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to that of the bulk liquid; [ 7 ]  order typically 
exists over a few molecular layers before 
rapidly decaying to bulk behavior as the 
distance from the wall increases. [ 8 ]  

 Similar ordering effects can also 
be observed in the quasiliquids which 
form on the surface of many solids due 
to surface melting (also known as pre-
melting): [ 9,10 ]  the existence of a liquid-like 
layer a few molecules thick on the surface 
of a solid below the melting point of the 
bulk material. [ 11 ]  The structure within this 
layer is also found to be different to that 
of the bulk isotropic liquid, [ 12 ]  highlighting 
the ordering occurring at the interface. 
A converse effect, surface freezing, is 
also observed in some liquids (primarily 
 n -alkanes with 16 ≤  n  ≤ 50), where a solid 
monolayer may exist at an interface up to 
≈30 °C above the bulk melting point while 
the rest of the compound is molten. [ 13–15 ]  
Such phase behavior is strongly dependent 

on molecular shape and has only been observed for chain mol-
ecules, which then form layers similar to self-assembled mon-
olayers (SAMs) at the interface with the liquid bulk. [ 16 ]  

 Further examples of molecular ordering at interfaces can be 
seen in materials which display liquid crystal (LC) phases, a 
phase behavior also dependent on molecular shape and gener-
ally observed for molecules with a highly anisotropic shape (e.g., 
rod-like, disc-like or bowl-like molecules). [ 17 ]  LCs have prop-
erties of both solids and liquids and display long range order 
which may be orientational and/or positional; various types of 
LC phases (mesophases) are possible and normally exist only 
over a certain temperature range (i.e., they are thermotropic); 
a further property of LCs is that they generally reach thermo-
dynamic equilibrium in the bulk and at interfaces as a result of 
their short relaxation time. Nematic (N) phases of calamitic LCs 
(rod-like molecules with cylindrical symmetry) have no posi-
tional order but an orientational order which can be described 
by a unit vector,  n , known as the director, which represents the 
preferred molecular orientation ( Figure    1  , left). A scalar order 
parameter can also be defi ned which is related to the average 
angle the long molecular axes make to the director,  n . 

  Increased order is seen in smetic phases (Sm) which have 
both orientational and positional order; for example in a smetic 
A phase (SmA) molecules form layers (positional ordering of 
the molecular mass centers) which are oriented normal to the 
plane of the layers (orientational order), while smetic C phases 
(SmC) form layers where molecules are oriented with the long 
molecular axes tilted at an angle to the molecular layer normal 
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  1.     Introduction 

  The organization of molecules at an interface with a solid is 
a common occurrence in nature. While gas molecules do not 
normally organize at such an interface, the ordering of liquids 
in the vicinity of a solid wall is well known [ 1–3 ]  and has impli-
cations in the vast number of processes where solid-liquid 
interfaces present themselves (e.g., during crystal nucleation 
and growth, [ 4 ]  heterogeneous catalysis, [ 5 ]  lubrication, [ 6 ]  etc.). 
Ordering arises due to the breaking of the liquid’s continuous 
translational symmetry by the solid wall, leading to a positional 
ordering of molecules at the interface and a structure different 
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(Figure  1 , center). [ 17 ]  Surface-induced ordering of nematic 
LCs on surfaces is a topic which has been well studied, where 
ordering can be readily achieved on textured surfaces such as 
rubbed polymers. [ 18,19 ]  For example, it has been shown that the 
orientational order of a nematic LC material may differ in the 
vicinity of the surface when compared to that of the bulk LC, [ 20 ]  
while for the liquid crystalline molecule octylcyanobiphenyl 
(8CB) a homeotropically aligned smetic phase extending over 
a few molecular layers is induced at the interface with the 
substrate while the bulk nematic phase has an orientation 
determined by the smetic layers and the surface below, i.e., it 
is anchored to the surface (Figure  1 , right). [ 21–23 ]  8CB exhibits 
a phase sequence of Cr 21.5 C°   SmA 33.5 C°  N 40.5 C°  isotropic 
and also shows positional and orientational order of molecules 
at an interface with the substrate even at temperatures much 
higher than the clearing temperature (where the LC trans-
forms to the isotropic state). [ 24 ]  Tuning of surface properties can 
also be used to induce specifi c types of order within LC mate-
rials, [ 25–27 ]  with the type and degree of molecular order poten-
tially strongly effecting the physical properties of a material. [ 28 ]  
As both calamitic and discotic (disc-like) LCs containing conju-
gated sections may behave as organic semiconductors (OSCs) 
and have applications in displays and other organic electronic 
devices, [ 29,30 ]  understanding the ordering of LCs at interfaces 
is important for the rational design and future development of 
devices using LCs. 

 The structure of crystalline molecular materials at an inter-
face with a solid is also of importance in many fi elds, e.g. elec-
tronics, pharmaceuticals, etc. [ 31–33 ]  Crystalline materials have a 
higher degree of order than LCs, with atomic positions ordered 
within the crystallographic unit cell, which effectively repeats 
in all directions to form a crystal. The self-organization pro-
cess of molecules to form crystals is dominated by a combina-
tion of close packing considerations and maximizing favorable 
non-covalent intra- and inter-molecular interactions, with 
interactions ranging from relatively strong hydrogen bonds 
to weaker halogen bonds,  π – π  interactions and van der Waals 
interactions. [ 34 ]  When there are multiple ways of satisfying the 
close packing considerations whilst still producing favorable 
intra- and intermolecular interactions, different packing 
arrangements which are very close in energy may be possible 
and multi ple polymorphs may form; the difference in energy 
between different polymorphs is often < 2 kJ mol −1 . [ 35,36 ]  Dif-
ferent polymorphs have different physical properties (e.g., solu-
bility, morphology, compressibility, etc.) and it is often desirable 
to isolate the polymorph with the most suitable properties for 
a given application. The relative thermodynamic stability of 
different polymorphs is determined by the difference in the 
Gibbs free energy,  G , at a given temperature,  T , and constant 
pressure:  G  =  H  –  TS . The enthalpy term  H  relates to differ-
ences in lattice energy between different polymorphs and the 
entropy term  S  is related to the differences in disorder and lat-
tice vibrations between polymorphs. [ 32 ]  Broadly speaking, two 
types of polymorphic systems exist: in monotropic systems a 
single poly morph is always the most thermodynamically stable 
below the melting point, while in an enantiotropic system the 
relative stability of different polymorphs changes depending 
on the temperature. Therefore it follows that, for an enantio-
tropic system, transitions between polymorphs can be induced 
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by changing the temperature of the system, with one specifi c 
polymorph the most thermodynamically stable at a given 
temperature. However, kinetics can also play a role in deter-
mining which polymorph forms and, as crystallization from 

Adv. Funct. Mater. 2016,  
DOI: 10.1002/adfm.201503169

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



F
E
A
T
U
R
E
 
A
R
T
I
C
L
E

3wileyonlinelibrary.com© 2016 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

solution follows Ostwald’s rule of stages (metastable forms 
nucleate fi rst, before often transforming to more thermody-
namically stable polymorphs), [ 37 ]  it is possible to kinetically trap 
metastable phases during crystallization by varying the param-
eters used during crystallization (e.g., choice of solvent, [ 38 ]  tem-
plating using a surface [ 39,40 ]  or templating in solution). [ 41 ]  

 When molecular materials crystallize on a solid surface, it has 
been observed that new polymorphic forms may exist near the 
interface with the substrate which have structures different to 
those observed in the bulk; the best-known example of such a pol-
ymorph is the so-called “thin-fi lm phase” of the prototypical OSC, 
pentacene. [ 42 ]  Similar types of polymorphs have been observed 
for other materials and several terms have been used to describe 
them including thin-fi lm phases, surface-mediated phases and 
substrate-induced phases; in this work we will hereafter use the 
term substrate-induced phase (SIP) to describe these polymorphs. 
A SIP is defi ned as a phase with a distinct structure from those of 
the bulk which occurs in the vicinity of a rigid substrate. 

 In defi ning a SIP, it must be stated that SIPs are different 
to SAMs, [ 43 ]  as SIPs extend over several molecular layers at 
least. An SIP is also not necessarily the same as an epitaxially 
grown fi lm. Epitaxy, traditionally used for inorganic fi lms, is the 
matching of the crystalline unit cell parameters or geometries of 
both a substrate and fi lm. [ 44 ]  It has been developed for organic 
molecular crystals on crystalline substrates, despite the diffi cul-
ties arising in creating highly ordered fi lms of molecules with 
highly anisotropic shapes which often only interact weakly with 
one another; [ 45–48 ]  epitaxial growth of organic fi lms on substrates 
with highly mismatched crystal lattices is also possible. [ 49,50 ]  Epi-
taxially grown monolayers may also be used to infl uence the 
subsequent fi lm growth on top of them, enabling polymorph 
selection via epitaxy. [ 51 ]  SIPs may grow epitaxially, [ 52 ]  however, 
they may also occur in the absence of epitaxial effects; SIPs are 
related specifi cally to a deviation from the bulk structure in the 
vicinity of the substrate which is not necessarily related to any 
matching of unit cells between fi lm and substrate. 

 As physical properties of materials are strongly correlated 
with their crystal structures, a divergence from bulk properties 
near an interface (as is the case when an SIP forms) may have 
a profound impact on a wide variety of systems. Despite their 
fundamental importance, SIPs are not well understood and 
only a small number of systems have been studied in depth. 
This feature article will cover the current state of understanding 
concerning SIPs, giving examples of systems where SIPs have 
been observed, discussing their origins, and which questions 

remain to be answered. Perhaps the most important questions 
to be answered are which types of compounds may produce 
SIPs and the role that the substrate plays in their formation. 
A particular focus is given to crystalline organic molecular 
semiconductors, a class of molecules for which the study of 
SIPs is most advanced; polymers are excluded from the present 
discussion as they present a large and complex system with dif-
ferent properties to those discussed here and are beyond the 
scope of this work. The potential impact of SIPs for different 
fi elds of research will also be discussed.  

  2.     Experimentally Observed SIPs 

 Currently, SIPs have mostly been observed in fi lms of OSC 
molecules. There are several reasons for this: fi rstly, for the 
investigation of the suitability and properties of molecules to 
be used in organic electronic devices (e.g., organic fi eld-effect 
transistors (OFETs), solar cells, etc.) molecules must be depos-
ited onto a solid substrate; for a complete understanding of 
their behavior the structure that the molecules adopt in fi lms 
must be determined, and therefore SIPs will be observed if they 
form. Secondly, one of most commonly used OSCs, pentacene, 
displays an SIP which must often be taken into account when 
performing studies using pentacene. OSCs also provide ideal 
systems for studying SIPs due to some of their common prop-
erties, such as lack of a strong dipole, simplicity of intermolec-
ular interactions (often only van der Waals interactions), simple 
molecular shape (often elongated, rod-like molecules) and low 
conformational freedom (often fairly rigid). That is not to say 
that SIPs do not present themselves for other classes of mol-
ecules, e.g., pharmaceutical molecules where they could have a 
signifi cant impact on properties, and their possible origins are 
discussed later in this article. 

