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A New Approach to Polymorphism in Molecular Crystals:
Substrate-Mediated Structures Revealed by Lattice Phonon

Dynamics

Tommaso Salzillo* and Aldo Brillante*

The issue of polymorphism in molecular crystals is discussed, taking into
account the substrate-mediated structures, that is, structures grown at the
interface of different substrates. Bulk and thin films of a compound both
share the potentiality to display different crystal forms. However, unlike bulk
polymorphs, whose structures are determined by their different molecular
packing, thin film structures depend very much on the molecular organiza-
tion of the organic layers on the substrate, which may, or may not, lead to

an ordered structure, depending on the nature of the interface and on the
growth conditions. Based on large part in some of the authors’ recent works,
these thin film structures are classified as distorted bulk, substrate-selected
and substrate-stabilized polymorphs, with some subtle differences which may
yield a polymorph to belong not exclusively to a single one of these catego-
ries. Some experiments are then focused upon, involving charge transport at
the interface, as well as how far the effect of the surface goes. Furthermore,
the authors comment on how the surface-mediated structures evolve to the

ical applications,?! organic electronics! !

and crystal engineering.®”] The experi-
mental search for polymorph screening
is often assisted by computational studies
on crystal structure predictions.®! Lastly,
a subtle perspective of Bernstein cleared
up a final revision of the terminology and
of the nomenclature of multiple crystal
forms.!

In more recent years a new approach
to polymorphism has taken momentum
in the search of new crystal structures
of organic materials, the so-called thin
film structures or substrate-induced poly-
morphs (SIP), meaning a phase grown in
the vicinity of a substrate with a distinct
structure from those of the bulk.[%)

An earlier discussion on the subject was

single crystal phase in the cases of pentacene and a-sexithiophene. Finally,
the transition from a 3- to a 2D regime of growth is shortly discussed in terms

of low-dimensional disorder.

1. Introduction

Polymorphism is an evergreen subject, which has been, and
still is, a hot scientific and technical issue in crystallography
and materials science. The book of Joel Bernstein[!! represents
the most comprehensive account of this phenomenon for
molecular crystals. In addition, a number of good reviews has
appeared in the literature, spanning a number of fields, such
as pharmaceutics,?! functional materials and their technolog-
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held in a dedicated workshop about fifteen
years ago.'!l At that time the discussion
was mostly focused on organic semicon-
ductors such as pentacene and perylene
diimide derivatives. Since the majority of
the thin film structures showed crystal
parameters not very dissimilar from those of the corresponding
parent bulk forms, these structures were indicated as “distorted-
bulk,” where the term “distorted” was ascribed to the perturba-
tion of the substrate on the molecular layers. Approximately
ten years later,') a new grammar on substrate-induced struc-
tures was established. The growth at the interface of a variety
of different substrates led to the definition of the general class
of surface-mediated structures, portraying more detailed defi-
nitions such as “surface-induced” and “surface-selected” poly-
morphs, with the former indicating a bulk-distorted form and
the latter being a new genuine structure with no association to
any crystal phase of the bulk. This is the nomenclature that we
shall initially follow in the present survey, with some new hints
on additional cases that will be encountered, such as substrate-
stabilized polymorphs, as detailed further on.

Certainly, the starting point of surface-mediated polymorphs
cannot be separated by the exhaustive review on SIP as discussed
in Jones et al."¥l In that paper, examples of sixteen molecules were
given, for which thin film polymorphs had been observed on solid
substrates, showing new structures with respect to the previously
known single crystals polymorphs. The impact of polymorphism
on the material properties was mostly addressed on organic elec-
tronics, because every structure has its own mobility with relevant
consequences on the efficiency of the device. Besides, it is well
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documented that charge transport of the organic active semicon-
ducting layers at the interface is dominated by the very first few
layers that grow in contact with the substrate, irrespective of the
thickness of the molecular coverage.>% Therefore, designing the
interface is a core problem in thin film technology, whose capa-
bility of controlling and engineering the molecular layers of a
material on a substrate may certainly lead to design the optimal
physical properties for each specific application.”]

Bulk and thin films of a compound both share the potential
to display different crystal forms. However, unlike bulk poly-
morphs, whose structures are determined by their different
molecular packing, thin film structures depend very much on
the molecular organization of the organic layers on the surface,
which may, or may not, lead to an ordered structure, depending
on the nature of the interface and on the growth conditions.
The nature of the substrate is thus crucial, because it can act
as a template for epitaxial deposition, eventually leading to real
new structures,'® or, under other conditions, may stabilize
crystal forms otherwise metastable.202

The search for new polymorphs by epitaxial growth was also
studied in a following paper from the Resel Group.?Zl Phase iden-
tification was performed for epitaxially grown molecular crystals by
grazing incidence X-ray diffraction (GIXRD)?3 and new structures
of a number of conjugated molecules were determined. Nuclea-
tion and growth of a specific structure strictly depends on the bal-
anced interactions of the organic adsorbate with the substrate.*+%’]

Given this situation, we believe it may be helpful to provide a
classification of substrate-mediated structures, in the attempt to
single out distinct categories of thin film polymorphs. By no way
do we mean to present an exhaustive report on the subject, we just
point out a series of examples useful to advance the discussion.

The last remark is on the experimental method used to track
polymorphs on substrates. Undoubtedly, structural techniques,
like X-ray diffraction (XRD) or GIXRDI?¥ as well as morpho-
logical investigations like, for instance, atomic force microscopy
(AFM), are traditionally recognized as the techniques of choice
for crystal structure determination of bulk and thin film struc-
tures. However, in this short review we want to show how the
use of lattice phonon dynamics, otherwise indicated as THz, or
low wavenumber, Raman scattering,?®! is a fast and clever tech-
nique for polymorph recognition on surfaces.*’! Lattice phonons,
probing the intermolecular interactions, are very sensitive to
even slight modifications in the molecular packing, not only in
the bulk crystal, but also in thin films. Besides, this non-destruc-
tive technique can be used in situ and in the confocal configu-
ration, yielding a reliable recognition of crystal domains of dif-
ferent phases (phase mixing) with a spatial resolution below one
micrometer, up to trace a map of the phase distribution in each
specimen.?®l In all the experiments reported in the following sec-
tions we shall show how this technique has proven to be more
than simply complementary to XRD and GIXRD investigations.

