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Here we applied a novel concept of “sublimation-aided nano-
structuring” to control the polymorphism of a model material. The
process exploits fractional precipitation as a tool for crystallisation
in confinement using a templating agent that sublimes away from
the system at the end of the process.

Polymorphism, Ze. the existence of different forms or crystallised
structures of a solid substance with the same stoichiometry, is a well-
known phenomenon relevant to all scientific disciplines dealing
with solid materials."? Although in some cases polymorphism
brings added value as it originates new functional properties® or
tunes existing ones,”” usually, solid-state applications require
the controlled selection of a specific polymorph.®

Several methods have been proposed for control of poly-
morphism, including chemical design,” processing,®*° templating
via heterogeneous nucleation,"" crystallisation kinetics control,"
post-deposition treatments,”® crystallization in confinement'* ¢
and others."”*® These methods are discussed in detail in many
excellent articles and dedicated reviews.>>'*° Among the
proposed approaches, deposition in confinement is particularly
appealing, since it has been proved to be efficient in polymorph
selection in a lot of cases;'*'®* moreover, it is integrable with
several conventional and unconventional fabrication techniques,
which helps the polymorph’s implementation in devices.****
Crystallisation in confinement is performed by three principal
approaches; all of them use an external physical tool to confine
the crystallisation process: inside a nano (meso)-porous
solid matrix,'®'%?*> by solution shearing,'*?*** and by wet
lithography.'®2¢
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Among the proposed approaches, the use of a nano(meso)-
porous solid matrix is the most studied confinement process
for polymorph selection; it was performed in several types of
matrix such as zeolites,>* polymers,'® microgels,"® and porous
glasses."®'® The approach is very efficient and versatile, however
the separation of the polymorphs from the matrix is an open
problem, especially if the polymorph must be implemented in a
device after its selection.

In polymorph selection by solution shearing a plate shears a
thin film of a solution, placed on a substrate on which the
crystallization occurs during the shearing process.'**%** Solution
shearing is very efficient and allows the selection and positioning
of specific polymorph thin films directly into devices. However, it
is available for a limited number of materials and requires
dedicated instrumentation.

In wet lithography, crystallization in confinement is obtained
inside an artificial micro/nano channel fabricated by an appro-
priate polymeric stamp.®** Differently from solution shearing,
wet lithography allows the fabrication of geometrically defined
micro/nano structures. Wet lithography is versatile and very
efficient allowing the selection and positioning of the polymorph
directly into devices, but as in the case of solution sharing, it
requires a specific instrumentation set-up.

Here we show a full-chemical approach based on the use of a
matrix made of a sublimating compound, which is spontaneously
eliminated from the system at the end of the process by sublimation.
The proposed approach paves the way for a new, simple, route
for the control of polymorphism by confinement, eliminating
the problem of separating the polymorph from the confining
matrix. We used “Auxiliary Solvent-Based Sublimation-Aided
Nanostructuring (ASB-SANS)”, a recently developed method used
to grow self-assembled nanostructures of a target material (1) by
drop-casting®° schematised in Fig. 1.

In ASB-SANS, a solution of the target material (1) and of a
compound capable of sublimating under ambient conditions
(sublimating compound, 2), overabundant in 2, is drop-cast on
a substrate (Fig. 1a). When the solvent shrinks, the overabundant
2 reaches supersaturation and precipitates on the substrate,
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Fig. 1 Scheme of sublimation-aided nanostructuring (ASB-SANS). (a) Drop
casting of 1 + 2 solution, overabundant in 2 with a fast solution shrinking.
(b) When overabundant 2 reaches supersaturation, it starts to precipitate
forming a pattern of templating crystals, which decrease the solution
shrinking and form the mesoscopic cavities. (c) When also compound 1
reach supersaturation it precipitates into the cavities, in confinement.
(d) After that, 2 sublimates, leaving the nanostructured deposit of 1 on
the substrate.

