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Abstract
Glassy organic semiconductors provide a convenient host for dispersing guest molecules, such as dopants or light-emitting chromophores.
However, many glass-forming compounds will crystallize over time leading to changes in performance and stability in devices. Methods to
stabilize amorphous molecular solids are therefore desirable. We demonstrate that solution-processable glasses can be formed from a mixture
of 8,8′-biindeno[2,1-b]thiophenylene (BTP) atropisomers. While the trans isomer of methylated BTP, (E)-MeBTP crystallizes in spin-cast films,
the addition of (Z )-MeBTP slows the growth of the spherulites. X-ray scattering and optical microscopy indicate that films containing 40%
(Z )-MeBTP do not crystallize, even with the addition of nucleation agents and aging for several months.

Introduction
Producing amorphous organic solids, and preventing their crys-
tallization, presents a challenge in organic electronics, pharma-
ceutical science, and energetic materials.[1,2] Amorphous
materials are required when an application requires features
such as maintenance of particular domains sizes over time, a
host matrix for molecular species, or a stable dissolution rate
of a solid. A difficulty in maintaining a glassy form of an
organic solid is crystallization where small crystallites, which
are thermodynamically disfavored because of their high relative
surface areas, grow over time. This transformation leads to
a decline in materials performance for applications that require
small-sized particles or phase separated structures with small
domain sizes. This need is particularly relevant to organic
light emitting diodes (OLEDs). Many high performance
OLEDs are formed with an emissive guest in a host material;
crystallization of the emitting material can lead to dark areas
within a device.[3] Futhermore, organic photovoltaics (OPVs)
often suffer deterioration in device performance over time as
one or more components in a bulk heterojunction device crys-
tallize, leading to larger aggregates.[4] To prevent the situation,
a common solution is to use molecular materials with relatively
stable amorphous phases, i.e., molecular glasses.

Intentional design of molecular glasses can be challenging.
Because molecular structure has a strong influence on packing
in molecular solids, a common strategy to produce glassy or-
ganic materials is to add steric hindrance between molecules

and conformational flexibility in the molecular structures,
thus slowing crystallization.[5,6] This approach has successfully
led to high performance hole transport materials, such as
spiro-OMeTAD for perovskite and dye-sensitized solar
cells.[7–9] Other strategies include synthesis of molecules with
high glass transition temperatures (Tg), which extends the
range of operating temperatures for devices.[2,10] Structurally
similar additives can also be blended with active pharmaceuti-
cal ingredients to inhibit crystallization or, in lower concentra-
tions, to alter crystal habit.[11–13] This strategy has rarely been
used in organic electronics, but hypereutectics of structurally
similar acenes have been used to control crystallization in form-
ing thin film transistors (TFTs),[14] and blends of PC61BM with
PC71BM has been shown to suppress fullerene crystallization in
bulk heterojunction (BHJ) OPVs.[15,16] Additionally, a
hole-transporting indolo[3,2-b]carbazole comprising two
atropisomers—isolable conformers that differ by sterically hin-
dered rotation about a chemical bond—was shown to form a
stable glass with a high Tg (164 °C).

[17] Beyond molecular de-
sign, processing is also important; exceptionally stable glasses
can be formed using vapor deposition by controlling the sub-
strate temperatures and deposition rates.[18]

Here, we produce a highly stable glass by blending a glass-
forming compound with its geometric isomer and study the
behavior of solution-cast films, which are relevant for printable
organic electronic devices. Two geometric isomers of methyl-
ated biindene[2,1-b]thiophenylidene ((E)- and (Z )-MeBTP,
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shown in Fig. 1) were used in this study. We show that neat
films of the trans isomer, (E)-MeBTP, slowly crystallize, pro-
ducing spherulites and dendritic structures within solution cast
thin films. However blending (E)- with (Z )-MeBTP dramati-
cally slows crystallization leading to the formation of stable
glasses.

