is probably due to the strong 

tendency to form an integer number of smectic layers in the 
fi nite simulation box, rather than an effect of the interface or 
confi nement. 

 In view of understanding the electronic processes which may 
occur upon illumination of the sample, it is also useful to ana-
lyze the local variation of positional order when moving away 
from the interface. Actually, in the LC phase at 600 K at least 
two layers of molecules form at the interface with C 60 , as can be 
evinced from the density profi le in Figure  5 b. A similar inter-
facial ordering effect has been previously observed for glassy 
quaterthiophene on fullerene [ 14 ]  or for liquid crystals on atomi-
cally fl at inorganic surfaces. [ 60,61 ]  Such an increased structuring 
at the interface, which persists also at room temperature (vide 
infra), is likely to strongly affect charge separation kinetics and 
energetics. [ 9–11 ]   

  4.     Analysis of the Structures at Room Temperature 

 Since organic electronics devices operate at room tempera-
ture, the vapor-deposited and the LC-annealed samples were 
equilibrated at 300 K prior to analyze in greater detail their 
morphology. In general, T6 forms layered structures charac-
terized by close intermolecular distances within the layers and 
a tendency to herringbone packing. The interfacial structures 
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 Figure 5.    Physical properties of the sample annealed at 600 K, shown in panel (a) with T6 
molecules belonging to different layers alternatively colored in yellow and red. b) T6 density 
as a function of the vertical position z, normal to the fullerene surface, plotted at  T  = 600 (red 
line) and 300 K (blue line). c) Linear pair correlation function along the phase director (parallel 
to the C 60 [110] axis), showing the oscillations typical of the smectic phase at 600 K.
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obtained through different preparation conditions are here 
characterized, and their features compared to simulation 
results for bulk samples of the LT and HT polymorphs of T6. 

 The VD sample was fi rst equilibrated at 300 K retaining 
the periodic boundary conditions as adopted in the deposition 
simulations; PBCs were then relaxed by completing the equili-
bration on an 2 × 2 enlarged C 60  substrate. Upon relaxing the 
constraint imposed by the simulation box, we notice a substan-
tial rearrangement of the second and third monolayers, with 
molecules assuming a less tilted orientation, while negligible 
changes occur in ML1. We then discuss here the room-temper-
ature structure obtained after relaxation of periodic boundary 
conditions (data relevant to the box-constrained system are 
reported in the Supporting Information). 

 The sample obtained by VD can be considered as a collec-
tion of independent crystalline monolayers: as discussed in 
the vapor growth section, there is no evidence for correlations 
between the tilting direction in the different MLs, with that of 
ML1 induced by the C 60  substrate. Conversely, proofs of spatial 
correlation within each ML can be found in the radial density 
of in-plane neighbors  N ( r xy  ) (blue and green lines in  Figure    6  a), 
which shows a rather rich structuring, though not comparable 
with the corresponding one in the bulk crystal (Figure  6 c). This 
function presents a single broad peak at short distance in ML1 
( r xy   ≈ 5.7 Å) and ML2 ( r xy   ≈ 5.4 Å), unlike in the bulk structures 
where two peaks corresponding to fi rst and second nearest 
neighbors are resolved (see Figure  6 c). The nearest-neighbor 
peak is broader for ML1 than for ML2, indicating a disordering 
effect of the C 60  substrate. The  N ( r xy  ) distribution for ML3 is 
similar to that of ML2 (see Figure S7, Supporting Information). 

The relative molecular orientations within the planes are char-
acterized in terms of the distribution of the herringbone angles 
formed by the axes normal to the molecular planes of neigh-
boring molecules (the six nearest neighbors are considered). 
The distribution for ML1 and ML2 in Figure  6 b shows the two-
peak structure characteristic of herringbone-packed molecular 
layers. The peak due to the four non-translationally equivalent 
neighbors gives an herringbone angle of ≈55−60 degrees. This 
value is similar to that of the LT polymorph (see Figure  6 d), 
although the distributions of herringbone angles in the VD 
layers are broader than in the bulk structures. In order to char-
acterize the positional order within the layers, it is necessary to 
separate the spatial correlations along two axes, and we perform 
that by means of the pair correlation function in the plane, 
 N ( x , y ), shown in  Figure    7  a,b for ML1 and ML2, respectively. 
The spots in the  N ( x , y ) allow us to extract the two-dimensional 
crystal cell parameters for each of the ML, whose values, along 
with those of the LT and HT bulk polymorphs, are reported in 
 Table    1  . A certain amount of structural disorder, inherited form 
the out-of-equilibrium vapor growth at 500 K, is present in the 
MLs, resulting again in much broader peaks in the  N ( x , y ) with 
respect to those of bulk samples, shown in Figure S9 (Sup-
porting Information) for comparison.    

