crystals

Article

Mobility of Small Molecules in Solid Polymer Film for
mi-Stacked Crystallization

Yue Liu and Xinping Zhang *

check for

updates
Citation: Liu, Y.; Zhang, X. Mobility
of Small Molecules in Solid Polymer
Film for 7t-Stacked Crystallization.
Crystals 2021, 11, 1022. https://
doi.org/10.3390/ cryst11091022

Academic Editor: Emilio Parisini

Received: 1 August 2021
Accepted: 23 August 2021
Published: 25 August 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Institute of Information Photonics Technology, Beijing University of Technology, Beijing 100124, China;
liuyue2020@emails.bjut.edu.cn
* Correspondence: zhangxinping@bjut.edu.cn

Abstract: Crystallization or m-stacked aggregation of small molecules is an extensively observed
phenomenon which favors charge transport along the crystal axis and is important for the design of
organic optoelectronic devices. Such a process has been reported for N,N’-Bis(1-ethylpropyl)-3,4,9,10-
perylenebis(dicarboximide) (EPPTC). However, the 7-stacking mechanism requires solution—-air or
solution—solid interfaces. The crystallization or aggregation of molecules doped in solid films is
generally thought to be impossible, since the solid environment surrounding the small molecules
does not allow them to aggregate together into mt-stacked crystals. In this work, we demonstrate that
the movement of the EPPTC molecules becomes possible in a solid polymer film when it is heated to
above the glass transition temperature of the polymer. Thus, crystal particles can be produced as a
doped matrix in a thin solid film. The crystallization process is found to be strongly dependent on the
annealing temperature and the annealing time. Both the microscopic and spectroscopic evaluations
verify such discoveries and characterize the related properties of these crystals.

Keywords: small molecules; crystallization; moving in solid film; glass transition temperature;
annealing temperature; annealing time

1. Introduction

Crystallization of organic molecules through 7-stacking is an important approach to
improve the charge transport performance in semiconductors and achieve high-efficiency
optoelectronic devices [1-3]. Different forms of crystalline materials or structures have been
reported to produce organic semiconductors with much-improved optical and electronic
properties [4-7]. Various techniques have been employed to produce organic molecular
structures with oriented aggregation and ordered distribution [8,9]. Thermal annealing is a
convenient and efficient approach to realizing such molecular rearrangement or surface
modification processes [10-16]. The precondition for such crystalline aggregation is the
planar molecular structure, and this can generally be satisfied in small molecules, which
allow face-to-face aggregation between one another.

Perylene and its derivatives have high electron mobility, which makes them promising
candidates for organic photovoltaic and transistor devices [6,7,17,18]. Due to the planar
structures of the perylene molecules, they can easily aggregate into one-dimensional
crystals at the solution—solid, vapor—-solid, and solution—air interfaces, as well as at those
between different solvents [1,3,17,19]. However, such a crystallization process has not been
observed within solids. In this work, we report the crystallization of perylene molecules
in the solid thin film of polymers, where the polymer needs to be annealed to its glass
transition temperature so that the solid film becomes sufficiently softened and flexibilized
to allow the motion of the doped small molecules. The corresponding mechanisms are
revealed not only by the microscopic and spectroscopic properties, but also by the annealing
temperature- and annealing time-dependence of the crystallization process. Blending small
molecules with polymers is an important approach to construct efficient optoelectronic
devices based on heterojunctions. New charge transfer complexes [20-22] can be thus
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produced and utilized to investigate new photophysics and to develop new photovoltaic
devices.