Results and discussion
MeBTP molecules are methylated derivatives of biindene
[2,1-b]thiophenylidene (BTP), which contain a twisted central
double bond caused by the steric congestion between the prox-
imal aromatic rings. The relief of steric hindrance and the ful-
fillment of the 14-π-electron rule enable them to readily
accept electrons, thus making them alternatives to fullerenes
in organic solar cells (OSCs).[19–21] The versatile BTP mono-
mers have also been incorporated into low-bandgap conjugated
polymers as donor materials in solar cells.[20] The bulk single
crystal structure of (E)-MeBTP is shown in Fig. S1. While
(E)-MeBTP can be purified in large quantity by recrystalliza-
tion, pure (Z )-MeBTP requires chromatographic purification.
Therefore, this study focuses on (E)-MeBTP, and the mixture
of both trans and cis isomers. Attempts to convert
(E)-MeBTP to its cis isomer by either thermal (heated at 200
°C) or photo-isomerization (using broadband and individual
wavelengths in the absorption band) were unsuccessful.
Therefore the isomers cannot interconvert readily due to a
high barrier to rotation around the central double bond and
we can safely assume that there is no significant interconver-
sion of the isomers under the conditions studied.

Thermal analysis is useful in determining the stability of
glass-forming compounds, and in assessing which temperature
ranges favor nucleation and growth. Materials that form stable
glasses often do not reveal recrystallization from cooling by
differential scanning calorimetry (DSC). This can be attributed
to the timescale of the recrystallization process, and to the
fact that nucleation does not always take place in the same
temperature range as growth.[22] In the case of (E)-MeBTP,
DSC—performed using a crystalline sample—showed melting
only on the first scan, and reproducible glass transitions upon
subsequent cooling and reheating to melt (Fig. 2). The absence
of crystallization or melting features after several hours of
heating/cooling cycles between Tg (337 K) and Tm (473 K) in-
dicates that (E)-MeBTP is a stable glass-forming compound.
The stability can be quantified by the reduced Tg, defined as
the ratio Tg/Tm, which is 0.71 for (E)-MeBTP; stable glassy
materials are believed to have reduced Tg of at least 0.66.

[23]

It is informative to compare the thermal behavior of
(E)-MeBTP with a mixture of (E)- and (Z)-MeBTP isomers. A
bulk sample containing a 3:2 mixture of (E)- and (Z)-MeBTP
also shows melting upon first heating, but also fails to show
recrystallization or melting upon subsequent heating/cooling
cycles (Fig. S2). This failure to recrystallize, as well as the
similarity of the glass transition temperatures between
(E)-MeBTP (Tg = 64 °C) and mixed (E)- and (Z )-MeBTP
(Tg = 64 °C), might seem to indicate that (E)-MeBTP isomer-
izes upon melting, but we discount this possibility because no
isomerization was observed when a toluene solution of
(E)-MeBTP was heated at 200 °C under pressure overnight.

Optical microscopy also reveals that cooling (E)-MeBTP
from the melt results in a glass, and these bulk samples do

Figure 1. Chemical structures of (E)-MeBTP, its isomer (Z )-MeBTP, and the
nucleation agent DMDBS.

Figure 2. DSC shows melting upon first heating a bulk sample of
(E)-MeBTP. Despite several heating-cooling cycles in a temperature range
thought to promote nucleation and growth, no melting was observed upon
reheating to the melting point. This indicates that the material did not
crystallize, but a reproducible glass transition at 337 K (64 °C) was observed.
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not appear to crystallize upon cooling. An initially-crystalline
sample of (E)-MeBTP was heated between two microscope
cover slips, then cooled to ambient temperature over the course
of approximately 1 h, producing a bulk sample approximately
50 μm thick. Crystallization of this sample was not observed
by optical microscopy, even after aging for several weeks at
ambient temperature. Heating the sample for several hours at
60 °C, a temperature slightly below the Tg, which should
favor rapid crystal growth, also yielded no crystallization with-
in 3 weeks of casting. Because diffusion at the surface of mo-
lecular glasses is known to facilitate rapid glass-to-crystal
growth, we attempted to melt a spincast film of (E)-MeBTP,
but dewetting of the film was observed at temperatures above
140 °C.[18,24] In order to explore the possibility that surface
diffusion might be responsible for crystallization, we prepared
an uncovered (E)-MeBTP film by melting a sample between
two cover slips, and then carefully removing the top cover
slip. Optical microscopy revealed no crystallization in this
sample, even after aging for 3 weeks at room temperature.