 Quite interestingly, the spread of the peaks of the  N ( x , y ) 
is strongly anisotropic for ML1, and is maximized along the 
C 60 [110]  direction. A closer inspection of the  N ( x , y ) pattern 
reveals the formation of an ordered structure of T6 character-
ized by four molecules in the unit cell (green box in Figure  7 a), 
unlike the typical (two-dimensional) cells that count two mole-
cules. This is an epitaxial structure characteristic of T6 on 
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 Figure 6.    Density of neighbors  N ( r xy  ) for T6 molecules in the layers (left, with  r xy   being the in-plane intermolecular distance) and of herringbone (HB) 
angles for the fi rst six neighbors (right), calculated for the VD and LC-annealed sample (top), and the bulk T6 crystalline polymorphs (bottom). In both 
the VD and the LC-annealed samples at 300 K, the organization of T6 molecules presents the tendency to herringbone arrangements, with features of 
the  N ( r xy  ) indicating that the T6 solid formed in both simulations is more similar to the high-temperature polymorph of T6.
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C 60 (001), in which the T6 cell vector  a  points along the C 60  direc-
tion and matches in length the distance between the grooves of 
the C 60  surface, that is, aC2 9.9460 =  Å (see Figure  1 b). The epi-
taxial structure we observed in our simulation is ascribed to the 
periodic roughness of the C 60 (001) facet, that, by modulating 
intermolecular distances, leads to the doubling of the T6 unit 
cell, and causes the anisotropic spots in the  N ( x , y ) in Figure  7 a. 

 This epitaxial structure does not propagate to the subse-
quent MLs, whose  N ( x , y ) presents well-defi ned peaks charac-
teristic of a structure with two molecules in the unit cell, as 
shown in Figure  7 b for ML2. The cell obtained for ML2 and 
ML3, reported in Table  1 , cannot be ascribed to none of the two 
bulk polymorphs, yet their parameters are closer to those of the 
HT one, as also confi rmed by the N( r xy  ) in Figure  6 . Though 
in general the coexistence of different polymorphs is known 
to occur in T6 fi lms, in particular at high deposition tempera-
tures, [ 50 ]  Radziwon and coauthors measured a terrace height 
( c  *  in Table  1 ) of about 23 Å for 100 nm-thick fi lms of T6 grown 
on C 60 , [ 44 ]  thus typical of the LT polymorph and larger than the 
prediction of MD simulations for ML1, but very similar to the 
one for ML3. 

 Turning to the LC-annealed sample, the T6 phase can be con-
sidered as only partially crystalline, as it is characterized by inter-
layer positional and orientational order, inherited by the parent 
smectic phase, and a short-range order within the layers. A similar 

structure, though with standing T6 mole cules, 
was obtained by Moser et al. by vacuum-depos-
iting T6 on SiO 2  at high deposition rates. [ 63 ]  
By cooling the smectic to 300 K, the average 
sample density rises from 1.17 to 1.44 g/cm 3  
and the orientational order parameter of T6 
molecules increases from < P  2 > = 0.85 to 0.94. 
Moreover, upon cooling we have also observed 
the onset of a tilt of ≈20 degrees between the 
alignment direction and the layer planes, a 
feature that is characteristic of the crystalline 
structures of many rod-like molecules, and oli-
gothiophenes in particular. [ 29 ]  

 The pair correlation function in the plane 
 N ( x , y ) for the LC annealed sample at 300 K, 
shown in Figure  7 c, reveals in this case the 
presence of a weak hexagonal order between 

fi rst neighbors, and effective cylindrical symmetry at larger dis-
tances. Consistently, the radial density of in-plane neighbors 
(red line in Figure  6 a) reveals two well-defi ned coordination 
shells. In particular the peak of nearest neighbors is consid-
erably broader that in the VD sample and extends to smaller 
distances, revealing the presence of a consistent amount of T6 
dimers with face-to-face arrangement. The herringbone order 
is barely detectable in T6 layers, as confi rmed by the rather fl at 
distribution of herringbone angles in Figure  6 b. 

 Finally, we consider the intramolecular degrees of freedom 
of T6, specifi cally focusing on the conformational disorder that 
may occur at fi nite temperature in virtue of the comparable 
energies of  trans  and  cis  inter-ring conformations and the small 
energy barrier between the two. [ 28 ]  The lowest energy full- trans  
structure is largely the most abundant at room temperature 
(83% and 72% in VD and LC samples, respectively), though 
bent conformers with one  cis  torsion have appreciable popula-
tions (see Table S2, Supporting Information). 