The experimental method based on confocal micro-Raman
spectroscopy is described in the referenced papers. For a more
detailed report see Brillante et al.?"]

2. Substrate-Mediated Structures

We start by defining three main categories of SIPs, that
is, structures grown on a substrate: substrate-induced or
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bulk distorted, surface-selected and surface-stabilized poly-
morphs, with sometimes subtle differences which can yield a
polymorph to belong not completely to a single one of these
categories.

2.1. Substrate-Induced Polymorphs

The first class of compounds refers to the classical examples of
polymorphs of the early organic semiconductors such as penta-
cene and perylene-diimide (PDI) derivatives. These structures
are often not much too different in packing and density with
respect to the corresponding bulk polymorphs. For this reason,
they are sometimes indicated as “distorted bulk structures.”
These structures, by further deposition, end up invariably to a
3D growth which leads to a known bulk polymorph.

2.1.1. Pentacene

A considerable number of papers have described the state of
the art of the structures and of the transport properties of pen-
tacene. We refer to a review that exhaustively discuss growth
and morphology of its thin films.3% Here we simply summa-
rize the structural data of the polymorphs of pentacene and
of the immediate spectroscopic recognition of each phase.
Two bulk polymorphs have been found as single crystals, and
are called low-temperature (LT) and high-temperature (HT)
phase, according to the temperature of growth.}'-34 They are
both triclinic, very close in density and molecular arrange-
ment, which shows up in a herringbone fashion. The main
difference is the inter-planar distance of the ab planes, identi-
fied as d = 14.4 A and d = 14.1 A for HT and [T, respectively.
The third polymorph is a thin film (TF) structure on amor-
phous silica substrates, with d = 15.4 A, definitely assessed in
subsequent structural works,?>-¥"] which show the long pen-
tacene molecular axis making a slight tilt angle perpendicular
to the silica surface. A structure of films deposited on NaCl
has also been found.1*® Finally, the structure of a single layer,
with molecules standing perpendicular to the substrate, was
reported.3%4]

Figure 1 shows how the polymorphs of pentacene can be
easily recognized by their lattice phonon Raman spectra, as
widely reported in the past.*] The figure reports data of the lat-
tice phonons and of the lowest wavenumber internal modes (a),
and a selected spectral range with the C—H bending modes (b),
showing that for pentacene this intramolecular region can also
be diagnostic for phase recognition.

First of all, a note should be dedicated to the 1 ML Raman
spectra. Though its intensity is favored by the resonance excita-
tion conditions (A =752.5 nm), we are not aware of any Raman
spectrum of a single layer of a molecular crystal (nominal thick-
ness 1.5 nm) with such a signal to noise ratio. The phonon
structure, though ill-defined, confirms that 1 ML of penta-
cene is already crystalline, with its own structure, as found by
GIXRD.B%40]

A second consideration concerns with the so called thin film
(TF) phase grown on a SiO, substrate. It is now well estab-
lished that on increasing coverage the TF phase ends up to
the HT phase,'%?=I following the Ostwald rule.*’] According
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Figure 1. a) Lattice phonon spectra with the lowest wavenumber intramolecular modes and b) the C—H bending region of the bulk (LT and HT) and
thin film (TF) phases, at two deposition rates, of pentacene on SiO,. For their discussion see text. The 1 ML phase is at the bottom of both figures.

to our previous studies, this phase change occurs from about
30-50 ML, yielding the hint that a pentacene film of
50 nm, or more, has already the bulk crystalline structure, as
will be further discussed later. We have observed that the same
transition can be reached by thermal annealing of the film.
Increasing temperature and pressure were instead used for the
transformation of the two bulk phases, I'T to HT?** and HT to
LT,*! respectively.

The fact that these structural changes can be easily moni-
tored with lattice phonon spectra is a strong indication of how
powerful THz Raman scattering can be for structure recogni-
tion, both at the bulk and SIP level. Therefore, techniques like
XRD, GIXRD, THz Raman, and THz IR should all together be
looked at as a body of complementary tools in studying struc-
tural changes of materials.

Finally, attention should be taken at the growing conditions
of the films because the rate of growth strongly affects the out-
come of the structural and charge mobility properties. Figure 1
shows (upper spectra) that high and low rate regimes, typically
2 and 0.13 nm min~!, respectively, produce different spectral
profiles in both the phonon and the intra-molecular regions.
This depends on the effect that the growth parameters pro-
duce on the morphology of the film.*l In fact, the architecture
of the film strongly influences the transport properties of the
semiconducting layer, as revealed by the effect of film crystal-
linity and morphology on charge carrier mobility in thin film
transistors of pentacene, where it was shown that a good hole
mobility could be obtained once the film was deposited at high
rate.’% This observation is fully consistent with the idea that at
high rate we have a 2D growth regime,) with a corresponding
poor interlayer correlation perpendicular to the dielectric inter-
face. Besides, in our conditions of pentacene growth,”! high
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rates yield 2D nucleation, leading to a quasi-layer-by-layer
growth, forming continuous films, more suitable for charge
transport.">%> On the contrary, low deposition rates yield a
3D growth, leading to ill-connected grains.>%

These findings have their counterpart in the two upper
spectra of Figure 1la, where the TF spectrum at low rate exactly
matches that of the HT bulk phase, and is therefore labelled
3D. This is also confirmed by the intra-molecular spectra of
Figure 1b. On the contrary it seems quite sensible that the dis-
order introduced in the layer-by-layer growth at the higher rate
produces a “vertical” loss of correlation among the various MLs,
sufficient to disrupt the phase matching in the direction per-
pendicular to the substrate. Spectroscopically, this produces the
loss of the highly dispersed lowest wavenumber phonons.[26#/]
As a consequence, the 2D structure growing at the interface
produces strong effects on the mobility of the active layers,
increasing the efficiency of the organic semiconductor.”%
These considerations definitely open the route to a renewed
interest on the polymorphism beyond the bulk crystals. This
new approach of the organic structures at the interfaces (SIP)
obviously requires more investigations if we want to further
improve the knowledge on the transport and structural proper-
ties of organic semiconductors.