  2.1.     Pentacene 

 The best-known experimentally observed example of an SIP, and 
also the most-studied, is the thin-fi lm phase of pentacene. Pen-
tacene ( 1 ) ( Figure    2  ), a member of the acene family of aromatic 
hydrocarbons, is an insoluble, ambipolar OSC which has long 
been an attractive material for use in OFETs due its relatively 
high charge transport mobility (>1 cm 2  V −1  s −1  in ambient condi-
tions) and ability to readily form ordered fi lms. [ 53,54 ]  These prop-
erties, along with the simplistic structure of the molecule and 
its ready availability, have made pentacene a benchmark mate-
rial for organic electronics and the most-studied OSC compound 
in literature; at the time of writing there are over 17 300 pub-
lications relating to “pentacene” and over 2600 relating to both 
“pentacene” and “transistor” (Web of Science, June 23, 2015). 

  Pentacene forms with different structures and morpholo-
gies depending on the growth conditions and, in the case of 
fi lms, on the type of surface it is deposited on. When depos-
ited on graphene or metals, such as Au or Cu, pentacene mol-
ecules generally lie fl at on the substrate surface, [ 55–57 ]  while 
edge-on confi gurations may also be observed under specifi c 
conditions. [ 58 ]  In contrast, when deposited on polymer sur-
faces, self-assembled monolayers or amorphous silica (SiO  x  ), 

Adv. Funct. Mater. 2016, 
DOI: 10.1002/adfm.201503169

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

 Figure 1.    Ordering of different liquid crystalline phases: a nematic (N) 
phase (left) and smetic (Sm) phase (center) with directors  n  shown; and 
a liquid crystal with smetic-like ordering at the interface with a solid wall 
transitioning to nematic ordering in the bulk (right).
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the molecules stand approximately upright, with a slight tilt 
of the long molecular axis away from the surface normal 
depending on which polymorph is present. [ 59–62 ]  An alterna-
tive arrangement occurs in submonolayer and monolayer 
fi lms, where molecules stand vertically on the substrate sur-
face with no tilt away from the surface normal; [ 63,64 ]  it should 
emphasized here that the monolayer structure of pentacene 
does not constitute a SIP as it does not extend over mul-
tiple molecular dimensions and the same is true for other 
mono layer structures. The difference between pentacene 
polymorphs can always be related to a change in the tilt of 
the long molecular axis, all polymorphs pack with layers of 
molecules in a herringbone arrangement and two molecules 
in a triclinic unit cell; polymorphs are normally identifi ed 
by their characteristic (001)  d -spacings corresponding to 

the out-of-plane lattice spacing in fi lms on SiO  x   substrates 
( Table    1   and  Figure    3  ). [ 59,65 ]  

   The two bulk structures of pentacene are the polymorphs 
which may both be observed in single crystal form. The fi rst was 
characterized by Campbell et al. and has a characteristic (001) 
 d -spacing of ≈14.4 Å; [ 67,71 ]  this phase is known as either the 
Campbell phase or the high temperature (HT phase). A second 
bulk polymorph was characterized later with a characteristic 
(001)  d -spacing of ≈14.1 Å; this phase is generally known as the 
low temperature (LT phase). [ 65,66,72 ]  The LT phase is suggested 
to be unstable in fi lms and the HT phase is therefore the bulk 
phase most commonly observed in thicker pentacene fi lms, [ 73 ]  
while the LT phase is more commonly observed from single 
crystal growth of pentacene. [ 65 ]  The LT phase is found to convert 
to the HT phase at elevated temperatures, [ 74 ]  with the HT phase 
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   Table 1.   Unit cell parameters of the LT [ 66 ]  and HT [ 67 ]  bulk polymorphs, SIPs (SIP-1 corresponds to the 15.4 Å phase [ 68 ]  found on SiO  x   substrates, SIP-2 
corresponds to the 15.1 Å phase [ 69 ]  found on Kapton/NaCl substrates) and monolayer [ 63 ]  structures of pentacene.  

Phase a [Å] b [Å] c [Å] α [°] β [°] γ [°] V [Å 3 ]  d  (001) [Å]

LT (bulk) 6.28 7.71 14.42 76.75 88.01 84.52 677 14.1

HT (bulk) a) 6.06 7.90 15.01 81.6 77.2 85.8 692 14.4

SIP-1 5.92 7.54 15.63 81.5 87.2 89.9 689 15.4

SIP-2 6.1 7.6 15.3 81.0 85.0 89.5 698 15.1

Monolayer 5.916 7.588 − − − 84.7 720 16.1

    a) A different choice of unit cell vectors from the original publication are used here.   

 Figure 2.    Examples of molecules for which substrate-induced phases (SIPs) have been observed in the vicinity of a solid substrate.
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converting to the LT phase at high pressure. [ 75 ]  The structural 
difference between these two bulk polymorphs arises from a 
shift of adjacent herringbone packed layers with only very slight 
differences observed in the packing within each layer. [ 74 ]  

 In fi lms of pentacene on SiO  x   substrates, larger (001)  d -spac-
ings were fi rst observed by Minakata et al., [ 76,77 ]  however it was 
Dimitrakopoulos et al. who attributed these diffraction peaks to 
a new metastable, “thin-fi lm” polymorph or SIP with a charac-
teristic (001)  d -spacing of 15.4 Å. [ 42 ]  The HT bulk phase and SIP 
of pentacene were found to coexist in the same fi lm above a cer-
tain critical fi lm thickness (≈50 nm), with two different peaks 
clearly visible in specular X-ray diffraction scans ( Figure    4  ). The 
observation that charge transport capabilities were hindered in 
mixed phase fi lms compared with thinner fi lms where only the 
SIP was present showed the potential impact of the presence of 
the SIP. [ 42,78 ]  When solved by a combination of fi rst-principles 
calculations and grazing incidence X-ray diffraction (GIXD) 
(Figure  4 ), the crystal structure of the SIP showed a reduced tilt 
of the long molecular axis compared with the bulk polymorphs 
and an interlayer packing closer to the HT phase than the LT 
phase (Figure  3 b). [ 68,70,79 ]  Crucially, the 15.4 Å SIP is found to 
be relatively unstable, converting to the HT bulk phase at ele-
vated temperatures and with fi lm aging; [ 80–82 ]  various methods 
have been employed to attempt to understand and control the 
phase formation by solvent [ 83–85 ]  and postannealing, [ 80,86 ]  con-
trolling fi lm thickness, [ 87–89 ]  limiting the conversion of the SIP 
to the bulk phase using capping layers [ 80 ]  or deposition of fi lms 
on rough surfaces to preferentially form the bulk phase. [ 90 ]  

  A second SIP of pentacene, with a (001)  d -spacing of 15.1 Å, 
has also been observed to form on certain surfaces such as 
Kapton and NaCl. [ 59,69 ]  In thicker fi lms, the LT bulk phase, as 
opposed to the HT bulk phase observed in thick fi lms con-
taining the 15.4 Å SIP, is observed producing mixed phase 
fi lms. [ 59 ]  The 15.1 Å SIP is also found to be relatively unstable, 
converting to the LT phase at elevated temperatures, [ 59 ]  while, 
interestingly, a transformation from the 15.4 Å SIP to the 
15.1 Å SIP also occurs within pentacene OFETs after long term 
usage [ 91 ]  and a similar effect is observed from the HT to the 
LT phase after device usage [ 92 ]  which has also been shown to 
induce a strain in the fi lm structure. [ 93 ]  The mixing of the HT 
bulk phase and 15.4 Å SIP and mixing of the LT bulk phase 
and 15.1 Å SIP suggests an improved compatibility between 
their respective interlayer structures, allowing one to grow on 
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 Figure 3.    Different packing motifs of pentacene molecules observed in thin fi lms where the precise molecular packing is known: a) molecules in the 
bulk (LT) phase with a tilt of ≈24° from the substrate normal, [ 66 ]  b) molecules in the bulk (HT) phase with a tilt of ≈21°, [ 67 ]  c) molecules in the common 
15.4 Å SIP with a less pronounced tilt of ≈3° [ 70 ]  and d) upright-standing molecules (0° tilt) in a monolayer. [ 63,64 ] 

 Figure 4.    a) Specular X-ray diffraction pattern of thick and thin pentacene 
fi lms showing the (001) and higher order refl ections of the HT bulk phase 
(14.60 Å) and SIP (15.66 Å) Reproduced with permission. [ 42 ]  Copyright 
1996, American Institute of Physics. b) Indexed reciprocal space map gen-
erated from grazing incidence X-ray diffraction (GIXD) data with peaks 
from the HT bulk phase indicated by crosses and peaks corresponding 
to the SIP marked by their Miller indices. Reproduced with permission. [ 68 ]  
Copyright 2007, American Physical Society.
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the other, with this being the most signifi cant difference in 
the packing between the HT and LT bulk phases; [ 74 ]  e.g., the 
15.4 Å SIP has a similar interlayer packing motif to the HT 
bulk phase with which it can coexist with in thicker fi lms 
(Figure  3 ). [ 79 ]  It has also been suggested that the LT phase is 
destabilized in fi lms compared to the HT phase due to the pres-
ence of the substrate and free surface effects, however this did 
not take account of the layer history within the fi lm below the 
bulk phase (i.e., the presence of the SIP). [ 73 ]  With the majority 
of pentacene fi lms being grown on SiO  x   substrates, the 15.1 Å 
SIP is not observed as often as the 15.4 Å SIP and has therefore 
not undergone the same degree of study. 

 Recently, a potentially new SIP of pentacene was observed 
with a (001)  d -spacing of 13.5 Å in fi lms coated onto polyimide 
nanogratings. [ 94 ]  Tuning of the nanograting width could be used 
to control the proportion of the bulk phase present, but a high 
curvature of the nanograting surface was found to induce the 
new 13.5 Å polymorph. This form was also shown to be more 
stable than the bulk and SIP forms, with conversion from both 
to the 13.5 Å phase over time. While this is the only recorded 
example of the 13.5 Å polymorph, this fi nding highlights the 
possible role played by substrate geometry in determining the 
resulting the crystal structure, just as growth on a fl at surface 
induces the more commonly observed 15.4 Å SIP of pentacene. 