 We conclude this section noticing that because of the sudden 
cooling underwent by our samples, unavoidable in computer 
simulations, our room-temperature structures are necessarily 
more disordered than real ones, especially in the case of the LC-
annealed one, where the thermodynamic control over the fi nal 
morphology is looser. However, part of this disorder is intrinsic 
to the processing conditions, and to the soft nature of organic 
materials and their interfaces. This disorder is expected to pro-
duce a larger spread of intermolecular electronic couplings and 
energy levels with respect to the respective bulk crystal phases, 
with possible important consequences on the electronic pro-
cesses taking place at the heterojunction.  

  5.     Conclusions 

 We have studied in detail the molecular organization of the 
donor-acceptor system formed by a thin fi lm of sexithiophene 
deposited on the crystal (001) facet of the n-type organic semi-
conductor C 60 , by means of a molecular dynamics simulation 
technique that imitates the vapor deposition process. Following 
the growth of the fi rst three monolayers of T6 we found that the 
fi rst event is the formation of a wetting layer of T6 molecules, 
with their long axes lying fl at aligned along the grooves formed 
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 Figure 7.    Distribution of the intra-layer intermolecular distances  N ( x , y ) for the fi rst monolayer 
in a) ML1 and b) ML2 obtained by VD, and the respective in-plane unit cells (green frames). 
The cell of ML1 contains four molecules, against the two of ML2, because of the establishment 
of an epitaxial relationship with the C 60 (001) facet. (c)  N ( x , y ) for the LC-annealed phase, for an 
arbitrary choice of in-plane axes. Note the relatively short-ranged hexagonal order of sample. 
All data are obtained from 300 K simulations.

 Table 1.      Room-temperature parameters of the in-plane cell of T6.  a  and 
 b  are respectively the short and long axes in the plane.  a  ( b ) corresponds 
either to the axis  c  ( b ) of the original LT cell, [ 70 ]  or to the axis  b  ( a ) of 
the original HT cell. [ 71 ]  Lengths are given in Å, angles in degrees. The 
uncertainty on the cell parameters calculated for VD MLs is of 0.2 Å for 
distances and 3 degrees for angles.   

 a  b  γ tilt  c *

LT exp 6.03 7.85 90 24.7 22.36

LT sim 6.12 7.81 89.7 24.3 22.83

HT exp 5.68 9.15 90 33.6 20.48

HT sim 5.99 8.40 90.1 31.8 21.48

VD-ML1 sim 10.0 11.2 89 39 19.1

VD-ML2 sim 5.3 9.4 94 30 21.3

VD-ML3 sim 5.7 8.9 92 26 22.1



FU
LL P

A
P
ER

1993wileyonlinelibrary.com© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, WeinheimAdv. Funct. Mater. 2015, 25, 1985–1995

www.afm-journal.de
www.MaterialsViews.com

between rows of C 60  molecules along the 〈110〉 directions. By 
increasing the coverage, molecules gradually tilt away from the 
C 60  surface forming a crystalline monolayer of standing mol-
ecules. A commensurism with the two-dimensional lattice of 
C 60 (001), leading to the formation of an epitaxial structure with 
four T6 molecules in the unit cell, was found. We observed the 
growth of the second and third monolayers to take place instead 
in three coverage-dependent steps: i) formation of disordered 
aggregates of fl at-lying molecules at low coverage; ii) nucleation 
of islands of circular shape when the aggregate becomes larger 
than one hundred molecules, characterized by nearly standing 
and herringbone-packed molecules in the core region, and 
tilted molecule at the edges assuming a chiral, propeller-like, 
arrangement; iii) expansion of the island with gradual increase 
of the crystalline core size. This mechanism is broadly con-
sistent with experimental observations of the growth of T6 on 
C 60 , [ 44 ]  as well as on the more widely investigated but chemi-
cally different SiO 2  substrate. [ 42,43,50 ]  The mechanism we pro-
pose for the growth of T6 on T6, involving the formation of 
crystalline islands with chiral edges, is quite surprising, with its 
spontaneous symmetry breaking in the absence of screw dislo-
cations in the support slab, [ 64 ]  and different from what we previ-
ously found, e.g., for pentacene on C 60 . [ 27 ]  