Figure 1 shows the basic principles for the formation of the EPPTC crystals inside
a solid film of polymer chains. In Figure 1a, we illustrate a matrix of small molecules of
perylene (N,N’-Bis(1-ethylpropyl)-3,4,9,10-perylenebis(dicarboximide) (EPPTC)) doped in
a solid film, which are distributed randomly without any orientational arrangement. In our
approach, we used polymethyl methacrylate (PMMA) to supply the polymeric solid film.
Owing to the planar molecular shape, 7-stacking between the EPPTC molecules becomes
possible, provided that channels are supplied for the EPPTC molecules to move across the
PMMA molecular chains.
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Crystallization

Figure 1. (a) Distribution of the EPPTC molecules in the solid film of PMMA molecular chains.
(b) Crystallization of EPPTC small molecules due to their motion across the annealing-flexibilized
PMMA molecular chains.

The crossing channel can be produced by heating the solid polymer film to the glass
transition temperature, which is 100-120 °C. Therefore, 120 °C was measured as the
threshold temperature for the crystallization process of EPPTC in PMMA film. The softened
PMMA molecular chains allow the small molecules to move across the solid film and
become aggregated, forming m-stacked crystals after the cooling down of the whole sample,
as shown in Figure 1b. Apparently, the crystals are roughly in fusiform shapes, which are
distributed randomly in their orientations and sizes. It is also understood that the length
and thickness of the crystals are dependent on the annealing temperature and annealing
time. Furthermore, since the glass transition has a threshold temperature, the formation of
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the crystal particles in the solid polymer film also has a threshold temperature, which is
found to be about 120 °C. Below this temperature, the crystallization process illustrated in
Figure 1b is found to not be possible even with a long time of annealing.

2. Annealing-Aided Crystallization of Small Molecules in Polymeric Solids
2.1. Annealing Temperature Dependence

In the experiments, we first prepared solutions of EPPTC and PMMA in chloroform
with a concentration of 10 mg/mL and 15 mg/mL, respectively. A mixture solution was
prepared by mixing the above two solutions with a volume-to-volume ratio of 1:1. A blend
film was then prepared by spin-coating the mixture solution onto a glass substrate with a
speed of 2000 rpm for 30 s. Multiple samples were prepared under the same conditions so
that comparison could be made between different annealing processes.

For the annealing, we employed five temperatures: 30, 60, 90, 120, and 150 °C. How-
ever, for annealing temperatures below 120 °C, nearly no changes were observed either in
the microscopic or in the spectroscopic response of the sample. This is clearly because the
glass transition temperature was not reached. In Figure 2, we present only the scanning
electron microscope (SEM, JEOL, Tokyo, Japan) and atomic force microscope (AFM, Witec
GmbH, Ulm, Germany) images of the samples annealed at 120 and 150 °C. The SEM and
AFM images of the sample annealed at 120 °C are shown in Figure 2a,b, respectively. Since
the annealing temperature is already above the threshold for glass transition, crystal parti-
cles with very small sizes and very low densities can be observed in both images. The mean
diameter of the crystal particles is roughly 140 nm. We need to note that the annealing time
was 10 min and the size and density of the crystal particles may be increased by extending
the annealing time. Thus, it is verified that the glass transition temperature is the threshold
for the crystallization of EPPTC molecules, where the softened PMMA molecular chains
allow the movement of the EPPTC molecules and their aggregation through 7-stacking.

120 °C@10 min €

SEl  15kV. WD10mm  SS50 x20,000 1pm Y
Sample 0008 25 Jun 2021

150 °C@10 min

SEI  15kV WD10mm  SS50 x20,000 1pm T
Sample 0008 25 Jun 2021

Figure 2. SEM (a,c) and AFM (b,d) images for the samples annealed at 120 (a,b) and 150 °C (c,d).
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When the annealing temperature was increased to 150 °C, for the same annealing time
of 10 min, the crystal length and thickness were increased dramatically, as shown by the
SEM and AFM images in Figure 2¢,d, respectively. Using a rough evaluation, the crystals
have a mean length of about 900 nm and a width of 160 nm. Meanwhile, the height of the
crystals was also increased slightly from about 36 to 40 nm. Furthermore, the density of
the crystal particles was more obviously increased. According to Figure 2¢,d, the number
of crystal particles was increased by a factor of five, corresponding to an increase in the
total number of crystal particles from about 6 to 30. This implies convincingly that above
the glass transition temperature the PMMA molecules become more flexible and allow the
strong aggregation of the EPPTC molecules into crystals.