Because solution-processed thin films often display proper-
ties differing from bulk samples, we investigated the stability of
amorphous MeBTP films produced by spin-casting from solu-
tion. Within a few days of spin-casting, spherulites (indicative
of crystallization) were evident by optical microscopy of
(E)-MeBTP films, but not in mixed (3:2) (E)- and
(Z )-MeBTP films (Fig. 3). After aging for several months,

neat films of (E)-MeBTP were almost entirely covered by
spherulite and dendrite growth, with only a small area that
still appeared amorphous. By contrast, the mixed films re-
mained nearly completely glassy, with only two small regions
of surface crystal growth (less than 50 μm2 each, in a film of
1.5 cm2). Atomic force microscopy (AFM) (Fig. 4) shows
that the remaining glassy region of the (E)-MeBTP film is
smooth and similar in texture to the almost entirely glassy
mixed film. In an image of the topography by AFM (Fig. 4),
a spherulite on the (E)-MeBTP film is considerably rougher,
but does not show features as tall as a fibrous surface crystal,
which reaches more than a micron above the surface. This is
similar to previously reported data on organic crystals produced
by surface-mediated diffusion.[25]

In an attempt to induce spherulite nucleation and
subsequent growth in mixed isomer films, we employed the
nucleation agent DMDBS (shown in Fig. 1). DMDBS,
1,3:2,4-di-O-benzylidene-D-sorbitol, has proven effective in
inducing nucleation in TIPS-pentacene and semiconducting
polymers when cast from solution.[26] When films were cast
after a small amount (0.1% by weight) of DMDBS was
added to a solution of (E)-MeBTP, spherulites were observed
to nucleate and grow rapidly; annealing at 60 °C appeared to
accelerate this process (Fig. 5). However, the same treatment
did not induce any spherulite formation in mixed films con-
taining 3:2 (E)-MeBTP:(Z )-MeBTP, even after annealing.

Figure 3. Polarized optical microscope images show spherulite formation in spin-cast films, indicating glass-to-crystal growth, in neat (E)-MeBTP films, but not
in mixed films containing (E)- and (Z)-MeBTP. Mixed films only (a) (E)-MeBTP, 3 days after casting; (b) (E)-MeBTP, 5 months after casting; (c) mixed (E)- and
(Z)-MeBTP, 3 days after casting; (d) mixed (E)- and (Z)-MeBTP, showing surface crystal growth after 5 months.
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As optical microscopy can only easily reveal micron scale
crystallites in the solution cast films, we also examined whether
smaller scale crystallites were present using synchrotron graz-
ing incidence wide angle X-ray scattering (GIWAXS)
(Fig. 6). GIWAXS of a thin film (60 nm) of (E)-MeBTP
shows scattering peaks that match well with data simulated

using the bulk structure of the compound (Fig. S3). Because
a few peaks are present in the experimental data that do not ap-
pear in the simulation data, we believe an additional polymorph
of (E)-MeBTP is present in the thin films similar to many or-
ganic materials. Mixed films containing (E)- and (Z )-MeBTP,
unlike neat (E)-MeBTP films, exhibit only a broad amorphous
“halo” in GIWAXS. This indicates a lack of crystalline order in
the mixed films, even after adding nucleation agents or aging
for 6 months, as shown in the optical microscopy (Fig. 5)
and the GIWAXS (Fig. 6).