In conclusion, from the point of view of structure recogni-
tion by means of micro-Raman spectroscopy, Figure 1 shows
that at high deposition rate the outcome is the TF (2D) phase,
whereas at low rate the resulting structure is that of a TF (3D)
phase, matching the HT bulk polymorph. When the structural
characterization reveals the coexistence of two phases, such as
the HT single-crystal phase and the metastable TF phase,*>°253]
the micro-Raman technique can be used to monitor the pres-
ence of the concomitant phases in domains at a micrometric
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scale, once used in its confocal configuration.”®! This point
is particularly relevant in organic semiconductors which
show more polymorphs, because phase mixing constitutes an
intrinsic source of disorder with detrimental effects on charge
transport, and other key properties of the material 54>

2.1.2. Tetracene

There are close similarities between structures and molecular
arrangements of tetracene and pentacene. Like the latter, tet-
racene shows two polymorphs, both triclinic, one (HT) at room
temperaturel332 and the second (LT) stable at low temperature
(below 140 K)P°*%7) and at high pressure (above 1 GPa).’”! The
corresponding lattice phonon spectra of both phases are shown
in Figure 2a.

More important for our purposes is the structure of a thin
film of 20 nm, determined by GIXRD.® This SIP followed a
previous investigation on its coexistence with the bulk crystal,
where only the parameters of the unit cell were given.>! By
looking at the unit cell of the TF structure it is evident how
close the crystal parameters are when compared to those of the
bulk, the two volumes differing of only 0.5%.581 We therefore
definitely classify the SIP structure of tetracene in the category
of the distorted bulk polymorphs. In Figure 2b the orienta-
tion of tetracene molecules in the bulk and thin film phases is
shown, whereas Figure 2c shows the X-ray reflectivity curve of
a 20 nm thick tetracene film consisting of pairs of (001) reflec-
tions, an indication of the coexistence of the thin film and bulk
phases.’®] We remark that this coexistence is similar to that dis-
cussed for pentacene in the previous section.
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A further point linking tetracene and pentacene is related
to the nucleation of the TF polymorph and to its strong rela-
tionship with the deposition rate during its growth. At low rate
a 3D growth is observed, shaping the structure of the HT bulk
phase, whereas increasing the rate leads to a 2D regime,”” again
in full agreement with what previously described for pentacene.*’]
Experiments on lattice phonons of films grown in different condi-
tions are encouraged to further support this hypothesis.

2.1.3. Perylene Diimide (PDI) Derivatives

Perylene diimide (PDI) derivatives represent another historical
class of materials with high electron mobility, which makes them
important n-type semiconductors useful for optoelectronic appli-
cations.°0-%3 For some of these derivatives a number of surface-
mediated structures on various substrates were reported(64%]
and many of them showed a structure very similar to the cor-
responding bulk phases, implying that they should be considered
as distorted bulk structures, like the previously reported acenes.

Two compounds worth to mention are
3,4,9,10-perylenetetracarboxylic ~ dianhydride (PTCDA) and
N,N’-dimethyl 3,4,9,10-perylenetetracarboxylic diimide

(DiMe-PTCDI). The molecular structures of these two molecules
are quite similar and their properties have been extensively
studied by Zahn.[l The unit cells of PTCDA (two polymorphic
forms!®®) and DiMe-PTCDI®®l bulk phases are both monoclinic,
with a herringbone packing in the (102) planes. These two com-
pounds were evaporated on a variety of substrates,® yielding
thin films, whose structures showed only small deviations when
compared with those of the single crystals.

T T T T T T T
(a) (b) Bulk Phase Adgoy  TF Phase
T
HT phase
2
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Figure 2. a) Lattice phonon Raman spectra of HT (room T, P) and LT (low T, high P) polymorphs of tetracene. b) Molecular orientations in the unit cells
of the bulk and thin film phases. Reproduced with permission.l® Copyright 2018, AIP Publishing. c) X-ray reflectivity spectrum of a 20 nm specimen.

Reproduced with permission.>l Copyright 2017, AIP Publishing.
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The capability of perylene derivatives to grow in a quasi-
epitaxial mode, once thermally evaporated under vacuum!®*-6l
on a variety of substrates, has been verified particularly for
PTCDA on silver, a system whose structural, morphological,
and electronic properties have been widely studied in the
past.[7-%1 When thin layers of PTCDA were deposited on
Ag(110), the first ML showed a distorted arrangement with
respect to the bulk structure, as confirmed by STM images."!
Not a dissimilar situation occurs when thin films of PTCDA
were epitaxially grown on Ag (111). Here a GIXRD experi-
ment??l permitted the indexing of the lattice parameters,
again showing limited deviations with respect to those of the
bulk o-polymorph.

In Figure 3 the lattice phonon Raman spectrum of the
powder of PTCDA is shown (bottom), and is assigned to the
a-polymorph,’! which is also the commercial product. The
comparison with the data of phonons of the thin film (top part
of the figure)”? clearly shows a good matching between thin
film and bulk phonons, confirming the evidence that no new
structures appear in the film. Although by increasing the depo-
sition temperature different morphologies were generated, they
were all related to the same crystal structure, as confirmed by
the low-frequency Raman spectra./’

Thin film

Intensity

Bulk a-polymorph

B s oW =
Raman Shift (cm™)

Figure 3. Bottom: Lattice phonon spectrum of the powder of the
o-polymorph of PTCDA with its unit cell. Top: comparison with the spec-
trum of the thin film evaporated on H-Si(100) surface. Reproduced with
permission./2l Copyright 2000, Elsevier.
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The fact that single crystals and thin films of PTCDA both
share almost the same wavenumbers of the phonon peaks, as
well similar lattice parameters, seems to be a strong indication
that we are indeed dealing with distorted bulk structures for
this class of materials.

2.2. Substrate-Selected Polymorphs

Contrary to the previous case, surface-selected polymorphs are
stable and represent genuine new structures with no relation-
ship to any known bulk form. The substrate may act as a tem-
plate for an epitaxial growth or, alternatively, a new polymorph
can result from the subtle play of the interactions between the
molecular layers and the surface.

2.2.1. Pentacenequinone (PQ)

Two crystal structures have been reported for pentacene-qui-
none (PQ). A monoclinic one with two molecules per unit cell,
Z =2, found in the single crystals”>”4 and a triclinic surface-
mediated phase with Z = 1, in films on native silicon oxide
(Si0,).”°! The latter, in some cases, can be found concomitant
with the former one,”® probably because the volume per mol-
ecule of the two structures differs of only 1.4%, with the single
crystal phase being the denser one. Alike pentacene, the her-
ring-bone molecular fashion of the bulk phase ends up with
a standing up arrangement once the PQ units stick on the
substrate, with a reduced number of molecules per unit cell.
Comparison between the two structures shows a different plane
texturing in the two structures, as detailed in ref. [75] whose
consequence justifies the different molecular packing of the
two polymorphs. Lastly, calculations of the corresponding cohe-
sive energies, compared to the experimental enthalpy of subli-
mation, confirm that the SIP is a metastable phase.””!