It is also understood that the crystal particles formed by molecular aggregation through
m-stacking greatly influence the spectroscopic properties of the small molecules. Figure 3a
shows the absorption spectra at different annealing temperatures, and Figure 3b,c show
the normalized data in Figure 3a and the PL spectra of the blend film, respectively, for
different annealing temperatures. As the temperature was increased from 30 to 120 °C, where
the annealing time was 10 min, a weak feature appeared at about 474 nm and the relative
intensity at 530 nm was reduced, as shown in Figure 3b. However, when the temperature
was increased to 150 °C, which exceeds the glass transition temperature, the spectral feature
became obvious at 473 nm (dashed upward arrow in black) and the peak at about 530 nm
suddenly became a valley in the absorption spectrum (dashed downward arrow), as shown in
Figure 3b. Furthermore, the absorption spectrum peak at about 542 nm appeared in a sudden
manner (dashed upward arrow in red). All of these changes highlighted by dashed arrows
resulted from the aggregation of the EPPTC molecules in the softened PMMA film, or from
the crystallization through 7-stacking of the EPPTC molecules.
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Figure 3. (a) Absorption spectra measured at different annealing temperatures. (b) Normalized absorption spectra in (a).

(c) Normalized PL spectra measured at different annealing temperatures. (d) Fluorescence lifetime at 612 (blue triangle in

(c)) and 668 nm (red triangle in (c)) for the sample annealing at 150 °C for 10 min.
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Figure 3¢ shows the PL spectra annealed at 30, 60, 90, 120, and 150 °C for 10 min, where
all spectra have been normalized. Obviously, with an annealing temperature lower than
120 °C, there is little change in the PL spectra. However, when the annealing temperature
exceeds 150 °C, the PL spectrum changed dramatically: the main peak shifts from about
630 nm to 612 nm (blue triangle) and a new peak appears at about 668 nm (red triangle).
According to our previous work [17], the emission at 612 nm corresponds mainly to the
intrinsic molecular emission from EPPTC and that at 668 nm mainly to the crystal phase
emission. Figure 3d shows the measurements of the emission dynamics at 612 and 668 nm
using green and red circles, respectively. At 612 nm, the emission lifetime is in the range of
1~2.5 ns. However, the lifetime extends to about 6 ns at 668 nm, which can be identified
as the lifetime of the emission from EPPTC crystal phase. Therefore, the spectroscopic
response confirms the crystallization of the EPPTC molecules doped in the PMMA solid
film when the sample is annealed at a temperature above the glass transition threshold.
It needs to be noted that since the glass transition temperature is different for different
polymers and for polymers with different molecular weights, the annealing strategy should
be modified for different polymer materials.

2.2. Annealing Time Dependence

At a temperature above the glass transition threshold of PMMA, it takes time for
the EPPTC molecules to become aggregated into crystal particles. Figure 4 shows the
SEM images of the sample annealed at 150 °C for different times. Before annealing, no
crystal particles can be observed in Figure 4a, implying that no crystallization process took
place before annealing. Crystal particles can be resolved in Figure 4b for an annealing
time of 30 s, although they are small and appear with a low density. For an annealing
time longer than 1 min, EPPTC crystal particles can be observed clearly on the surface
of the PMMA film. Figure 4c—f show the SEM images for annealing times of 1, 2, 5, and
10 min, respectively. Obviously, both the size and density of the EPPTC crystal particles
increase dramatically with increased annealing time. The crystal particles can be clearly
resolved only for an annealing time longer than 2 min, and the morphology of the surface
of the solid film remains nearly constant when the sample is annealed for more than 5 min.
The mean width and length of the crystals are roughly the same as those demonstrated in
Figure 2c,d. Itis also clearly observable in Figure 4 that the crystals are distributed randomly
with random orientations, and that each particle contains inhomogeneous structures,
implying that the crystal particles are not single crystals.