Under near-equilibrium growth conditions, structurally sim-
ilar inhibitors of crystallization attach to kink sites, slowing
the step velocity for particular crystal faces.[13,27] This “step-
pinning” changes the crystal habit.[12,28] The concentration of
inhibitor affects the induction time for crystallization; additive
incorporation can induce disorder and broaden reflections.[29]

Crystallization in an amorphous thin film differs from near-
equilibrium conditions, in that the solvent quickly dries, and
then molecules are only free to diffuse across the surface of
the film, not through the bulk.[18] We expect that the amount
of (Z )-MeBTP present should affect the solid-state ordering
of (E)-MeBTP because, once adsorbed onto the surface of
the growing crystals during solvent evaporation, (Z )-MeBTP
is effectively trapped. Adsorbed (Z )-MeBTP prevents the fur-
ther incorporation of (E)-MeBTP at the surface of the crystal-
lites, arresting their growth. This can be inferred from the
lack of peak broadening in the GIWAXS data shown in Fig. S4.

Casting films containing different concentrations of
(Z )-MeBTP reveals that over 20% (Z )-MeBTP content is

Figure 4. AFM images of spincast films show that (a) a spherulite in a film of (E)-MeBTP does not exhibit features as tall as observed for (b) a surface crystal in a
film of (E)-MeBTP. Transparent regions of (c) a (E)-MeBTP film appear identical to (d) the transparent mixed-isomer film.

Figure 5. Polarized optical microscope images show that adding nucleation
agent DMDBS and annealing for 10 min at 60 °C is sufficient to induce
spherulite formation in films of neat (E)-MeBTP (left), but not in mixed films
containing (E)-MeBTP and (Z )-MeBTP (right).
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needed to inhibit growth, as observed by optical microscopy.
The film containing 20% (Z )-MeBTP exhibited a longer induc-
tion time for crystallization—no detectable crystallization had
occurred 2 days after casting, but by the 4th day, spherulites
were evident. A series of photos, taken over the course of a
day using a polarized optical microscope, was used to measure
the radius (r) of the spherulites as a function of time (t) and
show that films containing less (Z )-MeBTP crystallize faster
(Fig. S5) The spherulites grow with power law behavior
(r∼tn) where n∼0.5 for the neat film of (E)-MeBTP and
n∼0.8 for the blend films (Fig. S6). The exponent of 0.5 sug-
gests a diffusion process is limiting growth whereas the larger
exponent of 0.8 suggests a mixed mechanism involving diffu-
sion and the interface of the crystal.[30] Similar growth behavior
has been observed in the conversion of amorphous rubrene to
crystalline rubrene formed by vapor deposition.[31]

Conclusion
The stability of organic glasses is important for applications
ranging from OLEDs to OPVs making the development of
new building blocks that can aid in controlling morphology
an important goal. We have shown that (E)-MeBTP forms

stable glasses from the bulk melt with solution-cast thin films
crystallizing slowly. For these solution-cast thin films of
(E)-MeBTP, glassy areas with pinholes are initially observed
and over the course of a few days, sperulites and surface crystals,
extending far above the substrate, grow. Low concentrations of
(Z)-MeBTP retard crystallization of its geometric isomer
(E)-MeBTP, whereas high concentrations (40%) of (Z)-MeBTP
appear to stop crystallization altogether. Because (Z )-MeBTP
does not disrupt the solid-state ordering of (E)-MeBTP, we
conclude that surface adsorption of (Z )-MeBTP arrests crys-
tallite growth. We see a significant increase in the induction
time for crystallization upon incorporating 20% (Z )-MeBTP
within the film. Interestingly, incorporating 15%–20%
PC71BM into PC61BM films also leads to suppression of crys-
tallization.[15,16] Random close packed spheres have a nearest
neighbor coordination of ∼6,[32] suggesting that the observed
weight fraction can be rationalized by a need to replace ∼1/6
molecules to frustrate crystallization. While the mechanism of
inhibition of crystallization likely depends on specific molecu-
lar interactions, the comparison of these results suggests that
similar ratios should be examined by those seeking to inhibit
crystallization in organic blends.

Figure 6. GIWAXS shows neat films of (a) (E)-MeBTP and (b) those with the nucleation agent DMDBS show intense scattering peaks. In contrast (c) (3:2) mixed
films of (E)- and (Z )-MeBTP show only a broad amorphous halo, indicating a lack of crystalline order, even after aging for 6 months or (d) with the addition of a
nucleation agent.
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