Within this framework, two distinctive lattice phonon
Raman spectra are expected and, in fact, observed, as shown
in Figure 4. In the upper part, the spectrum of a 30 nm film
vapor deposited on SiO, at a rate of 2 nm min~! is shown
and compared with the monoclinic bulk form (lower part).
The SIP structure is obviously classified as a surface-selected
polymorph.

The assignment of the Raman spectra is further facilitated
by the pattern of Raman-active phonons expected on the basis
of the number of molecules per unit cell: the three phonons
of A-symmetry of the triclinic space group (Z = 1) split into
three doublets of (A + By) symmetry in the monoclinic phase
with Z = 2.77] The Raman spectra are thus complete and the
inter-molecular lattice phonons and the low-frequency intra-
molecular modes do not mix, indicating that PQ behaves like a
rigid molecule.

2.2.2. Perfluoropentacene (PFP)

Perfluoro-pentacene (PFP) is a typical n-type semiconductor
belonging to the well-known class of pentacene derivatives. Also
in this case, two polymorphs have been reported: the single
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Figure 4. Lattice phonon Raman spectra of pentacene-quinone. Red: the
substrate-selected phase, triclinic Z = 1; blue: the single crystal phase,
monoclinic Z = 2. The molecular packing in the unit cell is also shown.

crystal structure® and a thin film structure.l® Again, the bulk
structure shows the common herring-bone arrangement, whereas
in the thin film phase the molecules lie flat on the surface in a
m-stacking fashion.'® The latter structure is definitely a substrate-
selected structure, being obtained via an epitaxial growth on gra-
phene-coated quartz. The choice of the substrate is important in
that, once films of PFP are deposited on native silicon oxide, the
structure corresponds instead to that of the single crystal.” Due
to the epitaxial nature of the SIP structure, no relationship can be
found between the two polymorphic forms of PFP. In Figure 5
the phonon spectra of both structures are shown.

As expected, and similarly to pentacene and PQ, also the
spectra of PFP show two distinct profiles in the region of the
lattice phonons (wavenumbers < 150 cm™), which allows for an
easy and immediate polymorph identification.

2.2.3. Dibenzo-Tetrathiafulvalene (DB-TTF)

The last example of surface-selected polymorphs is that of
dibenzo-tetrathiafulvalene (DB-TTF), an organic semiconductor
for which four polymorphs have been found by lattice phonon
confocal Raman microscopy.®”) For three of them, the XRD
structure has been solved. Figure 6a shows the four distinctive
phonon profiles.
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Whereas the two monoclinic structures, ¢ and 3, had been
solved by XRD,8%8283] the structure of the triclinic polymorph,
&, was found only later!® and assigned on the basis of the corre-
spondence of its lattice phonon spectrum previously recorded,
a working example of phase recognition by Raman spectros-
copy.®l The structure of the fourth polymorph of DB-TTF,
called  is still unknown, since no single crystals suitable for
XRD analysis could be grown. In the attempt to solve this struc-
ture, thin films of DBTTF blended with polystyrene (PS) were
deposited using the method of bar-assisted meniscus shearing
(BAMS), obtaining either the o and y phase or a mixture of
them.® The crystal structure of the ¥phase was then character-
ized with specular XRD and GIXRD and, although a complete
crystal structure could not be solved, a unit cell determination
was nevertheless given. This phase showed up as a crystalline
film with molecules standing upright on the substrate and a
structure with two molecules per unit cell in a herring-bone
fashion was hypothesized.®! We therefore believe that the
¥phase is a genuine surface-selected structure, which grows
only as a thin film, and does not show any correspondence with
all the three other single crystal structures known.

As in ref. [81] we also had previously observed the attitude
of an easy mixing between « and y phase. There is also exper-
imental evidence of the evolution of the ¥ to the o-phase by
increasing coverage, pretty much as the TF phases of penta-
cene and tetracene when they turn to the bulk HT phase on
increasing molecular deposition. This is shown in Figure 6D,
where, starting from the pure y phase, the phonon profiles, by
increasing the amount of the material sublimed on the cold
glass tip, soon evolve in a physical mixing of y and o phases.
At the same time large needle-shaped single crystal of the
o polymorph start to grow on the top of the initial polycrystal-
line film. We then classify also the yphase of DBTTF as a sur-
face-selected polymorph.

2.3. Substrate-Stabilized Polymorphs

Unlike the first two classes of polymorphs, where a real distinc-
tion can be recognized between bulk and substrate-mediated
structures, in this category we observe structures, often meta-
stable, that are stabilized by suitable surfaces, thus yielding
what we call a substrate-stabilized polymorph. When prepared
in their bulk form, they may also be found concomitant with
other polymorphs, yielding a phase mixing. Some examples
are given in the following sections and, for each of them, their
peculiar behaviors will be illustrated.

2.3.1. C80-BTBT-OC8 (2, 7-dioctyloxy[T]benzothieno[3,2-b]
benzothiophene)

The first example of a substrate-stabilized polymorph is that of
the organic semiconductor CgO-BTBT-OCg. The compound, once
crystallized from solution, shows two different morphologies,
depending on the solvent and on the evaporation conditions.®l
From the XRD data only, it was unclear whether one of the two
polymorphs was corresponding to the SIP previously reported.’®’!
The bulk phase shows a structure with a 77 slipped stacking
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Figure 5. Distinctive lattice phonon spectra of the two known crystal structures of PFP: the bulk phase (above) and the surface-selected phase (below).
The corresponding molecular packing are shown on the right. The nominal thickness of the PFP film is 30 nm.
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Figure 6. a) The four polymorphic modifications of DB-TTF, as recognized by their distinctive lattice phonon spectra. The corresponding unit cells, for
the three bulk forms, are also shown; yphase is the surface-selected polymorph, whose complete structure has not been solved A possible unit cell
by XRD reflectivity and GIXD was attempted,®!l see text. b) Evolution of lattice phonon Raman spectra of sublimed material on a cold glass tip from
the yto the o phase.®% Intensities are shifted and normalized for a better comparison. Reproduced with permission.®% Copyright 2008, The Royal
Society of Chemistry.
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Figure 7. a) Lattice phonon spectra of the two polymorphs of C;O-BTBT-OC; obtained from solution. The upper spectrum corresponds to the previ-
ously known bulk form, the lower one to the SIP. The corresponding structures are reported. b) thin film phase transformation SIP —Bulk accompanied
by the morphological change. c) 3D representation of a topographic image of CgO-BTBT-OCg polymer blend and its schematic profile taken at the line
marked.®”) Reproduced with permission.® Copyright 2020, John Wiley and Sons.