Figure 5 shows the spectroscopic characterization of the EPPTC-doped PMMA thin
film sample, which was annealed at 150 °C for different times. Figure 5a,b show the directly
measured and normalized absorption spectra, respectively. The main absorption peak
at about 490 nm did not change its spectral position during the whole process. At least
four other new features can be observed with increased annealing time, as highlighted by
the dashed arrows in Figure 5b. The absorption peak around 473 nm was enhanced with
increased annealing time, while that at about 530 nm is reduced and a new peak appeared
at 542 nm; these features are similarly observed in Figure 3b. However, the most obvious
difference between Figures 3b and 5b is the spectral peak at about 578 nm, which was
observed clearly when the annealing time was longer than 1 min. Therefore, this is the
more typical absorption spectrum of the crystal phase.
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Figure 4. SEM images at an annealing temperature of 150 °C for (a) 0, (b), 0.5, (c) 1, (d) 2, (e) 5, and
(f) 10 min.

As has been discussed with regard to Figure 3c, the PL spectrum becomes separated
into two components for an annealing temperature of 150 °C. This is again observed in
Figure 5c where the annealing time is longer than 1 min, which agrees with the observation
of the time-dependent absorption in Figure 5b. The spectral feature peaked at a longer
wavelength of 668 nm; this resulted from the crystal phase emission, as highlighted by
the dashed arrow in Figure 5c. The difference between the crystal phase emission and
the intrinsic molecular emission lies not only in their spectral positions but also in their
lifetimes. This is shown in Figure 5d, where we demonstrate the PL dynamics at 612 and
668 nm for different annealing times. Clearly, the emission from the crystal phase at 668 nm
is much longer than that from the intrinsic emission from EPPTC molecules.

From Figure 5d, we can also observe that the longest emission lifetime corresponds
to an annealing time of 30 s at 150 °C, and that emission lifetime reduces with increased
annealing time. For an annealing time longer than 1 minute, the decay dynamics of the
emission remain nearly constant. This implies that there exists an intermediate state
for the formation of the crystal phase with less quenching of the photoluminescence
due to intermolecular interactions. However, after 10 min of annealing, the intrinsic
EPPTC emission is much quenched due to the intermolecular interaction in the crystal
phase; therefore, emission lifetimes at 612 and 668 nm are both reduced. The lifetime
values become fixed after the equilibrium of the crystallization process is reached at a
specified annealing temperature for a sufficiently long annealing time. We can also identify
clearly from Figure 5d that the emission lifetime at 668 nm is much longer than that at
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612 nm, implying long-lived crystal phase emissions, as compared with the intrinsic EPPTC
molecular emissions, verifying the formation of the m-stacked crystals.
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Figure 5. Absorption (a,b) and PL (c) spectra of the blend film annealed at 150 °C for different
annealing times. (b) A normalized replot of (a). (d) Emission decay dynamics at 668 nm for different
annealing times of 0.5, 1, 2, 5, 10 min and a comparison with that at 612 nm for an annealing time of
10 min.

3. Conclusions

We have demonstrated in this experimental work that it is possible for small molecular
semiconductors to move and aggregate into crystal phases in a solid film of polymers, as
long as the polymer film is softened and flexibilized, e.g., through heating it to its glass
transition temperature. We verified such mechanisms using EPPTC molecules doped
in a PMMA thin film. Both the microscopic and spectroscopic evaluations justified the
validness of the proposed mechanisms and characterized the properties of the crystalized
materials/structures. We can thus conclude that heterojunctions based on blends of small
molecules and polymers can be constructed and modified by a low-temperature annealing
process after production of the solid film, which simplifies the preparation and enables
high-quality thin-film devices to be produced. Therefore, this strategy is important for
the design and realization of organic optoelectronic devices based on blend materials or
heterojunction structures.
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