 Another example of a member of the acene family displaying 
an SIP is found in fi lms of tetracene which consists of four 
fused rings as opposed to the fi ve in pentacene. Two different 
SIPs have been observed to form which could also be identifi ed 
by X-ray diffraction from an increase in the out of plane (001) 
 d -spacings; [ 95,96 ]  this again suggests a decrease in the tilt of the 
upright-standing molecules with respect to the substrate, sim-
ilar to what is observed in fi lms of pentacene. High deposition 
rates are found to favor the SIP with the smallest molecular tilt 
from the surface normal and the two SIPs, which are found 
to coexist within fi lms, have been observed on both SiO  x   and 
Mylar substrates. Acenes such as pentacene, where the poly-
morphic behavior has been studied in detail, provide a good a 
basis for the understanding of the origins of SIPs.  

  2.2.     Other Examples from Molecular Crystals 

 Two pentacene derivatives, 6,13-pentacenequinone ( 2 ) and per-
fl uoropentacene ( 3 ), also exhibit SIPs (Figure  2 ). The bulk single 
crystal structures of  2  and  3  are characterized by monoclinic unit 
cells with dimensions of  a  = 4.951 Å,  b  = 17.784 Å,  c  = 8.170 Å and 
 γ  = 93.26° for  2 , [ 97 ]  and  a  = 15.51 Å,  b  = 4.49 Å,  c  = 11.45 Å, and 
 β  = 91.6° for  3 . [ 98 ]  In thin fi lms,  2  crystallizes in a triclinic crystal 
system (space group  P -1) with unit cell parameters  a  = 4.69 Å, 
 b  = 5.99 Å,  c  = 13.45 Å,  α  = 77.8°,  β  = 84.1°, and  γ  = 81.1°, indi-
cating the formation of an SIP ( Table    2  ); [ 99 ]  the unit cell volume 
of 364.2 Å 3 , with one molecule per unit cell ( Z  = 1), is almost 
half the volume of the single crystal phase (718.2 Å 3 ). However in 
both the bulk and the SIP, the number of molecules in the asym-
metric unit remains the same ( Z ́  = 0.5). In contrast to the single 
crystal phase of  2 , which exhibits a herringbone arrangement, 
the crystal packing corresponding to the SIP is characterized by a 
coplanar π–π stacking motif, showing the potential differences in 
packing between the bulk phase and SIP. [ 99 ]  

  The crystal system of the SIP of  3  on SiO  x   was found to be 
monoclinic, with unit cell parameters  a  = 15.76 Å,  b  = 4.51 Å, 
 c  = 11.48 Å, and  β  = 90.4°; the most signifi cant deviation from 
the single crystal structure is the 0.25 Å elongation of the crys-
tallographic  a -axis with a  β  angle almost equal to 90°. [ 100 ]  The 
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  Table 2.    An overview of the differences in crystallographic structural 
properties between the bulk phase and SIPs (in italics) of the com-
pounds discussed.  Z  is the number of formula units within the unit cell, 
while  Z ’ is the number of molecules in the asymmetric unit. 

Compound Crystal system Space group Unit cell volume [Å 3 ]  Z / Z ′

 1 Triclinic  P -1 692 2, 1

  Triclinic  P -1  689  2, 1 

 2 Monoclinic  P 2 1 / b 718 2, 0.5

  Triclinic  P -1  364  1, 0.5 

 3 Monoclinic  P 2 1 / c 797 2, 0.5

  Monoclinic  P 2 1  /c  816  2, 0.5 

  Triclinic  1  P -1  820  2, 1 

 4 Monoclinic  P 2 1 / a 1159 2, 0.5

  Monoclinic  P 2 1  /a  1202  2, 0.5 

 5 Monoclinic  P 2 1 / n 2117 4, 1

  LC-phase – – –

 6a  2 Monoclinic  P 2 1 / n 6719 12, 3

  Orthorhombic  –  38740  64,- 

 6b  2 Monoclinic  P 21/ c 2640 4, 1

  Orthorhombic –  2767  4, - 

 7 Orthorhombic  P 2 1 2 1 2 1 1335 4, 1

  Triclinic  P -1  707  2, 1 

 8 Triclinic  P -1 1991 4, 2

     Monoclinic    P 2 1 / a  1028  2, 0.5 

 9 Triclinic  P -1 769 1, 0.5

  Triclinic  P -1  849  1, 0.5 

 10 Monoclinic  P 2 1 / a 840 2, 0.5

  Monoclinic  P 2 1  /a  839  2, 0.5 

 11a Triclinic  P -1 1860 2, 1

  Monoclinic  P 2 1  /n  8055  8, 2 

 12 Triclinic  P -1 1324 2, 1

  Monoclinic –  1439  2, 0.5 

 13 Monoclinic  P 2 1 880 2, 1

 – – – –

 14 Monoclinic  P 2 1 / a 1126 4, 1

 – – – –

 15  3 Monoclinic  P 2 1 / a 741.9 4, 1

 Orthorhombic  Pbca 1458 8, 1

  Orthorhombic  Pca 2 1  1502  8, 1 

 16 LC-phase – – –

  Tetragonal –  11406  4, 1 

     1  Thin fi lm on graphene coated substrate,  2 room temperature bulk phase and SIP 
have been considered. The space group is not evident from the GIXD data which 
was used to index the SIP.  3 The two polymorphic forms of  15  observed at room 
temperature are shown.   
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unit cell volume of the SIP (816.0 Å 3 ) is slightly larger than 
that of the single crystal structure (797 Å 3 ). The single crystal 
structure of  3  and the SIP both exhibit a herringbone packing 
arrangement with two molecules in the unit cell. [ 100,101 ]  These 
changes from the bulk to the SIP of  3  are analogous to the dif-
ferences in the structures of pentacene ( 1 ). For graphene coated 
substrates, a new SIP of  3  was found and it's structure was 
determined by a combination of GIXD and confocal Raman 
spectroscopy and found to have a triclinic unit cell with lattice 
parameters of  a  = 15.13 Å,  b  = 8.94 Å,  c  = 6.51 Å,  α  = 78.56°, 
 β  = 108.14° and  γ  = 92.44°, yielding a cell volume of 820 Å 3 . [ 102 ]  
The crystal packing of the SIP on graphene is governed by 
coplanar π-stacked molecules. The π–π distance of 3.07 Å is sig-
nifi cantly less than those observed in the herringbone packed 
structures of the bulk single crystal phase (3.26 Å) and the 
other SIP (3.17 Å) ( Figure    5  ). 

   p -sexiphenyl ( 4 ) (Figure  2 ) is another OSC which consists of 
conjugated rings, but as each ring is only bonded to the next at 
one position it is more fl exible than the pentacene derivatives 
( 2  and  3 ) already discussed and the rings are able to twist relative 
to one another; this well-studied system has photoluminescent 
properties and potential applications in organic opto-electronic 
devices. [ 103,104 ]  In single crystals, molecules are found to adopt 
a layered herringbone packing motif similar to pentacene with 
a monoclinic unit cell of dimensions  a  = 26.24 Å,  b  = 5.57 Å, 
 c  = 8.09 Å and  β  = 98.17° with V = 1159 Å 3 , [ 105 ]  while it was 
found that an SIP can form in thin fi lms when deposited with 
a high substrate temperature. [ 106,107 ]  The SIP is also found to 
be monoclinic with unit cell parameters  a  = 7.98 Å,  b  = 5.54 Å, 
 c  = 27.64 Å and  β  = 99.8° and an increased volume of 1202 Å 3 . 
The difference between the SIP and bulk structures is similar 
to the examples of  1  and  3  on SiO  x  , where the molecules main-
tain an upright-standing, herringbone packing motif in the SIP 
but with a reduced tilt of the long molecular axis with respect to 
the substrate normal. 

 A similar OSC molecule to  4  which also is known to form an 
SIP in fi lms is  α -sexithiophene ( 5 ), where the phenyl rings of  4  
are replaced with thiophene rings (Figure  2 ). A low temperature 
single crystal structure was determined to consist of approxi-
mately planar molecules in herringbone packed layers, [ 109 ]  
similar to  4  and  1 ; the structure of a high temperature poly-
morph has also been determined where the molecules show an 
increased tilt of the long molecular axis when compared to the 
low temperature bulk phase. [ 110 ]  An SIP is found to form when 
grown as a fi lm on SiO  x   surfaces at high deposition rates, sug-
gesting that the SIP formation is under kinetic control; [ 111–113 ]  
the SIP is suggested to be a disordered layered phase (order 
within layers but no correlation between layers) where the 
molecules have a reduced tilt compared with the low tem-
perature bulk phase which also forms in fi lms. In-situ GIXD 
experiments with different substrate temperatures reveal that 
growth of the SIP is favored at low substrate temperatures and 
is only prominent close to the substrate up to a certain critical 
thickness (≈8 nm) ( Figure    6  ); above this thickness the growth 
of the bulk phase is dominant, though there is still some tem-
plating effect of the SIP leading to further SIP domains. [ 108 ]  
The monolayer structure has also been determined and it 
was shown that, as in previous examples, the molecules stand 
perfectly upright before tilting as growth of a multilayer fi lm 
develops. [ 114 ]  The example of  α -sexithiophene ( 5 ) highlights the 
role that preparation parameters play in determining whether 
growth of the SIP or bulk phase is favored. 

  SIPs have also been observed for even more fl exible mole-
cules, this is perhaps unsurprising as fl exible molecules have 
a strong tendency to form multiple polymorphs. [ 116 ]  Two such 
systems where SIPs have been observed are for two dialkylated 
terthiophenes:  α,α′ -dihexyl-terthiophene (DHTT) ( 6a ) [ 115 ]  and 
 α,α′ -dioctyl-terthiophene (DOTT) ( 6b ) [ 117 ]  (Figure  2 ). In the 
case of  6a , an SIP with a unit cell different to the two known 
bulk forms is observed by specular X-ray diffraction and GIXD 

Adv. Funct. Mater. 2016, 
DOI: 10.1002/adfm.201503169

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

 Figure 5.    Comparison of the molecular arrangement in two SIPs of perfl uoropentacene ( 3 ): a) Herringbone arrangement on SiO  x   viewed along the long 
molecular axis (left), within the unit cell (middle), and as a top view of the (100) crystallographic plane (right). b) π-stacked arrangement of molecules 
on a graphene coated substrate viewed along the long molecular axis (left), within the unit cell (middle), and as a top view of the (001) crystallographic 
plane parallel to graphene (right). Similar π-stacked motifs in the two polymorphs are shaded in red with π-stacking distances also indicated. Adapted 
with permission. [ 102 ]  Copyright 2012, American Chemical Society. 
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in solution cast (spin coated, drop cast and dip coated) fi lms 
where crystallization is rapid (i.e., far from thermodynamic 
equilibrium), with the bulk form dominating when crystalliza-
tion is allowed to proceed more slowly ( Figure    7  ); the SIP is 
also observed in fi lms produced by physical vapor deposition, a 

process which is also far from thermodynamic equilibrium. [ 115 ]  
A wetting layer containing fl at-lying molecules was also found 
to be present at the substrate surface in samples where the 
SIP formed. It was shown that, for DHTT, the SIP is a meta-
stable phase whose growth is determined by the crystallization 
kinetics and does not form when the system is closer to ther-
modynamic equilibrium. 