motif, whereas the SIP presents the usual herring-bone mole-
cular arrangement (inset of Figure 7a). It was therefore plausible
to think that these marked differences in the molecular packing
could lead to some distinctive features detectable by vibrational
spectroscopy (IR and Raman). The details of this successful
approach are reported elsewhere.®®l The point here is to show
the efficiency of the lattice phonon spectra in discriminating the
two polymorphic form. This is illustrated in Figure 7a, where two
distinct spectral profiles produce an immediate phase recogni-
tion of the compound. In this very case the assistance of DFT cal-
culations!®® was essential in assessing the spectral profile to the
given structure: the lower spectrum corresponds to the SIP,®]
the upper one to the previously known bulk form.

Further investigations on the SIP showed its stability on
solution processed films on silica surfaces at different experi-
mental conditions.®’”] By aging or post-treatment of the films
by SVA (solvent vapor annealing) a morphological change
was observed, as reported in Figure 7b, accompanied by the
structural phase transition to that of the bulk, suggesting that
the SIP phase is a metastable one.B% In a recent work®" thin
films were prepared by solution shearing of CgO-BTBT-OC;y in
polymer blend revealing a higher device performance with a
field-effect mobility close to 1 cm? V™! 571, a threshold voltage
close to 0V, and an on/off current ratio above 10”. In this work,
in situ lattice phonon Raman microscopy was used to follow the

Adv. Mater. Interfaces 2022, 9, 2200815 2200815 (8 of'|7)

stability of the SIP polymorph. Whereas films of the pure mate-
rial showed the evolution from the SIP to the Bulk phase, in
the blended samples no morphological and structural changes
were observed. Besides, AFM (Figure 7c) demonstrated that
the passivation of the silica surface by the polymer stabilized
the SIP polymorph, leading to improved device performance
and long-term stability. It is then concluded that the SIP of
CgO-BTBT-OCgq is a typical case of surface-stabilized polymorph.

2.3.2. Paracetamol (N-(4-hydroxyphenyl)-acetamide)

Another compound that we like to include as exemplary of
this category is a widely studied pharmaceutical ingredient,
N-(4-hydroxyphenyl)-acetamide, better known as paracetamol
and well recognized for his polymorphism. Paracetamol pre-
sents three polymorphs. Form I, the thermodynamically stable
form, is monoclinic with Z = 4 and is the commercial com-
pound used as a pharmaceutical drug on the market.®” Form I1
and III are orthorhombic, with Z = 8.°1921 They are both meta-
stable, with the latter considered for long time an elusive form,
solved only in 2009.

Following the procedure of previous compounds, in Figure 8a
we report the phonon spectra of the three polymorphs, as revis-
ited in a recent paper.l?!
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Figure 8. a) Lattice phonon spectra of the three polymorphic forms of paracetamol with their unit cell. b) Lattice phonon spectra of a paracetamol
film spin coated on glass. The substrate-stabilized polymorph is the form IlI. The dashed arrow indicates the first appearance of form Il by cooling
after a thermal cycle up to 100 °C. In the inset on the top, the specular X-ray reflectivity of the same sample shows as a main feature the typical (004)
peak of the form I11. The silicon peak is the small feature at higher angles. Reproduced with permission.?l Copyright 2018, American Chemical Society.

As to the surface mediated structures of paracetamol, a com-
prehensive account had been previously reported.”®l In this
paper the stabilization of the metastable forms of paracetamol
was studied with GIXRD on a spin coated film on a silica sur-
face. Additional information was given on the film morphology,
as well as on the organization of the molecular domains on
the surface, textured according to the (001) plane. With this in
mind, a subsequent Raman study?!! was carried on, with the
aim to further confirm the effect of the substrate in selecting
and stabilizing the polymorph III, otherwise metastable once in
the form of powder or single crystal.

Spin-coated films of paracetamol were deposited on glass,
gold and polystyrene substrates, invariably yielding the meta-
stable form III which showed an unprecedented stability over
a time span of several months. Form III is then the substrate-
stabilized polymorph of paracetamol. This is represented with
typical spectra of spin coated films on glass in Figure 8b. Only
after heating up to 100 °C and subsequent slow cooling, form
II started to appear (dashed arrow in the Figure 8b). In inset
of the figure, the specular reflectivity of the film confirmed the
typical (004) peak of form IIL2U It is once more important to
remark that by exploiting the complementary Raman and XRD
techniques it is possible to assign each phonon spectrum to
its corresponding crystal structure making easier polymorph
recognition.?’!

Adv. Mater. Interfaces 2022, 9, 2200815 2200815 (9 of 17)

2.3.3. Thioindigo (2-(3-Oxo-T-benzothiophen-2(3H)-ylidene)-1-
benzothiophen-3(2H)-one)

The polymorphism of a number of natural dyes, functional to
the manufacture of OFETs, has been studied in the last years
and very recently summarized.”*4 Most of these structures
show peculiar properties once deposited on suitable technolog-
ical substrates,”] resulting in the stabilization of the meta-
stable forms on the surface. The example shortly reported here
is thioindigo (2-(3-Oxo-1-benzothiophen-2(3 H)-ylidene)-1-ben-
zothiophen-3(2H)-one), that displays two polymorphs, o and
B, both monoclinic with two molecules per unit cell.’® The
phonon spectra of the two bulk forms are shown in Figure 9a.
It is interesting to notice that the « and f phases appear con-
comitant under a number of growth conditions, probably
due to their structural similarity. In any case, polymorph f is
always predominant in thermodynamic growth conditions
such as vapor method (sublimation or physical vapor trans-
port—PVT), whereas the « phase is the one preferentially
growing in non-thermodynamic conditions as drop-casting or
spin-coating on substrates, then falling into the class of sur-
face-stabilized polymorphs.?% A way to stabilize and to obtain
the pure o~polymorph is to prepare thin film in a controlled
manner by solution shearing technique at selected speed and
substrate temperature. The substrate-stabilized o~polymorph
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Figure 9. a) Unpolarized phonon spectra of o and 3 polymorph of thicindigo with their unit cells. b) Molecular packing of the film stacked perpen-
dicular to the c-axis. c) Polarized spectra of the surface stabilized o-phase of thioindigo films obtained with the BAMS method.

presents highly homogeneous and well-ordered films once they
are prepared by means of the BAMS method.'% Its spectro-
scopic characterization, assisted by DTF computations, is fully
accounted elsewhere,?") The molecular packing of the obtained
pure o-polymorph film and its phonon spectrum are shown in
Figure 9b and ¢, respectively.