Aa .\A

1 Solid

forming a 3D pattern of crystallites, which can incorporate some
1, with mesoscopic cavities in between them, filled with the
residual solution rich in 1 (Fig. 1b). When also the solution of
1 reaches supersaturation, the pattern of 2 acts as a template for
the precipitation of 1, which occurs inside the mesoscopic
cavities (Fig. 1c) in between the 2 crystallites. Under ASB-SANS
conditions (mesoscopic spatial confinement combined with slow
solvent evaporation due to the presence of the 2 crystals), the
solute precipitates under quasi-equilibrium and confinement
conditions. After that 2 sublimates away, leaving only 1 structures
on the surfaces (Fig. 1d). Here we exploited the combination of
these capabilities to select a polymorph of a model compound. As a
model compound (1) we used thieno(bis)imide end-functionalized
terthiophene (Scheme 1), whose synthesis is described elsewhere.*'

1 is a well-characterized thermochromic material used in
organic optoelectronics®® and in time-temperature integrator
devices,?®?? capable of forming two types of polymorphs,
discernible by the fluorescence colour.”*® As sublimating com-
pound 2 we used p-dichlorobenzene, a commercial substance
that sublimes under ambient conditions, and whose effectiveness
in ASB-SANS processes has already been demonstrated.”’° The
two substances were chosen for their ability to achieve separate
precipitation from the solution, due to their different solubility
under the specific experimental conditions.

Samples were prepared by drop-casting 10 ul of a 1 + 2
solution (1=1g L™ ", 2 =300 g L' in chloroform and toluene)

o cl
A N~
N\ / S o
@ )

Scheme 1 Chemical structure of thieno(bis)imide end-functionalized
terthiophene (1) and p-dichlorobenzene (2).
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Fig. 2 Fluorescence microscopy images and corresponding fluorescence
spectra of thin deposits of 1 on silicon. The insets show the fluorescence
spectra recorded by confocal microscopy. In the insets the green curve
refers to o polymorphs, and the orange curve refers to the B polymorph.
(a) Control sample deposited from chloroform and (b) control sample
deposited from toluene. (c) ASB-SANS deposited from chloroform. (d) ASB-
SANS deposited from toluene. Scale bars are 100 um.

on the substrate. Control samples were prepared by drop-
casting 10 pl of 1 solution (1 g L™") in chloroform and toluene,
respectively. All samples were deposited on Si/SiO, (thermal) in
air and were characterized by fluorescence microscopy, X-ray
diffraction, and confocal fluorescence microscopy.

When drop cast from a solution composed by only the solvent
and itself (control samples), 1 forms two types of polymorphs: a
polymorph (here named o) that displays green fluorescence,
thermodynamically stable at room temperature,” and a polymorph
(here named B) that displays yellow/orange fluorescence.’ Fig. 2a
and b shows typical fluorescence microscopy images and con-
focal fluorescence spectra of the control samples, deposited
from chloroform and toluene, respectively.

In the control samples, the percentage of polymorphs, size
and crystal shape depend on the solvent.’ In particular, the
polymorph percentage, measured from fluorescence images,
ranges from 40% to 75% of o when deposited from chloroform
(Fig. 2a) and from 55% to 80% of o when deposited from
toluene (Fig. 2b). The size of the crystals ranges from a few tens
of microns for the samples obtained from chloroform to a few
hundred microns for the samples obtained from toluene.
Remarkably, using ASB-SANS we obtained a dramatically pre-
ponderant formation of the o polymorph independently from
the used solvent, namely 95 + 5% using chloroform (Fig. 2c)
and 98 £ 2% using toluene (Fig. 2d). Moreover, while in control
samples the morphology of the deposited material differs
significantly upon using toluene or chloroform solution
(Fig. 2a and b), using ASB-SANS the morphology of the devel-
oped o phase appears to be the same independent from the
used solvent (Fig. 2c and d). The comparison between the
fluorescence spectra in the control samples and the samples
prepared by ASB-SANS (insets of Fig. 2) shows that the samples

This journal is © The Royal Society of Chemistry 2020
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are still composed of the same types of polymorphs, as the
spectral shape is unaltered for all samples. Polymorph selection
was not observed using a solution with a 1:2 ratio <1:100 (i.e.
without the initial precipitation of 2). Eventually, in order to
exclude that the endothermic sublimation process induces the
solid-state transformation we performed two control experiments.