  For  6b , a phase coexistence is observed where an SIP is 
found to form in the vicinity of the substrate while the bulk 
phase grows on top at the DOTT-air interface. [ 117 ]  The relative 
amount of each phase present can be tuned by the changing 
substrate temperature during spin coating, with the SIP again 
favored at higher temperatures. [ 118 ]  On heating to a LC or iso-
tropic state, it was found that if the sample is cooled rapidly 
the SIP recrystallizes, while slow cooling favors recrystalliza-
tion of the bulk phase. [ 117,118 ]  These results serve to highlight an 
example where it is the thermodynamics of the system which 
govern which polymorph forms during deposition, while the 
metastable SIP can be trapped by rapid cooling from the LC 
phase or melt. The structure of the SIP was solved by a combi-
nation of GIXD and molecular dynamics simulations and was 
found to have terthiophene units packed side by side, while in 
the bulk forms they are shifted relative to one another (i.e., the 
molecules are interdigitated), showing that the structure of the 
SIP is adapted to conform to the planar substrate; the confor-
mation of the alkyl side chains also differs depending on the 
polymorph. [ 119 ]  The monolayer structure of  6b  was also inves-
tigated by X-ray refl ectivity, ( Figure    8  ) with the structure of the 
fi rst monolayer still observed even as a multilayer fi lms grow 
on top while a wetting layer was also observed beneath the 
monolayer. [ 119 ]  

  Tetraceno[2,3 -b ]thiophene ( 7 ) (Figure  2 ) is another penta-
cene analogue (with the terminal fused benzene ring replaced 
by a thiophene) which exhibits an SIP. The bulk crystal struc-
ture is characterized by an orthorhombic unit cell having para-
meters of  a  = 5.92 Å,  b  = 7.64 Å and  c  = 29.52 Å, with molecules 
adopting a herringbone crystal packing motif. [ 120,121 ]  The struc-
ture of the SIP of  7  was found to be triclinic with a unit cell of 
 a  = 5.96 Å,  b  = 7.71 Å and  c  = 15.16 Å,  α  = 97.30°,  β  = 95.63°, 
 γ  = 90° and a unit cell volume of 707.6 Å 3 , [ 122 ]  almost half the 
volume of the single crystal phase (1335.2 Å 3 ); the herringbone 
motif observed in the single crystal phase is retained in the SIP. 
Interestingly, the antiparallel confi guration of the molecules 
observed in the single crystal phase is no longer present in the 
SIP. When compared with  1 , the SIP of  7  has a similar in-plane 
geometry but a slightly different out-of-plane unit cell vector. 
The existence of the SIP was observed in fi lms with a thick-
ness of less than 20 nm and SIP formation was found to be 
independent of the substrate temperature and pre-deposition 
treatments. 

 The perylene derivatives, di-indenoperylene (DIP) ( 8 ) and 
 N,N′ -dioctyl-3,4:9,10-perylene tetracarboxylate diimide (PTCDI-
C8) ( 9 ) (Figure  2 ) are two further compounds which display SIPs; 
 8  is a rigid molecule, while  9  has a rigid core with fl exible alkyl 
side chains. Compound  8  shows an enantiotropic phase transi-
tion at 403 K from a low temperature triclinic phase (unit cell: 
 a  = 11.659 Å,  b  = 13.010 Å,  c  = 14.966 Å,  α  = 98.44°,  β  = 98.02°, 
 γ  = 114.54° and a volume of 1991 Å 3 ) to a higher symmetry 
monoclinic structure by an epitactic mechanism; [ 123 ]  the low 
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 Figure 6.    Reciprocal space maps generated from grazing incidence X-ray 
diffraction data of  α -sexithiophene ( 5 ) fi lms grown at a) 233, b) 308 and 
c) 373 K. White dashed lines indicate refl ections arising from the SIP. Repro-
duced with permission. [ 108 ]  Copyright 2015, American Chemical Society.
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temperature phase contains two conformationally different mole-
cules in the asymmetric unit. The high temperature monoclinic 
phase ( β -phase) has lattice parameters of  a  = 7.171 Å,  b  = 8.550 Å, 
 c  = 16.798 Å, and  β  = 92.416° and a unit cell volume of 1028 Å 3 , 
with one molecule in the asymmetric unit. The transition can 
be understood in terms of a structural reorientation of the mole-
cules involving bending and twisting distortions, loss of interdig-
itation due to a transformation of the two-dimensional herring-
bone layers to a more upright orientation, and fi nally, rearrange-
ment of the layers by a shearing against each other ( Figure    9  ). 
The SIP of  8 , as reported by Durr et al., is identical in structure to 
the high temperature  β -phase. [ 124 ]  It must be noted here that the 
substrate acts to stabilize the  β -phase structure ≈200 K below the 
temperature where a phase transition to a low temperature phase 
is observed in the bulk. [ 125 ]  In-situ GIXD measurements studying 
the fi lm growth of  8  on different substrates showed that the fi rst 
monolayer consisted of molecules in a more upright orientation, 
similar to the monolayer structure of  1 . [ 126 ]  However, this struc-
ture was found to be transient and disappears on the addition 
of subsequent layers, with growth continuing in a strained layer-
by-layer fashion until a rapid roughening occurs once the fi lm is 
approximately 10 layers thick. 

  The thin fi lm structure of  9  crystallizes in a triclinic unit cell 
with  a  = 9.00 Å,  b  = 4.89 Å,  c  = 21.65 Å,  α  = 95.0°,  β  = 100.7°, 
and  γ  = 112.8° with the crystallographic  ab -plane parallel to the 
substrate (i.e., the (00 l ) planes are parallel to the substrate), [ 127 ]  
while the bulk single crystal structure has unit cell parameters 
of  a  = 8.50 Å,  b  = 4.68 Å,  c  = 19.72 Å,  α  = 88.43°,  β  = 94.01°, 
and  γ  = 97.21°. [ 128 ]  In bulk, the molecules of  9  exhibit a cofacial 
slipped π−π stacking along the crystallographic  a -axis, with the 
nearest neighbor π−π distance being 3.24 Å. The SIP of  9 , in 
contrast, has the π-stacks along the crystallographic  b -axis with a 
corresponding π−π distance of 3.58 Å. The tilt angle of the aro-
matic cores with respect to the substrate assumes a value of 67° 
in the SIP, in slight contrast to the 69.3° tilt angle observed in 
the bulk single crystal phase. The formation of an SIP has also 
been observed for the related molecule PTCDI-C5 when grown 
with substrate temperatures lower than 125 °C. [ 129 ]  Interestingly, 
in another perylene derivative, PDI8-CN2, the same crystal 
structure is observed in thin fi lms and in the bulk, i.e., no SIP 
is observed. [ 130 ]  This was attributed to the high thermodynamic 
stability of the bulk phase preventing the formation of an SIP. 

 Tetrathiafulvalene–7,7,8,8-tetracyanoquinodimethane (TTF-
TCNQ) ( 10)  (Figure  2 ) is a well-studied charge-transfer (CT) 
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 Figure 7.    Optical microscopy images of DHTT ( 6a ) fi lms prepared by different methods. Drop cast fi lms with solvent evaporation times of a) 2 min, 
b) 12 min, c) 75 min, d) 600 min and dip coated fi lms with withdrawal speeds of e) 50 µm s −1  and f) 500 µm s −1 . The fi lms shown in images (a) and 
(f) contain mostly the SIP while the remaining images show fi lms containing mostly the bulk phase. Reproduced with permission. [ 115 ]  Copyright 2012, 
Royal Society of Chemistry.
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complex forming a quasi-one-dimensional conductor at room 
temperature. It has been recently reported that the crystal struc-
ture of thin fi lms (monoclinic unit cell:  a  = 12.30 Å,  b  = 3.82 Å, 
 c  = 18.47 Å,  β  = 104.46°) deposited on KCl (100) is different 
when compared with the bulk structure (monoclinic unit cell: 
 a  = 12.26 Å,  b  = 3.77 Å,  c  = 18.69 Å,  β  = 103.76°). [ 131 ]  Besides 
KCl (100), the SIP is also observed on SiO  x   substrates, indi-
cating that the formation of the thin fi lm polymorph, i.e., the 
SIP, is not a consequence of epitaxy. [ 131 ]  The crystal packing is 
essentially differentiated by a more upright molecular orienta-
tion in the SIP than in the bulk polymorph, similar to previous 
examples of SIPs ( Figure    10  ). It is not clear exactly how the 
presence of an SIP impacts on the conducting properties of  10 , 
however changes in the preparation method and morphology 
are known to have an effect [ 132 ]  and different properties have 
been suggested for different structures from theory, [ 133 ]  so it is 

likely that a change in the structure arising from an SIP would 
have a signifi cant infl uence on the conducting properties of  10 . 
Polymorphism has been reported for several other CT com-
plexes such as (BEDT-TTF) 2 I 3  (BEDT-TTF = bis(ethylenedithio)-
TTF) [ 134,135 ]  and TMTSF-TCNQ (tetramethyltetraselenafulva-
lene-TCNQ); [ 136,137 ]  in such complexes both the crystal structure 
and stoichiometry of the components are known to govern the 
physical properties. [ 138,139 ]  Despite the known polymorphism 
in CT complexes, the presence of SIPs has not been explicitly 
mentioned in the literature and the example of  10  is, to the best 
of our knowledge, the only CT complex for which an SIP is 
known. As with other classes of molecules, SIPs may provide 
routes to CT complexes with properties different from those of 
the bulk forms and are therefore potentially very important. 

  Further examples of SIPs have been reported recently for 
a series of  N,N′ -dihydrotetraazapentacene (DHTA) deriva-
tives which differ only in the substitution on the terminal ring 
( 11a–c  in Figure  2 ). Interestingly, in spin coated thin fi lms of 
all three derivatives different polymorphic phases to those of 
the single crystals are observed. [ 140 ]  The structure of the SIP of 
 11a  could only be resolved by growing a single crystal on the 
polyimide substrate and dissecting it for single crystal X-ray 
diffraction analysis. The one-dimensional column-like packing 
in the bulk phase of  11a  is transformed into a zig-zag molec-
ular assembly when grown on the substrate, associated with 
a change in crystal system from triclinic (space group  P -1) to 
monoclinic (space group  P 2 1 / n ). The results of specular X-ray 
diffraction experiments also reveal the presence of an SIP in 
 11b  on account of diffraction peaks which cannot be explained 
from the single crystal structure. For the thin fi lms of  11c , there 
appears to be a mixture of the bulk phase and other polymorphic 
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 Figure 8.    X-ray refl ectivity curves of spin coated DOTT ( 6b ) fi lms. 
A) Experimental data (black) for a sample prepared from a 0.34 g L −1  
toluene/tetrahydrofuran solution and the fi tted curve (red) based on the 
model in the inset. B) Evolution of refl ectivity curves and appearance of 
Bragg peaks as the solution concentration (correlated to the fi lm thick-
ness) is increased. Reproduced with permission under the terms of the 
CC-BY license agreement. [ 119 ]  Copyright 2015, The Authors.