2.4. The Case of o~Sexithiophene (T6)

We mention here the case of another classical semiconducting
material, widely used for its applications in organic electronics:
orsexithiophene (T6).1°0192 The two polymorphs of T6 are
known as LTI and HT,! according to their temperature of
growth. At intermediate temperatures they easily undergo phase
mixing, revealed in the confocal Raman configuration, also by
penetrating the bulk from the surface.'® The two T6 phases
are both monoclinic, and differ in the number of molecules per
the unit cell, Z=2 and Z =4 for HT and LT, respectively.
Though scarcely mentioned, T6 does show a thin film phase,
formed by molecules standing normal to the substrate with
a unit cell different from that of the bulk.%®! The same study
indicates that T6 grows as disordered crystalline layers since
the beginning of the evaporation. This disordered layered phase
in thin films was confirmed in a subsequent work!'”’l and the
evaporation rate of vacuum deposited T6 revealed strong analo-
gies with pentacene and tetracene. In fact, it was reported that
at low rates the 3D thermodynamically stable LT phase was
obtained, whereas the thin film phase was favored at high rates.

Adv. Mater. Interfaces 2022, 9, 2200815 2200815 (10 Of'|7)

The latter phase, kinetically induced, displayed typical features
of 2D crystals, which are laterally ordered but without interlayer
correlations of the molecular positions.['?’]

We then performed the confocal Raman analysis of films
deposited on Si/SiO,. Figure 10a shows that up to 8 ML (nom-
inal thickness 20 nm) no signal is detected in the lattice phonon
region, whereas the internal modes, Figure 10b, are already
well detectable in a sample of 2 ML (nominally 5 nm).% Only
at 16 ML a phonon structure appears and corresponds to that
expected for the LT polymorph. This is in agreement with pre-
vious work.'0171 The lack of the Raman signal of the lattice
modes is then easily explained by the disordered structure of the
first few MLs, which do not possess the periodicity to allow the
phase matching necessary to obtain the propagation of phonons,
as typical for disordered systems.'%®! By increasing the number
of MLs the molecules gradually tilt, up to reach the LT structure
of the bulk crystal when the full phonon spectrum appears. This
is represented in Figure 10c, where a sketch of the molecular
deposition on the substrate is symbolically visualized. The intra-
molecular modes are instead always detectable, down to 2 ML,
testifying the molecular identity of the deposited material. This
point will be further recalled in a following section.

3. Three Experiments on the Interaction between
the Molecular Layers and the Substrate

The interaction between the substrate and the layered structure
of a film, as well as at the contact interface, falls in the general
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Figure 10. a) Evolution from the disordered film structure to the bulk LT polymorph as seen from the optical phonon spectrum of T6. b) A selected
intramolecular spectral region from 2 to 16 ML. A visual representation of the disordered structure ending up to the LT phase is given at the right.

framework of interfacial phenomena at the boundary between two
contiguous media. Similarly to other physical phenomena, the
nature of the substrate and that of the deposited compound are,
separately, important in producing distinct contributions to the
properties of the system. However, when the system is considered
as a whole, the nature of the interface becomes the origin of new
properties, not otherwise present in the two separate systems, the
molecules and the surface. Just to mention an example involving
Raman spectroscopy, SERS (surface-enhanced-Raman-scattering)
is a pertinent one. In fact, in this very case, the molecules and
the surface, separately, play a distinct role, but the molecules
on the surface open the way to a variety of new striking phe-
nomena.l® In a similar way, an insulator, once interfaced to
a metal or to a semiconductor, acquires the properties of a new
system with a partial or complete loss of its original nature.">~14l
In other words, we must be aware that few molecular layers on a
surface constitute a novel system, where the subtle play of weak
interactions at the interface leads to new molecular architectures
with properties often unexpected in the bulk, but functional to
improve the transport properties of the active layer.

Without getting into a detailed description of phenomena
otherwise treated in a vast literature, we just mention three
experiments involving charge transport at the interface, as well
as how far the effect of the surface goes and when a transition
from an SIP to the bulk phase takes place.

3.1. Carrier Mobility

The understanding of the nature of charge carriers at the semi-
conductor/dielectric interface is a key factor in the structure-
property relationship finalized to obtain high performance
organic field-effect transistors (OFET).! Hole mobility
in OFET was studied as a function of coverage in T6,!"’!
dihexylquaterthienyl,"'®l and pentacene.!l

Adv. Mater. Interfaces 2022, 9, 2200815 2200815 (11 0f 17)

Figure 11a shows that the charge carrier mobility of T6 rap-
idly increases with coverage and saturates at about 2 ML (5 nm
of nominal thickness),l implying that it is strictly confined at
the interface. This result was later confirmed for pentacene,™
as shown in the lower part of Figure 11b. Besides, the satura-
tion thickness is clearly rate dependent. Also in this case, it
reaches a maximum at 2 ML, then it decreases, making clear
the point that charge carriers flow mostly in the very first mole-
cular layers next to the dielectric."

It is then confirmed the complex role of the nanoscale engi-
neering at the interface, whose importance increases as device
dimensions shrink to the scale of very few MLs."l Conse-
quently, the structure of a SIP becomes one of the most critical
factors in determining the optimal charge transport properties
of the electronic device.