(i) We cooled a control sample of 1 containing concomitant
o and B polymorphs to —25 °C. (ii) We prepared control
samples at —25 °C.

In the first experiments, we did not observe any effect of
cooling on polymorph composition. In the second experiment
we observed a small increase of the o percentage (3-5% more),
which we attributed to the slower solvent evaporation.®

In order to gain more information of the morphology
control exerted by the ASB-SANS procedure, we investigated
samples of 1 by 2D Grazing Incidence X-ray diffraction (GIXRD)
and high-resolution specular XRD (Fig. 3).

2D-GIXRD images show the presence Bragg peaks ascribed
to the “o” polymorph structure, regardless of the solvent and
the preparation method. In the case of control samples from
chloroform solution (Fig. 3a), the small arc shape of the spots
indicates a [100] texturing, while, when the sample is prepared
by ASB-SANS, the 2D-GIXRD image also shows Debye rings
(Fig. 3b), revealing the presence of randomly oriented crystal
grains of the o polymorph.
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In the case of toluene solution, the arc shape of the spots
indicates a [100] texturing for both the control samples and
ASB-SANS (Fig. 3d and e). However, the specular XRD pattern
recorded for the samples prepared by ASB-SANS shows only the
peaks of the o polymorph, whereas that for the thin deposits
prepared by drop casting shows two additional Bragg peaks
(Fig. 3f) indicating the presence of the f polymorph.

We explained the polymorph selection exerted by ASB-SANS
on the basis of two critical conditions that this process creates
during the nucleation step of crystallisation of 1. The first one
is the low evaporation rate of the solvent due to the presence of
2 acting as a capping layer (Fig. 1a) allowing the crystallization
of 1 to occur under quasi-equilibrium conditions. This situation
limits the molecular diffusion and increases the energy available
for molecular motions during the crystallization, thus decreasing
the number of nuclei of 1 and favouring the growth of the mean
size of the crystalline domains. In addition, the confinement at
the mesoscale of 1 exerted by the 2 crystallites can discriminate
between different polymorphs on the basis of their different
critical nuclei size.'®'®?* Dedicated investigations about the
mechanism of polymorph selection are on-going. Regarding the
morphology, as ASB-SANS goes through a first precipitation of 2,
and a subsequent precipitation of 1, the morphology of 1 is
templated by the 2 crystals, which are elongated needles
organized in randomly oriented domains independently from
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Fig. 3 2D-GIXRD images and specular scans of thin deposits of control samples of 1 prepared

chloroform (a—c) and toluene (d-f).
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the nature of solution 1 (see time laps of the last step of the
process in Fig. S1 in the ESI{).?”°

Summarizing, we have demonstrated the capability to obtain
almost full selectivity in the crystallization of a precise poly-
morph of a model molecule by using ASB-SANS. The method is
fully chemical and does not need any external tools. It exploits at
the same time the establishment of quasi-equilibrium conditions
and the mesoscopic confinement for the formation of the poly-
morph. Remarkably, ASB-SANS eliminates the problem of separat-
ing the polymorph from the confining matrix, as the medium used
for the confinement sublimates away at the end of the process.
ASB-SANS is a single step, simple, versatile and reproducible
process, and it allows one to grow controlled molecular nano-
structures of a selected polymorph. Since the process here
described does not rely on specific interactions between the
polymorph-capable molecules and the matrix, the method is of
general application, and we expect it to be applied to a large
variety of polymorphic materials. At this stage, we did not
consider the scalability of the process. We believe that for an
upscaling of the process, a system able to recycle the sublimating
compound must be used.
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