 Figure 9.    Herringbone layers of the low temperature (left) and the high 
temperature (right) phases of DIP ( 8 ). The twist and bend of molecules 
in the low temperature phase is shown. In the lower part, the herring-
bone packed layers are depicted from the side, showing the alignment of 
the rows of molecules. Reproduced with permission. [ 123 ]  Copyright 2007, 
American Chemical Society.
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forms. Although is a phase transition in  11c  around –73 °C, the 
structural modifi cation is only a slight tilting of the brickwall 
motif observed in bulk single crystals. It is noteworthy that the 
specular diffraction patterns from fi lms of all derivatives,  11a–c , 
are similar, suggesting a common packing motif when crystal-
lized on the substrate surface. 

 Another example of an SIP has been observed recently 
for a molecule in the [1]benzothieno[3,2- b ]benzothiophene 
(BTBT) family of OSCs which have shown excellent charge 
carrier mobility properties. [ 141,142 ]  An SIP was observed in 
fi lms of the 2,7-dioctyloxy-BTBT (C 8 O-BTBT-OC 8 ) derivative 
( 12 ) (Figure  2 ), [ 143 ]  unlike other dialkylated BTBT derivatives 
which have a layered herringbone packing in the bulk, [ 144 ]  
the bulk structure of  12  consists of π–π stacked, interdigi-
tated molecules. In spin coated fi lms of  12  studied by GIXD, 
molecules are found to adopt a herringbone packed struc-
ture similar to the bulk structure of other BTBT derivatives; 
this structure was found to be metastable, converting to the 
π–π stacked bulk structure over time and by solvent vapor 
annealing. [ 143 ]  

 Further interesting cases of SIPs are observed in systems 
related to dinaphtho[2,3 -b :2′,3′ -f ]thieno[3,2 -b ]thiophene (DNTT): 
the 2,9- dimethyl substituted derivative (2,9-DMDNTT) ( 13 ) [ 145 ]  
and an isomer of DNTT, dinaphtho[1,2 -b :2′,3′ -f ]thieno[3,2-b]
thiophene (1,2-DNTT). [ 146 ]  For  13 , a comparison of the X-ray 
diffraction patterns of thin fi lms with those of a simulated bulk 
single crystal pattern revealed the presence of an entirely dif-
ferent structure in fi lms. The interlayer spacing ( d -spacing) is 
estimated to be ≈20 Å, indicating that  13  adopts a layered struc-
ture in thin fi lms similar to the parent DNTT. This is in contrast 
to the bulk single crystal structure where a face-to-edge three-
dimensional herringbone structure was found. Interestingly, 
in the isomeric 3,10-DMDNTT the structure observed in the 
bulk is preserved in thin fi lms. [ 145 ]  In fi lms of 1,2-DNTT depos-
ited at room temperature the molecules are found to adopt a 
more upright confi guration when compared with the bulk 
single crystal structure or fi lms deposited at 100 °C which also 
adopt the bulk structure. This was shown by X-ray diffraction 

measurements, with an increase in the out-of-plane  d -spacing 
from 12.6 Å (in the bulk and fi lms deposited at high tempera-
tures) to 15.0 Å in fi lms deposited at room temperature. [ 146 ]  

 A study on the thin fi lm structure of hexa-peri-hexabenzo-
coronene ( 14 ) revealed that the crystal structure of fi lms grown 
on graphene surfaces is different from that normally observed 
on SiO  x   substrates. [ 147 ]  The diffraction data coupled with a 
NEXAFS study revealed that the crystal packing changes from a 
herringbone motif to a coplanar π-stacked assembly. The obser-
vation of such a signifi cant modifi cation of the crystal structure 
in multilayer fi lms on graphene compared to the bulk struc-
ture (planar arrangement vs. herringbone arrangement) has 
also been observed for perfl ouropentacene ( 3 ). Another recent 
study on contorted hexabenzocoronene revealed the presence 
of three different polymorphic structures in thin fi lms which 
were accessible by post-deposition processing such as thermal 
annealing and solvent vapor annealing. [ 148 ]  

 There are several instances where a particular polymorph is 
stabilized by the substrate, similar to what has been observed 
for  8 , where the high temperature single crystal polymorph is 
similar to the SIP. For a further example we consider the case 
of paracetamol ( 15 ) (Figure  2 ), a very common and widely 
used pharmaceutical molecule. It is known that  15  has three 
different polymorphic forms:  I ,  II  and  III . While form  I  has a 
monoclinic crystal structure, forms  II  and  III  crystallize with 
an orthorhombic structure. Form  III  is considered the least 
thermodynamically stable, with processes such as nanocon-
fi nement being used to isolate it ( Figure    11  ). [ 149–151 ]  A study on 
thin fi lms of  15  revealed that the metastable form  II  could be 
stabilized in dip coated fi lms on a silica substrate, [ 152 ]  while a 
further study showed that form  III , the least stable form, can be 
stabilized on a silica surface by rapid heat treatment after depo-
sition. [ 153 ]  An SIP has also been reported for the pharmaceu-
tical compound phenytoin which was found to have improved 
dissolution properties when compared with the bulk form; [ 154 ]  
such examples highlight the potential for a substrate to be used 
to stabilize metastable forms of drug molecules with enhanced 
properties. 

Adv. Funct. Mater. 2016, 
DOI: 10.1002/adfm.201503169

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

 Figure 10.    Specular X-ray diffraction patterns of TTF-TCNQ ( 10 ) fi lms of differing thicknesses on KCl (001) and SiO  x  , showing a magnifi ed region 
around the (008) refl ection (left). Reciprocal space map of the SIP of  10  obtained from fi lms deposited on SiO  x   (center). Simplifi ed scheme showing 
the arrangement of molecules of  10  on a KCl (100) substrate (right). Reproduced with permission. [ 131 ]  Copyright 2015, American Chemical Society.
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  A similar example of a substrate stabilized polymorph has 
been observed for a 3,6-diaryl-2,5-dihydro-1,4-diketopyrrolo[3,4-
 c ]pyrrole (DPP) derivative where one phase ( α ) is stable in the 
bulk, while the other phase ( β ) is more stable in thin fi lms. The 
stabilization of the  β -form in thin fi lms is facilitated by solvent 
vapor annealing of fi lms containing the  α -phase. It is also pos-
sible for both polymorphic forms to be isolated in the bulk by 
varying the conditions during recrystallization. [ 155 ]   

  2.3.     Examples from Liquid Crystals 

 LCs and plastic crystals (PCs) may qualify as ideal systems to 
study SIPs; in particular, they may allow simpler observation 
of a phenomenon which can be diffi cult to observe in crystal-
line systems. [ 156,157 ]  Besides the example of the LC molecule 
8CB discussed in the introduction, other molecular systems 
with considerably higher molecular weights and increased 
number of possible conformations also exhibit similar ordering 
behavior close to a solid substrate. The examples of alkylated 
hexa-peri-hexabenzocoronene [ 158 ]  and of an alkoxy-substituted 
phthalocyanine derivative [ 159 ]  show instances where changes 
in the interface properties allowed a specifi c molecular align-
ment to be achieved. In the context of SIPs, it is worth men-
tioning studies on interface nucleation where it was shown 
that control over growth kinetics and heterogeneous nuclea-
tion at the substrate can facilitate a homeotropic alignment of 

molecules. [ 160,161 ]  Unlike SIPs, which correspond to a structural 
arrangement different from the bulk, these examples represent 
cases where the substrate can stabilize a particular molecular 
orientation in thin fi lms. 

 The alkoxy-substituted phthalocyanine derivative, Pc, [ 159 ]  
( 16 ) (Figure  2 ) exhibits an interesting and complex example 
of an SIP. The bulk thermotropic properties of  16  are well 
characterized, it exhibits a columnar rectangular phase (Col r ) 
at room temperature, transforming into a columnar hex-
agonal phase (Col h ) at ≈58 °C, before the onset of melting 
upon further heating at ≈182 °C. [ 159,162 ]  The study of the SIP 
of  16  showed that the structure is a columnar tetragonal 
(Col tet  )  PC phase exhibiting three-dimensional order, mark-
edly different from the bulk LC form with a columnar rec-
tangular (Col r ) structure. [ 163,164 ]  The SIP forms independent 
of the thickness of the fi lms and the nature of the substrate, 
but it is dependent on the time for which the fi lms are aged 
( Figure    12  ). A polarized optical microscopy (POM) image of 
an as-prepared 74 nm thick fi lm of  16  is shown in Figure  12 a 
along with a fi lm aged for 3 months (Figure  12 b), where 
dendritic growth of a new phase can be clearly observed; the 
differences are also observed by AFM and specular X-ray dif-
fraction (Figure  12 c,d). This is a unique example where the 
two-dimensional LC phase converts to a three-dimensional 
PC phase due to nucleation caused by the solid substrate over 
time scales of a month or longer. In this case, the SIP is the 
most thermodynamically stable phase, whose appearance and 
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 Figure 11.    Visualization of the molecular arrangements within the crystal structures of paracetamol ( 15 ) forms  I ,  II , and  III  together with the contact 
plane with respect to the SiO  x   surface. The table summarizes the crystal lattice parameters with their corresponding Cambridge Structural Database 
(CSD) codes, space group, and the corresponding temperature at which the experiments were performed. Adapted with permission under the terms 
of the CC-BY license agreement. [ 153 ]  Copyright 2014, American Chemical Society.
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growth is a consequence of the geometrical effect imposed by 
the rigid and fl at substrate, acting to catalyze the phase transi-
tion from, in this case, the less stable bulk LC phase to the PC 
phase. Also of interest is the fact that the SIP of  16  nucleating 
at the substrate is not restricted to the vicinity of the substrate 
but also grows on top of the bulk LC phase and a phase coex-
istence is present. 

  A similar structural transformation to a more ordered crys-
talline phase has also been observed in fi lms of the LC perylene 
diimide derivative,  N,N′ -bis[3-[1,3-bis[2-(2-methoxyethoxy)-
ethoxy]-2-propoxy]propyl]perylene-3,4,9,10-tetracarboxyldiimide 
(PPMEEM) ( Figure    13  ). Spin coated fi lms of PPMEEM were 
found to consist of randomly oriented polycrystalline domains; 
however, POM images obtained 24 hours after fi lm preparation 
revealed the appearance of a highly ordered structure with a 
ribbon like crystalline morphology growing into the more dis-
ordered phase. 