3.2. How Far the Effect of the Surface Goes

This experiment wants to show how far the effect of the sur-
face is perceived by the molecular layers and dates back
some 15 years ago.l'! It is based on the Raman signal of the
strongest internal mode of T6 at about 1460 cm™. The organic
semiconductor was vacuum evaporated on a series of micro-
fabricated test patterns as prototypes of T6-based OFETs and
the entire surface was measured point by point by means of
confocal Raman microscopy, up to obtain a series of maps of
the outcoming Raman signal. The nominal molecular cov-
erage of the samples was 10, 25, and 62.5 nm, corresponding
to 4, 10, and 25 ML, respectively. We found that the intensity of
the Raman signal of T6 was systematically larger on the gold
electrodes than inside the channels. We believe that the most
likely explanation relies on the higher sticking coefficient of T6
molecules on Au electrodes, with respect to the HMDS-coated
channel, which causes a larger nucleation density (viz., number
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Figure 11. a) Hole mobility versus coverage in a p-type T6 FET oper-

ating device. Reproduced with permission.[®l Copyright 2004, American

Physical Society. b) Drain-source current versus ML during the growth of

pentacene thin films at deposition rates 0.1 and 5 ML min~". Reproduced
with permission.ll Copyright 2010, American Physical Society.
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of domains or grains per unit area) on the Au electrodes with
respect to the channel for the growth conditions used, as evi-
dent from Figure 7b of ref. [105]. It is therefore possible to
reproduce, with a false color palette, the pattern of the devices
with a molecular Raman map. We can readily see that Figure 12
shows an overall good matching between optical images and
Raman maps for the sample of 10 nm, and this still reasonably
holds for the 25 nm thickness of T6. Once looking at the 60 nm
coverage, a clear mismatch is observable between the optical
and the Raman map. It was concluded that on increasing thick-
ness of the deposited material the template effect given by the
patterned electrodes is gradually lost and, by further coverage,
the T6 growth proceeds in a homo-epitaxial mode.8!

This behavior was consistently confirmed with a large
number of samples, and, although limited to T6, yields an
experimental estimate of the interactions at the boundary mol-
ecule/surface, roughly indicating that only up to about 25 nm
from the substrate the molecular memory is maintained.

Lastly, it is worth to notice that these Raman maps are a
skillful tool to assess the uniformity of the multilayer deposi-
tions in thin films and OFET, constituting a sound method to
control both crystal structure and molecular growth on surfaces.

Adv. Mater. Interfaces 2022, 9, 2200815 2200815 (12 Of'|7)
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3.3. When Is the Bulk: The Transition from a Thin Film
to the Bulk Crystal

The problem of the transition from a thin film to a bulk structure
has got, contrary to the previous experiments, quite a reasonable
feedback in the literature. The paper of Jones!®”l can still be the
starting point of this issue. However, we shall preferentially show
here the experiments on T6 and pentacene, two classical organic
semiconductors already treated in the previous sections.

The growth of T6 on SiO, has been investigated in the
past,1%! and GIXRD spectra were detected on increasing depo-
sition of T6 layers. The experiments showed that the molecules,
initially oriented perpendicular to the substrate, gradually bend
by increasing coverage, up to reaching the LT single crystal
structure.%l The onset of the appearance of the bulk structure
was, with a deposition rate of =0.04 A s71 at about 6 ML, cor-
responding to a nominal thickness of 15 nm, a value not too
far from that observed in the Raman experiment of Figure 10a,
although the disordered nature of the film makes difficult a
straight comparison between the two techniques.

More detailed is the case of pentacene. In Figure 13 a similar
experiment was performed with specular XRD patterns as a
function of coverage at three different deposition rates.

The structures of the different films grown at the deposi-
tion rates as indicated in the figure show that the films were
polycrystalline, with the ab layers parallel to the substrate.
The thinner films (up to 30 MLs) consist only of the TF form.
On increasing thickness the TF and HT bulk phases start to
coexist, 25253 an observation that subsequently was also found
for the TF and bulk phases of tetracene.” An important
remark is that the onset of the transition from TF to HT poly-
morph is strongly rate dependent: the lower is the deposition
rate, the lower is the onset of the HT phase, consistently with
the 3D regime associated to the lower rates.

To compare these data with the Raman measurements, we
report in Figure 14 the intensity of the C—H bending intramolec-
ular mode of pentacene, detected for selected film thicknesses.

The figure shows that the transition from thin film to
bulk occurs between 30 and 50 ML, at a deposition rate
® = 0.033 A s, exactly matching the value found from the
GIXRD data at the same rate. It is notable to outline that in this
case XRD and Raman data completely agree as to the coverage
which determine the transition. The value from 30 to 50 ML for
both cases (compare Figures 13 and 14), is a further impressing
evidence of the excellent agreement between XRD and THz
Raman techniques for structure recognition.

As a final comment, we remark that throughout the paper, we
have widely used the expression “thin film” and “thin film struc-
ture,” following the mainstream of a consolidated literature in
the field. However, from a physical point of view, this expression,
if not vague, is certainly not quantitative. We then need to find a
criterion to give a more focused answer to the question on what
do we really mean as a thin film: how thin is “thin”?

Going back to the experiments described here and in the
previous sections, we can roughly estimate that a thin film
structure, or a SIP, could be expected within 50 nm from the
surface or even less. From the point of view of the charge trans-
port, instead, the active semiconducting layer is much closer to
the substrate,>1 in any case well below 10 nm, namely, an
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Figure 12. Comparison between microscopic images and confocal Raman mapping of test patterned devices based on T6 films grown with a different
amount of molecular deposition: 4, 10, and 25 ML respectively. The last panel shows a typical Raman signal of T6 in OFETs, on the gold electrode (red
arrow) and inside the channel (black arrow).
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Figure 13. a,b) Specular XRD patterns of pentacene films grown on SiO, at rates @, = 0.36 A s and ®, = 0.033 A s, for a series of samples in the
range 5-75 ML. Reproduced with permission.l®5l Copyright 2012, American Physical Society c): Specular XRD pattern of a 6 ML film with interlayer
distance of 15.45 A (TF polymorph) grown at ®; = 0.008 A s8I The small black arrows mark the onset of the HT phase. Reproduced with permis-
sion.[8 Copyright 2016, MDPI.
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Figure 14. Raman spectra in the region of C—H bending of pentacene
films grown on SiO, at rate ® = 0.033 A s™" (A, = 752.5 nm). Thickness is
indicated in MLs. The blue to red profiles mark the onset of the transition
from the TF to the HT phase.

ultrathin film. Therefore, carriers are specifically active at the
interface, whereas surface-mediated structures are built as long
as the memory of the substrate is felt, that is, within 50 nm
or less. These are the upper limits, in our opinion, to define a
layered structure as a “thin film” for carrier mobility and SIP
structures, respectively. By no way we want to claim this is a
general statement for molecular materials, since we are well
aware that the experiments described here refer to the only
cases, though widely studied and highly representative, of pen-
tacenel*®8 and T6.19°1%] Besides, this statement may not be
assumed irrespective of the kind of substrate, the preparation
conditions and some important growth parameters, such as the
deposition rate. Our main goal is to stimulate further experi-
ments on other organic semiconductors to improve the knowl-
edge of their properties at the interface with the substrate.