 We notice that the standing T6 morphology obtained by 
vapor deposition on C 60  is far from being optimal for solar 
cell applications, because it hampers the charge transport in 
the direction normal to the interface. On the other hand this 
disposition is not necessarily unique, as suggested by the ini-
tial planar orientation of the T6 molecules. We thus employed 
computer simulations to examine the effects of a thermal treat-
ment of the fi lm and we showed how the standing geometry 
could be turned in a completely different planar one by simply 
annealing the sample at 600 K so as to melt the T6 crystal in its 
smectic phase. In this mesophase T6 molecules tend to align 
fl at on the C 60  surface and this confi guration propagates easily 
across the whole sample. The smectic layers, extending in the 
direction perpendicular to the interface with C 60 , are conserved 
also when the sample is cooled back to the room temperature 
crystal phase. The planar interface obtained should favor charge 
separation and an effi cient two-dimensional charge transport. 
This specifi c example suggests that transforming one compo-
nent from crystalline to its liquid crystalline state, if available, 
can produce dramatic effects on its orientation at the interface, 
and that those changes can be exploited for controlling the 
morphology of small molecule donor/acceptor interfaces. 

 In summary, the in silico investigation of organic crystal 
growth by means of out-of-equilibrium atomistic molecular 
dynamics provides a very insightful picture of the multi-step 
nature of this fundamental process, at a level of detail still not 
accessible to experiments, and can moreover suggest possibly 
viable strategies for tuning organic interfaces and improving 
their features.  

  6.     Experimental Section 
 The atomistic force fi eld for T6 and C 60 , based on the AMBER 
parameterization [ 65 ]  was developed and validated against experimental 
crystal structures and transition temperatures in previous works. [ 27,28 ]  The 

same force fi eld was used for calculating the mixed T6-C60 interactions, 
by adopting the standard Lorentz-Berthelot mixing rules. T6-C60 
interaction profi les for selected bimolecular confi gurations computed 
with our force fi eld and the recent long-range corrected density functional 
revPBE0-NL [ 66 ]  (Orca code, version 3.0, [ 67 ]  are shown in Figure S12 
(Supporting Information). The satisfactory agreeement between the two 
methods validates the use of our force fi eld for mixed interactions. 

 MD simulations were performed with the NAMD code (version 
2.9), [ 68 ]  employing a timestep of 1 and 2 fs for bonded and non-bonded 
interactions, respectively. Pair interactions were computed within a 
cutoff distance of 1.5 nm, and full electrostatic sums evaluated with the 
Particle Mesh Ewald algorithm every 4 fs. Periodic boundary conditions 
were applied, and temperature (pressure, where appropriate) control 
was achieved with a Berendsen thermostat (barostat) with a relaxation 
time of 10 ps (compressibility of 4.57 × 10 −5  bar −1 ). 

 The vapor growth of T6 on C 60 (001) was simulated as a series of non-
equilibrium MD simulations of 200 ps, corresponding to the different 
deposition steps, performed at constant temperature and volume, with a 
scheme very similar to the one employed in another study [ 27 ]  for depositing 
pentacene on C 60 . The x and y box sizes were fi xed to 98.364 Å in order to 
accommodate the C 60  substrate (a 2D crystalline slab obtained as a 7 × 7 × 2 
supercell of the experimental crystal structure, [ 69 ]  while the size along the 
direction perpendicular to the interface ( z ) was set to 200 Å to allow a 
suitably large empty space for simulating the vapor deposition. The lower 
half of fullerene molecules are kept fi xed to reduce the computational 
effort. During the deposition, temperature was set to 500 K, instead of 
the most obvious choice of 300 K, in order to accelerate the molecular 
motion without signifi cantly changing the free energy landscape as T6 
and C 60  are both crystalline at 500 K. Differently from the literature, [ 27 ]  
here we introduced at each step the incoming T6 molecule at 50 Å from 
the growing fi lm, endowing it with an initial velocity of 2 Å/ps directed 
towards the C 60  surface. This procedure was iterated for 1030 steps. We 
then equilibrated the system at 300 K with a fi rst 10 ns simulation, in 
which we used the same simulation box as in the deposition, followed by 
a 5 ns run, where the T6 cristallite was placed on a 2 × 2 replica of the C 60  
substrate. The latter allowed relaxing the constraints imposed by periodic 
boundary conditions on the structure of T6 MLs. 

 The liquid crystal-annealed T6/C 60  sample, consisting of 1600 T6 
and 760 C 60  (2D slab, 8 × 8 × 3 supercell), was simulated at constant 
temperature and pressure (1 atm). The C 60  slab dimensions were 
chosen so as to allow the formation of an integer number of smectic 
layers, as preliminary simulations on smaller samples showed the 
tendency for a planar alignment of T6, with the phase director along 
the C 60 [110] direction. This system was fi rst annealed for 33 ns at 600 K 
(23 ns equilibration + 10 ns production) and then cooled down to 300 K 
and equilibrated for 16 ns, before running 9 ns of production.  

  Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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