    2.4.     Effects of Polymorphism on Physical Properties 

 As demonstrated by the examples in the previous section, 
instances of polymorphism within organic thin fi lms are not 
uncommon and so it is vital to understand the effect that 
changes in the solid state structure could have on the mate-
rial properties. [ 166,167 ]  As most of the examples reported here 
are OSC molecules, it is particularly relevant to understand 
the possible changes in electronic properties and device per-
formance which could arise from a polymorphic system. While 
on the one hand polymorphism provides an excellent oppor-
tunity to establish structure-property correlations for different 
systems, on the other it presents a serious challenge for the 
fabrication, performance and reproducibility of devices such as 
OFETs. [ 168,169 ]  

 For a well-studied system like pentacene, there have been 
several studies which have shown the impact of polymorphism 
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 Figure 12.    Polarized optical microscopy images of a 74 nm thick fi lm of Pc ( 16 ) deposited on SiO  x   substrates for an a) as-prepared spin coated fi lm and 
b) a fi lm aged for three months, showing the changes in fi lm morphology. c) A tapping mode AFM phase image of the same fi lm aged for 6 months. 
d) Specular X-ray diffraction patterns collected at various times for the same fi lm; the plots are vertically shifted for clarity. The (100), (200) and (300) 
refl ections from the SIP are marked with a star (*).

 Figure 13.    Chemical structure of PPMEEM (left) and a polarized optical microscopy (POM) image of a PPMEEM fi lm (right). The lower portion of the 
POM image shows a highly crystalline region spontaneously growing into the less ordered region initially formed upon spin coating. Reproduced with 
permission. [ 165 ]  Copyright 1997, American Chemical Society.
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on device properties. One of the fi rst studies on the structure 
of fi lms of  1  by Dimitrakopoulos et al. [ 42 ]  showed that OFETs 
consisting purely of the 15.4 Å SIP had superior charge carrier 
mobility properties when compared with amorphous or mixed 
phase fi lms consisting of the SIP and HT bulk phase, a fi nding 
also confi rmed in another study. [ 170 ]  A theoretical study by Troisi 
et al. [ 171 ]  calculated and compared the band structures of four 
different polymorphs of  1  (the HT and LT bulk phases and the 
15.1 and 15.4 Å SIPs). They showed that the band structure dif-
fers greatly for each polymorph and that the mobility tensor is 
highly anisotropic in three of the four polymorphs. The excep-
tion is the 15.4 Å SIP, which they suggest would be the optimal 
polymorph to use for the production of OFETs due to the dif-
fi culty in aligning the crystals for maximum charge transport 
effi ciency in OFETs produced from the other polymorphs. 

 Another example where an SIP is present and the impact of 
changes in the molecular packing are evident is the example of 
2,9-DMDNTT ( 13) . [ 145 ]  An isomer of  13 , 3,10-DMDNTT, has the 
same structure in the bulk as in thin fi lms (a three-dimensional 
herringbone packed motif), while  13  forms an SIP with a layered 
packing motif in thin fi lms and has a three-dimensional herring-
bone packed motif, slightly different to that of 3,10-DMDNTT, 
in the bulk. As both molecules are isomeric their electronic 
properties are very alike, with similar HOMO energy levels and 
HOMO-LUMO gaps; however, the charge carrier mobilities 
observed in OFETs of the two isomers are markedly different, 
with values of ≈0.8 cm 2  V −1  s −1  for the herringbone packed 3,10-
DMDNTT and only ≈0.4 cm 2  V −1  s −1  for the layered SIP of 2,9-
DMDNTT. This is in contrast to fi lms of the related 1,2-DNTT 
where an SIP forms in fi lms deposited at room temperature but 
little difference is observed in the transistor characteristics of 
fi lms containing the different phases (bulk and SIP). [ 146 ]  

 Besides pentacene ( 1 ), 5,6,11,12-tetraphenyltetracene 
(rubrene) is perhaps the most extensively studied OSC molecule 
due to its high charge carrier mobilities. It must be stressed here 
that rubrene doesn't exhibit an SIP, but it has been shown to 
have several different polymorphs and is an excellent example of 
the importance of crystal structure to device properties. Four dif-
ferent polymorphs of rubrene are found in the literature, a mon-
oclinic phase, [ 172 ]  a triclinic form [ 173 ]  and two orthorhombic poly-
morphs. The fi rst orthorhombic form, with space group  Aba 2, 
was found for crystals grown from vapor in a vacuum using 
sealed ampoules. [ 174 ]  The second orthorhombic phase, [ 175,176 ]  
grown by physical vapor transport and crystallizing in the space 
group  Cmca , is the form which is extensively investigated for 
device properties; single crystal transistors of this polymorph 
exhibit a charge carrier mobility of up to ≈40 cm 2  V −1  s −1 . [ 177,178 ]  
The high values of mobility are attributed to the crystal packing 
which has a herringbone motif with a high overlap of the 
π-conjugated tetracene backbone. [ 179 ]  In the monoclinic and tri-
clinic polymorphs, device performance is signifi cantly reduced 
due to the absence of π-stacking interactions in the monoclinic 
polymorph and the signifi cant slippage of tetracene backbones 
relative to one another in the triclinic polymorph. [ 180 ]  A com-
parative study on single crystals of the  Cmca  orthorhombic 
form and the triclinic form, both grown from solution, revealed 
that the orthorhombic form exhibited hole mobilities of up to 
1.6 cm 2  V −1  s −1 , while the triclinic form showed lower charge 
carrier mobilities of only 0.1 cm 2  V −1  s −1 .  [ 181,182 ]  

 A further example of a polymorphic OSC molecule is that of 
6,13-bis(triisopropylsilylethynyl)pentacene (TIPs-pentacene), one 
of the most-studied solution-processable OSCs and known to 
exhibit polymorphism at high temperatures. [ 183 ]  While it does not 
exhibit any SIPs in thin fi lms, it has been shown that changes 
to the fi lm structure, brought about by introducing lattice strain 
through a solution shearing process during deposition, could 
increase the hole mobility in devices from 0.4 cm 2  V −1  s −1  (in 
unstrained fi lms) to 4.6 cm 2  V −1  s −1  (in strained fi lms). [ 184 ]  
It was then found that a degree of control could be exer-
cised over the formation of the strained, metastable forms by 
tuning the parameters during shearing (e.g., the solvent used 
and the solution concentration). [ 185 ]  Further fi ne tuning of the 
solution shearing process allowed average hole mobilities of 
8.1 cm 2  V −1  s −1  to be obtained for the strained, non-equilibrium 
phase. [ 186 ]  A further study, utilizing nanoconfi nement effects to 
stabilize metastable phases of TIPs-pentacene, produced a new 
metastable polymorph and compared the electronic properties of 
the different equilibrium and non-equilibrium forms. [ 187 ]  It was 
found that, despite having only small variations in the molecular 
packing, the electronic properties of the different polymorphs 
were signifi cantly different, with several orders of magnitude 
difference found in the hole mobilities, highlighting the effect 
small changes in the molecular packing can have. 

 5,11-Bis(triethylsilylethynyl)anthradithiophene (TES-ADT) 
and its fl uorinated derivative, 2,8-difl uoro-TES-ADT (diF-TES-
ADT) present other examples of compounds for which the 
relationship between polymorphism and device properties are 
explicitly discussed in the literature. Depending on the solvent 
used TES-ADT crystallizes in two forms in thin fi lms: the  α -
form crystallized from THF solution is similar to the bulk 
single crystal form, while the  β -phase crystallized from toluene 
was not previously known and is possibly an SIP. [ 188 ]   Figure    14   
gives a summary of the TES-ADT unit cell parameters and a 
corresponding summary of the device performance. Since the 
crystal packing of  β -phase is still under investigation it is dif-
fi cult to correlate device properties with structural features of 
the two forms, but as seen in  Figure    15  c there is a considerable 
difference in mobility between the two forms. [ 188 ]  

   Crystals of diF-TES-ADT grown from solution show evidence 
of a reversible phase transition at 294 K. [ 189 ]  The two polymorphs 
are classifi ed as the low temperature (LT) and high temperature 
(HT) phase, both crystallizing in a triclinic unit cell with space 
group  P -1. The difference in the structures of the two poly-
morphs was found in how the layers of molecules stack relative 
to one another (Figure  15 a). The charge carrier mobility was 
measured as a function of temperature for both single crystals 
and thin fi lms, with an increase from ≈1.05 cm 2  V −1  s −1  at 250 K 
to ≈1.8 cm 2  V −1  s −1  at 330 K observed in single crystal transistors. 
The rate of the increase in mobility with temperature was found 
to change sharply at the phase transition temperature, showing 
the effect of the changes in the crystal packing (Figure  15 b). [ 189 ]  
A further study of OFETs produced from diF-TES-ADT showed 
the importance of crystal alignment to device properties, where 
an increase in charge carrier mobility by ≈2 orders of magnitude 
could be achieved by tuning the preparation parameters to favor 
a specifi c crystalline alignment. [ 190 ]  

 For contorted hexabenzacoronene fi lms, different polymor-
phic forms can be accessed depending on the post-deposition 
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processing of thin fi lms ( Figure    16  a). [ 148 ]  Different combi-
nations of solvent vapor annealing (with THF) and thermal 
annealing could be used to access the previously unknown 
triclinic forms II and II’; form II’ exhibits a similar diffraction 
pattern and structure to form II, but with slightly smaller lat-
tice spacings (Figure  16 b,c). A comparison of the charge carrier 
mobilities of devices constructed from fi lms of forms II and II′ 
with the same crystal orientation shows that devices containing 
pure form II′ have an order of magnitude higher mobility than 
those of pure form II (Figure  16 d,e). This again emphasizes 
the impact that small changes in the crystal structure can have 
on charge carrier mobilities, with an order of magnitude differ-
ence arising from only a slight shift of molecules. [ 148 ]  

  In a fi nal example, it was recently shown that large changes 
in device performance could be observed in transistors made 
from a 9,9-diarylfl uorine based OSC. [ 191 ]  The as-deposited fi lms 
have an amorphous structure, but exhibit an enantiotropic phase 

behavior and convert to a crystalline phase at ≈175 °C. Transis-
tors containing the crystalline phase were found to have charge 
carrier mobilities approximately 2–3 orders of magnitude greater 
than those containing the amorphous phase. This behavior was 
in contrast to a related, monotropic 9,9-diarylfl uroine derivate 
which showed little change in mobilities regardless of the tem-
perature as only one phase exists in the fi lms. 