Finally, pentacene still remains a model system for the
description of phenomena dealing with increasing coverage at
the interface: it starts with a structure of a single ML, then
forms ultrathin films for hole and electron transfer, thin films
for its SIP structures and eventually bulk single crystals.

4. Toward 2D Phonons in Molecular Crystals

Structural properties (surface-mediated structures) and collec-
tive excitations, such as optical phonons in systems of reduced
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dimensionality, belong to the fascinating world where the prop-
erties of materials may end up in new physical phenomena.
This has been discussed in a recent perspectivel™ that deeply
investigates the properties of new synthesized 2D materials and
hetero-structures, describing their behavior in optimizing new
and unexpected physical properties and applications. These com-
pounds are formed by 2D atomic layers, therefore are mostly
related to inorganic materials. A similar study for 2D molecular
crystals is still lacking and the only molecular systems insofar
treated, to our knowledge, are limited to 0D molecules such as
fullerenel'?% or to the unique 2D case of graphene.['?!

We believe that ultrathin films down to 1 ML or to sub-ML
may represent what is closer to a 2D molecular structured
material. Therefore, SIP (structures) and phonons (dynamics)
both represent the ideal benchmark for a discussion on
2D molecular crystals.

There is now solid evidence on the morphological growth of
organic material in different dimensional regimes, with the tran-
sition from 3D to 2D essentially related to temperature and depo-
sition rate (®) during the vapor growth of the film on the sub-
strate. This has been shown for pentacene,?*# tetracene,’*” and
T6.[106197) The general trend is that there is a definite change in
the dimensionality from 3D to 2D on increasing ®,[*#1 in agree-
ment with previous data on nucleation and growth appeared
in the literature.>**1%l Phonon dynamics is also affected, and
manifests in a drastic change of the THz Raman profiles, whose
information lie in the theoretical curves of phonon dispersions
k), with @ and k being the phonon frequency and its wave-
vector, respectively.”] We believe this is an important example of
the so called dimensional disorder in a molecular crystal.l1??]

An introductory discussion on 3D and 2D lattice phonons in
a film structure of pentacene on SiO, has very recently appeared
and a full account has been given.?*! Here we just mention that
the 2D regime in films of pentacene has been discussed in the
general framework of a particular case of static disorder, called
low-dimensional disorder,?2! specifically indicating how the
dimensionality is strictly related to the dispersion of the lattice
modes and to the interactions within and between layers. The
loss of inter-layer order determines a loss of correlation among
layers perpendicular to the substrate constraining the perio-
dicity to very few ML, the ideal situation for a quasi-2D system.

When the disorder affects the dimensionality of the system,
there is a further concept to be pointed out related to the film
structure: the effective correlation thickness. Since the lack of
order implies the lack of periodicity as well, an effective thick-
ness of the film must then be considered, and needs to be con-
nected to the length of correlation among layers, independently
of the actual coverage on the substrate. When this correlation
is lost, or even partially lost, as in the films grown at the high
rates, the effective thickness is lowered down to only those few
layers where the periodicity still holds.?! This is a crucial point
for the spreading of collective excitations like phonons or exci-
tons, which propagate periodically and whose phase matching
between layers is lost once a mismatch is produced by the ver-
tical interlayer disorder.” The related example previously given
for T6 can now be better explained. It was observed that the
molecules, initially oriented perpendicular to the substrate,
gradually bend by increasing coverage, up to reaching the
LT single crystal structure (see Figure 11).°0 Strictly speaking,
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the periodic vertical correlation among layers is lost and the
“effective thickness” cannot correspond to the nominal thick-
ness of the film. This is the reason why, XRD still shows a
signal of crystallinity, although in a partially disordered struc-
ture. On the contrary, disordered, or amorphous, solids lacking
long-range order cannot exhibit a definite lattice phonon pat-
tern.l'%® The Raman scattering, probing local order, gives infor-
mation different from those of X-ray standard diffraction which
probes the average, long-range order. The related X-ray diffuse
scattering techniques should be used for this purpose.['23]

5. Conclusion

Surface-mediated structures of molecular crystals is an impor-
tant new field in materials science, which has been investigated
with advanced GIXRD techniques.??3! Molecular deposition on
selected substrates is capable to induce specific polymorphs,
either as bulk structures (surface-stabilized polymorphs)
or as new forms (surface mediated structures). This survey
aims to tackle the problem from the different point of view of
low-frequency (5-150 cm™) lattice phonons, or THz Raman
scattering (0.2-5 THz), to show that in some peculiar respects
structure and dynamics are two complementary aspects in the
physics of a material. Together with morphological analyses
and computational assistance, it is evident that the approach to
polymorphism must necessarily be multidisciplinary.

We have started classifying the structures at the interfaces in
three main categories, surface-induced, surface-selected, and
surface-stabilized polymorphs. This was done with the purpose
to rationalize, and in a way to simplify, a subject which surely is
facing a rapid expansion, playing a role in some important techno-
logical applications such as organic electronics and pharmaceutics.

We have then treated some experiments of recent years, with
the purpose to agree on some general definitions such as “thin
film” and “effective film thickness,” ending up with a descrip-
tion that is not necessarily the same when dealing with dif-
ferent matters, such as carrier transport, crystal structures, or
phonon dynamics. We also have used ultrathin films, down to a
single ML, as a route to rationalize 2D structures and dynamics
of organic materials in terms of the static disorder commonly
called low-dimensional disorder.[26122]

This paper, though mostly focused on optical lattice phonon
dynamics, wants nevertheless to be a starting point to promote
further experiments and theoretical descriptions on the exciting
field of structures on surfaces. The problem of the phenomena
at the interfaces, a hot topic since many decades, is certainly
meant to remain one of the most crucial issues in the future of
materials science.
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