 Taken together, the examples presented here show the impact 
that SIPs, and polymorphism in general, can have on physical 
properties relevant for organic thin fi lm devices. While this list 
is not exhaustive, such examples highlight the importance of 
controlling the crystal structure in order to produce devices with 
properties tailored for their desired applications. While only OSC 
molecules have been discussed in this section, the same would 
hold true for other types of molecules, e.g., pharmaceutical com-
pounds, where it would be desirable to tune other properties 
such as, for example, the solubility or environmental stability.   
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 Figure 14.    a) A summary of TES-ADT unit cells and preparation conditions. Thin fi lms are grown by solvent-assisted crystallization (SAC); b) GIXD 
patterns of TES-ADT thin fi lms slowly crystallized from chloroform, THF and toluene solutions. The fi lms from chloroform and toluene share the same 
peak positions and hence the same structure; c) A summary of OFET device performance of TES-ADT thin fi lms with pentafl uorobenzenethiol (PFBT) 
treated electrodes and phenyltrichlorosilane (PTS) treated substrates (average values and standard deviations are obtained from 10 devices in each 
case). Adapted with permission. [ 188 ]  Copyright 2014, The Royal Society of Chemistry.

 Figure 15.    a) The crystal packing of the LT and HT polymorphs of diF-TES-ADT are shown. The fi rst layers (top) of the two polymorphs are superim-
posed and shown in dark gray, the difference in the structures is clear in the second layer (bottom) where the molecules are shifted relative to one 
another; b) DSC curve of diF-TES-ADT; the evolution of the fi eld-effect mobility (µ) with temperature for single crystal transistors is shown. The change 
in mobility around the transition temperature is clearly visible. Adapted with permission. [ 189 ]  Copyright 2009, American Physical Society.
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  3.     Growth and Evolution of SIPs 

 To understand the formation of SIPs, it is necessary to study 
their nucleation and subsequent growth mechanisms in thin 
fi lms. In this respect, it is useful to discuss the quintessential 
example of a polymorphic material, 5-methyl-2-[(2-nitrophenyl)
amino]-3-thiophenecarbonitrile (commonly denoted ROY 
(red/orange/yellow) due to the colors of the different poly-
morphs). [ 192 ]  ROY, with 10 known polymorphs, is an example 
where nucleation, growth and kinetic stability cannot be 
delinked and in fact play a concomitant role. According to the 
Ostwald rule of stages, the solute crystallizing out of a solu-
tion will crystallize fi rst as the least thermodynamically stable 

polymorph, which then converts to the next least stable, and so 
on to the most stable form. [ 37 ]  Although crystallization consists 
of both nucleation and growth, a common view is that the ini-
tial nucleation defi nes the fi nal product polymorph(s); [ 193,194 ]  
however, this is not applicable in all cases. Studies of ROY have 
revealed a new mechanism of crystallization for polymorphic 
systems, cross-nucleation between polymorphs (where one 
polymorph acts as a seed for a different, faster-growing form 
which goes on to dominate the product crystal), which invali-
dates the view that the initial nucleation defi nes the fi nal poly-
morph of crystallization. [ 192 ]  

 The formation of SIPs can be viewed as a similarly complex 
process. In fact, access to a particular structural form depends 
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 Figure 16.    a) Schematic showing routes by which different polymorphs of contorted hexabenzacoronene can be obtained; diffraction patterns of thin 
fi lms that were fi rst either THF-annealed b) or thermally annealed and then THF-annealed, c) resulting in the fi lms adopting polymorph II (blue curve). 
Subjecting each of these fi lms to an additional thermal annealing step results in their transformation to polymorph II′ (green curve); mobilities plotted 
as a function of Herman's orientation function,  f , for OFETs constructed from fi lms containing d) polymorph II and e) polymorph II′. Reproduced with 
permission. [ 148 ]  Copyright 2014, American Chemical Society.
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on both thermodynamic and kinetic parameters, ultimately 
stemming from the subtle interplay between intra/inter-molec-
ular, molecule−solvent (in the case of solution deposition) and 
molecule-substrate/interface interactions. On the other hand, it 
is reasonable to assume that homogeneous nucleation in solu-
tion rarely occurs experimentally due to the nearly unavoidable 
presence of dust particles which act as nucleation sites. The best 
evidence for this is that the ratio between the melting (T m ) and 
the crystallization temperatures (T c ) is commonly found to be 
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goes down to ≈0.8, [ 195 ]  even when slow cooling rates are used. 
However, if SIPs nucleate at the substrate surface then the 
experimental conditions leading to nucleation can, in principle, 
be much better controlled. The most controlled experimental 
conditions most likely occur for thin fi lms grown from the 
vapor phase, with molecules landing on a clean substrate sur-
face with known properties. As mentioned earlier, it has been 
found that organic thin fi lm growth closely mimics the epitaxial 
growth of inorganic materials, [ 196 ]  enabling an interpretation 
of organic thin fi lm growth utilizing the concepts known from 
inorganic fi lm growth. [ 197,198 ]  Even in the absence of any epi-
taxial effects, growth modes of pentacene, tetracene, and per-
ylene on substrates with which they have weak molecule-sub-
strate interactions have been studied using the theory of nucle-
ation for the epitaxial growth of inorganic materials. [ 199 ]  The 
molecule-substrate interaction was found to be a crucial factor 
controlling the growth mode, i.e., a weaker molecule–substrate 
interaction tends towards three-dimensional growth, whereas 
stronger molecular interlayer interactions facilitates two-dimen-
sional fi lm growth. [ 199 ]  The symmetric nature of inorganic sys-
tems enables a relatively straight-forward determination of the 
nucleation and growth modes from diffusivity, step energies 
and orientation independent interfacial energies; the inherent 
structural anisotropy of organic molecules creates a much 
more complex scenario where each molecule must overcome a 
reorientation barrier to align favorably on the substrate. [ 200 ]  The 
relative molecular orientation thus governs the net free energy 
of the system. A schematic representation highlighting the dif-
ferent growth modes of inorganic and organic molecular sys-
tems is shown in  Figure    17  . 

  For certain organic systems the situation may be slightly 
less complex; for example, the growth modes of a spherical 
organic entity such as C 60  are expected to be closer to those of 
an inorganic system. It is observed that C 60  fi lm growth follows 
an initial stage of two-dimensional island formation in a quasi-
layer-by-layer manner on top of a C 60  monolayer. [ 201 ]  Moreover, 
the differences in surface topography on the nanoscale were 
found to predominantly determine the mode of fi lm growth. A 
recent study aimed to provide an understanding of the growth 
dynamics of C 60  fi lms and showed that it exhibits both atom-
like and colloid-like characteristics due to the short-ranged 
character of C 60  interactions. [ 202 ]  

 For an understanding of the growth modes of an SIP, it is 
necessary to investigate its morphological signatures at different 
stages of growth. For pentacene ( 1 ) thin fi lms it is observed that 
molecules diffuse on the substrate nucleating monolayer islands 
with fractal shapes; [ 200,203 ]  these fractal shapes are characteristic 
features of diffusion limited aggregation. [ 204 ]  This enabled an 

interpretation of the formation of the fi rst layers of a fi lm of  1  on 
SiO  x   on the basis of diffusion-mediated growth. [ 205,206 ]  However, 
theoretical studies have shown that there is a very small differ-
ence in the cohesive energy for the bulk phase (1.678 eV) and 
SIP (1.705 eV) of  1 . [ 207 ]  Indeed, it has been shown that the bulk 
phase of  1  nucleates as early as the fi rst monolayer, but growth 
of the SIP dominates during early fi lm growth until a certain 
critical fi lm thickness is reached, at which point growth of the 
bulk phase begins to dominate. [ 208 ]  This shows that both phases 
coexist during fi lm growth; once a bulk nucleus is formed it will 
continue to grow as a bulk phase crystallite with the SIP buried 
underneath leading to a saturation of the SIP thickness. 

 The transformation from the SIP to the bulk phase of  1  has 
been attributed to differences in surface energies of the two 
phases [ 87,209 ]  as well as the surface stress. [ 89 ]  This transformation 
is also evident as fi lms of  1  are aged [ 82 ]  or if they are exposed to 
solvent vapor. [ 83–85 ]  A similar transformation is also observed 
for C 8 O-BTBT-OC 8  ( 12 ) fi lms if the sample is stored for a period 
of over 6 months or if it is subjected to solvent vapor annealing, 
which serves as a catalyst to accelerate the transformation to 
the bulk phase. [ 143 ]  A transformation from the SIP to the bulk 
phase of  1  is also observed on heating above ≈400 K. [ 81 ]  

 The nucleation and growth of an SIP for a molecule like Pc 
( 16)  can be totally different. [ 164,210 ]  In this case, the geometrical 
effect of the fl at substrate acts as a stimuli to initiate nucleation 
of a crystalline phase, which is manifested as dendritic growth 
of the new phase on the surface and is present concomitantly 
with the bulk phase; aging of the fi lms leads to formation of 
the SIP. The fractal shapes in this case too indicate growth by 
diffusion. Unlike  1 , here the SIP can be clearly distinguished 
from the bulk LC phase simply by optical microscopy. Only in 
fi lms thinner than 10 nm is the bulk phase not observed due to 
limitations of the experimental techniques. Studies of molec-
ular materials similar to  16  have not shown any formation of 
SIPs, indicating that it is an intrinsic material property and is 
dependent on the molecular structure.  
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 Figure 17.    Schematic depicting the differences between nucleation and 
growth processes in inorganic and organic molecular systems: a) interfa-
cial interactions for a diffusing atom are similar to those for an atom at a 
step edge; b) interfacial interactions for diffusing fl at-lying molecules are 
different to those of a molecule at a step edge; c) the strength of inter-
facial interactions for a diffusing molecule determines the energy barrier 
for molecular reorientation. Reproduced with permission. [ 200 ]  Copyright 
2013, Wiley-VCH.
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  4.     Origins of SIPs 

 As discussed in the previous sections, a lot of research has been 
carried out to identify and characterize the presence of SIPs, 
but few explanations have been put forward to explain their ori-
gins. Although studies have suggested that the SIP of  1  converts 
to the bulk phase beyond a critical fi lm thickness, [ 88 ]  the exact 
mechanism involved in this transition is still unknown. The SIP 
of  1  can also be considered a strained metastable phase induced 
by the substrate where the transition from SIP to bulk phase is 
not continuous and both phases grow independently; [ 208 ]  this is 
different to what is observed for heteroepitaxial growth where 
there is a steady transition to the bulk phase over several unit 
cell lengths as the fi lm thickness increases. [ 211 ]  Also, in the case 
of  16 , the SIP coexists with the bulk phase and, due to the limi-
tations of experimental techniques, it is not clear if both phases 
are always present from the fi rst layer onwards or if the bulk 
phase only appears above a critical fi lm thickness. It is there-
fore diffi cult to come to any fi rm conclusions regarding the 
effect of fi lm thickness while the mechanism of the transition 
from SIP to bulk phase is still unknown. 

 Some insights may be gained from theoretical studies on the 
SIP of  1 . Yoneya et al. used molecular dynamics simulations to 
attempt to understand the changes in the structural features of 
thin fi lms of  1  going from the monolayer to thicker fi lms. [ 212 ]  
The study revealed that the role of the substrate is negligible, in 
fact the structure of the SIP is dependent on the layer stacking 
history starting from the monolayer, i.e., the SIP containing 
tilted molecules forms due to the presence of the monolayer 
structure, consisting of upright-standing molecules, below. 
They also showed that the same monolayer structure would 
form even in the absence of substrate interactions. 

 For some systems, for example the OSC 2,7-dioctyl-BTBT 
(C8-BTBT), it is known that an interfacial or wetting layer, on 
top of which subsequent molecular layers grow, forms at the 
interface with the substrate. [ 213 ]  The wetting layer, with a thick-
ness of 0.6 nm, could be accounted for only if the molecules in 
this layer are considered to lie fl at on the substrate, in contrast 
to the upright-standing confi guration of the bulk fi lm, though it 
is not clear if molecules are ordered within this layer. For fi lms 
of  1 , it was also found that the nucleation density of the wet-
ting layer in submonolayer fi lms (≈1 nm nominal thickness) is 
very sensitive to the nature of the substrate. [ 214,215 ]  Evidence of a 
wetting layer at the interface with the substrate was also found 
in fi lms of  6a  where the SIP was present but not those where 
the bulk form was present, [ 115 ]  while a wetting layer was also 
observed beneath the monolayer structure of  6b . [ 119 ]  

 More generally, from studies of C 60  it is revealed that different 
growth modes occur depending on if molecules are arriving on 
the substrate surface (in the case of the fi rst monolayer) or on 
to a layer of C 60  molecules (for layers after the fi rst monolayer). 
C 60  molecules can move easily on the substrate surface leading 
to the formation of thermodynamically favored round-shaped 
islands with a minimal boundary length, while for the growth 
of subsequent layers on C 60  surfaces this process is kineti-
cally hindered. [ 201 ]  However, as C 60  is a spherical system, it is 
not clear if the same would hold true for rod-like molecules, 
where a reorientation energy (from fl at-lying to standing) may 
need to be accounted for. Following these examples, it may 

be logical to trace the origin of SIPs to the nature of the wet-
ting layer or the monolayer underneath (i.e., the structure of 
the layer onto which deposited molecules arrive), whose struc-
tures are strongly dependent on the substrate. The impor-
tance of the monolayer structure to the formation of SIPs is 
highlighted by the examples of  1 , [ 64 ]   5  [ 114 ]  and  6b , [ 119 ]  where 
the structure of the monolayer is different to that of the bulk 
phase and an SIP subsequently grows on top, whereas for a 
molecule such as C8-BTBT the monolayer structure is similar 
to the bulk structure and no SIP is observed [ 216 ]  even though 
a strained metastable phase can form under specifi c prepara-
tion conditions. [ 142 ]  Other systems present examples of wetting 
layers where lying molecules are present at the interface with 
the substrate but no SIP is observed, so the presence of an SIP 
may be due to the compatibility of the bulk structure with the 
structure of the wetting layer or monolayer below. [ 217 ]  It is not 
clear if the relationship between a wetting layer and the layers 
above is epitaxial; it is often unclear if molecules are ordered 
within wetting layers and usually only an inference can made 
as to the molecular orientation within such a layer (e.g., fl at-
lying or upright-standing). 

 Some studies propose that the transition from the SIP to 
bulk phase is mainly driven by different growth conditions, 
rather than by the thickness of the fi lm (i.e., by the distance 
from the substrate). [ 218 ]  From the study of the SIP of  1 , it was 
expected that the critical thickness where the growth of the 
bulk phase begins to dominates over that of the SIP would be 
a function of the dielectric constant of the substrate. [ 87 ]  In fact, 
thin fi lm growth of  1  is highly sensitive to the precise nature 
of the surface [ 214,219 ]  and it has been found that the substrate 
surface plays a crucial role in crystal nucleation and polymorph 
selection. [ 220 ]  However, this does not appear to be universally 
applicable, as the SIP of  16  is observed on SiO  x   substrates with 
a dielectric constant of  ε  = 11.9, and also on glass (SiO 2 ), poly-
4-vinylphenol (PVP) and AlO  x   substrates with dielectric con-
stants of  ε  = 3.9, 5.0, and 9.9, respectively. [ 164,210 ]  

 A further growth condition which could infl uence SIP for-
mation is the choice of deposition method. It might be expected 
that signifi cant differences would be observed in the structure 
of fi lms resulting from solution or vapor deposition techniques, 
as, for example, vapor deposition removes any contribution 
from solvent-molecule interactions. However, for  6a  the SIP 
forms in fi lms produced by both physical vapor deposition and 
solution casting techniques (dip coating, spin coating and drop 
casting). [ 115 ]  In fact it was found that the speed of crystallization 
was more important in determining the fi nal phase, as slow 
dip coating and drop casting of fi lms could produce fi lms con-
taining the bulk phase. Without further examples of systems 
where the behavior of fi lms produced from vapor and solution 
deposition techniques has been studied in detail, it is diffi cult 
to defi nitively state the role played by the deposition technique 
in SIP formation, even if the growth mechanisms from vapor 
and solution processes are clearly different. However, it is 
known that the parameters chosen during fi lm growth can have 
a signifi cant effect on the fi lm order, density and electronic 
properties. [ 221 ]  

 A substrate property which can play a role in SIP forma-
tion is the geometry of the substrate, which can be used to 
infl uence crystallization and hence the polymorphic form that 
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nucleates on the substrate. [ 222 ]  For example, the rate of nuclea-
tion is found to be higher in grooves than on a fl at surface and 
so crystallization fi rst occurs in these locations. [ 222 ]  A controlled 
substrate roughness, developed utilizing nanopores of different 
shapes, also shows that sharp angular shapes promote crystal-
lization over spherically shaped nanopores. [ 223 ]  In the context of 
SIPs, we can assume that the phase which matches best with 
the substrate geometry will be preferred. This has already been 
observed for  1 , where a new polymorph is formed when grown 
on polyimide nanogratings. [ 94 ]  Such an effect can also be linked 
to the properties of the bulk structure, whereby a system with 
a bulk structure which has molecules protruding from unit cell 
faces (e.g., the examples of  6b  and  12 , where molecules are 
interdigitated in the bulk) [ 119,143 ]  may be more likely to form 
an SIP when deposited on a fl at substrate as the bulk structure 
does not conform to the substrate geometry when molecules 
adopt an upright-standing conformation. 

 Finally, the origin of SIPs can be traced to the nature of 
their crystal structures and differences from those of the bulk. 
Table  2  gives an overview of the properties of the crystal struc-
tures of the bulk phases as well as SIPs in order to highlight 
their structural differences. Although with a limited number 
of systems exhibiting SIPs it is diffi cult to systematically estab-
lish their nature, from Table  2  it is evident that in several cases 
there are no considerable changes in the crystal packing, with 
the only difference between the bulk phase and SIP corre-
sponding to changes in the molecular tilt with respect to the 
substrate. However, going from the bulk to SIP there is a tran-
sition from a monoclinic to triclinic system for  2  and  3 , and 
from an orthorhombic to triclinic system in  7 ; in fi lms of  5  the 
bulk is monoclinic and the SIP is a disordered layered phase. 
Whereas for  8 ,  11a  and  12 , the triclinic bulk phase converts to 
a monoclinic system. In  6a ,  6b  and  15  the transition is from 
monoclinic to orthorhombic and for  16 , the bulk LC-phase con-
verts to a tetragonal PC phase. Thus, it appears that the systems 
with fl exible side chains show a trend whereby there is a trans-
formation to a more symmetric crystal structure in the vicinity 
of the substrate, while for rigid molecules the opposite may be 
true. However, a more substantial number of such examples 
would be required to justify such trends.  

  5.     Outlook 

 In this article we have reviewed the current understanding of 
substrate-induced polymorphs and investigated materials which 
exhibit such behavior. A wide range of materials from rigid core 
aromatics, through pharmaceuticals, to fl exible disordered liquid 
crystals have shown such structural characteristics. From the 
discussion on the growth characteristics and origins of SIPs, it 
is increasingly evident that they are an intrinsic material prop-
erty. The inherent asymmetrical nature of organic materials is 
the crucial factor which controls their growth and the observa-
tion of such substrate-induced polymorphism can be attributed 
to this structural anisotropy. The origins of SIPs can be further 
traced to the structure of the wetting layer or monolayer which 
fi rst forms at the interface with substrate. A systematic study of 
the crystal structures of SIPs reveals that molecules with fl exible 
side chains are prone to convert to a more symmetrical crystal 

structure near the substrate surface, while there is some evi-
dence that the opposite may be true for rigid molecules. It is 
also observed that the unit cell volume per molecule is gener-
ally larger in the SIP than in the bulk phase. For certain com-
pounds like pentacene ( 1 ), C 8 O-BTBT-OC 8  ( 12 ) or Pc ( 16 ), the 
SIP is transitory in nature, i.e., it transforms to the bulk struc-
ture either by aging or when initiated by an external stimulant 
such as temperature or solvent vapor. A better understanding 
of the phenomenon could likely be obtained by in situ studies; 
recent in-situ X-ray scattering studies show that they may be 
a powerful and useful tool to study SIPs. [ 224–226 ]  Moreover, the 
growth mechanisms of the SIPs could also be monitored by 
in-situ imaging techniques. [ 227,228 ]  Although SIPs are over-
whelmingly observed for organic semiconductors, they are also 
important for pharmaceuticals, as shown by the example of par-
acetamol ( 15 ) and phenytoin. For any class of materials which 
has a tendency towards polymorphism, it may well be possible to 
observe SIPs and hence there is a necessity to characterize them. 
The fundamental outstanding questions which can be inferred 
from our study are: a) what are the exact growth mechanisms 
of SIPs and how is it linked with heterogeneous nucleation, b) 
does the molecular shape play a role, c) how does the chemical 
composition and nature of the substrate affect SIP formation 
and d) what are the thermodynamic and kinetic factors gov-
erning SIP formation. Obviously, future studies must be aimed 
at answering these questions. It would also be useful to have a 
repository of data (crystal and morphological) of SIPs along with 
the one which exists for the corresponding bulk structures (the 
Cambridge Structural Database). This would enable a systematic 
study of the changes a compound undergoes near the substrate 
surface. Finally, it is necessary for studies to be carried out to 
understand the formation of SIPs using theoretical modelling 
where it is possible to gain information inaccessible to current 
experimental techniques. Crystal structure prediction may be 
one such tool, although it can currently only be utilized to iden-
tify possible polymorphs and tally the results with the experi-
mentally observed forms. [ 229 ]  Understanding an SIP, however, 
involves modelling the role of the substrate (molecule-substrate 
interface as well as the molecule–molecule interface) and hence, 
the kinetics of crystallization. With SIPs of possible fundamental 
importance in many fi elds, and with the scope to form new poly-
morphs or stabilize metastable ones with potentially desirable 
properties, a deeper understanding of SIPs and their formation 
would bring signifi cant advantages to many fi elds of research.  
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