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Vitrification of octonary perylene mixtures 
with ultralow fragility
Sandra Hultmark1, Alex Cravcenco2, Khushbu Kushwaha2, Suman Mallick2, Paul Erhart3, 
Karl Börjesson2, Christian Müller1*

Strong glass formers with a low fragility are highly sought-after because of the technological importance of 
vitrification. In the case of organic molecules and polymers, the lowest fragility values have been reported for 
single-component materials. Here, we establish that mixing of organic molecules can result in a marked reduction 
in fragility. Individual bay-substituted perylene derivatives display a high fragility of more than 70. Instead, slowly 
cooled perylene mixtures with more than three components undergo a liquid-liquid transition and turn into a 
strong glass former. Octonary perylene mixtures display a fragility of 13 ± 2, which not only is a record low value 
for organic molecules but also lies below values reported for the strongest known inorganic glass formers. Our 
work opens an avenue for the design of ultrastrong organic glass formers, which can be anticipated to find use in 
pharmaceutical science and organic electronics.

INTRODUCTION
Vitrification, the conversion of a material into a noncrystalline 
glassy solid, is important for many types of materials from SiO2, 
bulk metallic glasses (1), amorphous pharmaceutical formulations 
(2), and protein drugs (3) to organic semiconductors used for 
organic light-emitting diodes (4) and solar cells (5). Hence, concepts 
that facilitate the design of materials with a high glass-forming abil-
ity are in high demand. The tendency of a material to adopt a glassy 
state devoid of any crystalline domains depends on thermodynamic 
as well as kinetic factors, which influence the rate of crystal nucle-
ation as well as growth between the glass transition and melting 
temperature, Tg and Tm. There are numerous factors that influence 
the overall tendency for crystallization, and theoretical as well as 
experimental studies have discussed the influence of, e.g., the thermo-
dynamic driving force for crystallization, the reduced glass transi-
tion temperature Trg = Tg/Tm, and the temperature dependence of 
the diffusion rate D and, hence, viscosity  above Tg (assuming that 
the Stokes-Einstein relation holds, i.e., D ∝ −1) (6).

Multicomponent mixtures are widely used for promoting glass 
formation because mixing reduces the thermodynamic driving force 
for crystallization (2, 7, 8). The impact of mixing on the kinetic fac-
tors that determine glass formation is a subject of much ongoing re-
search (9, 10). The cooling rate needed to avoid crystallization and, 
instead, reach a glassy state depends on the temperature depen-
dence of the viscosity above Tg, which affects the ability of mole-
cules to form crystal nuclei and later reach the growing crystal. How 
rapidly the viscosity of a liquid increases during cooling is described 
by its kinetic fragility, which is a measure of the rate of change in  
in the vicinity of Tg, expressed as m = [d log /d(Tg/T)]T = Tg (11, 12).

The fragility has been measured for a myriad of organic mole-
cules from fragile glass formers such as o-terphenyl with a high 
m = 81 (13) to strong glass formers such as n-propanol with m = 35, 
poly(ethylene oxide) (PEO) with m = 23 (14), and certain pharmaceutical 

compounds, some of which display very low fragilities down to 
m = 18 in the case of tolazamide (6). Some of the strongest inorganic 
glass formers are SiO2, GeO2, and BeF2 with m = 20 (15). The lowest 
reported fragility of m = 14 has been measured for low-density 
amorphous water (16).

While the fragility of many organic molecules and polymers has 
been determined, less attention has been paid to the influence of 
mixing on the fragility. Some, but not all (17–19), two- or three-
component systems feature a lower fragility than the individual 
components (20–26). A decrease in fragility upon mixing has been 
observed for a number of binary and ternary systems such as, e.g., 
mixtures of small molecules (including isomers) (20–24), additive-
containing polymers such as antiplasticizers (25, 27), solid electro-
lytes with a polymeric additive (28), and bimodal polystyrene (26). 
While the absolute effect of mixing on the fragility tends to be small, 
the tendency for crystallization can strongly decrease upon mixing 
of two components. For example, binary mixtures of the pharma-
ceutical compound celecoxib (m = 89) with octacetylmaltose display 
a 20% lower fragility compared to the neat components and do not 
undergo crystallization for at least 9 months (24). A more substantial 
change in fragility may open the possibility to design strong glass-
forming materials with individually fragile compounds.

Here, we demonstrate that judicious mixing of up to eight differ-
ent molecules, which, on their own, are relatively fragile materials 
with m >70, results in a material with a record low kinetic fragility 
of only 13 ± 2. We achieve this unprecedented decrease in fragility 
by more than 500% through a systematic study of a series of binary 
to octonary perylene mixtures, which solely comprise carbon-based 
molecules that contain no heteroatoms or functional groups such as 
hydrogen-bonding moieties. While neat perylene displays a high 
tendency for crystallization and high Tm = 278°C, derivatives that 
carry alkyl substituents at one of the bay positions feature a much 
lower Tm ≤121°C and cease to crystallize once mixed with a second 
derivative (29). Because of the low Tm of bay-substituted perylenes, 
which minimizes thermal degradation during thermal analysis ex-
periments, as well as the easily discernible Tg, we chose to use a se-
ries of these derivatives as a model system to study the impact of 
mixing on the kinetic fragility. We find that the fragility of perylene 
mixtures continuously decreases with the number of components, 
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and systems that undergo a liquid-liquid transition display values 
that rival those of the strongest known glass formers.

RESULTS
We chose to work with a series of perylenes that carry a linear or 
branched alkyl group at one of the bay positions (Fig. 1). All eight 
materials readily crystallize when cast from solution and have melt-
ing temperatures between 56° and 121°C (table S1). We note that 
differential scanning calorimetry (DSC) cooling thermograms re-
corded at a rate of −0.17 K s−1 do not feature a crystallization exo-
therm, indicating that single bay-substituted perylenes already display 
a high tendency for glass formation. Crystallization is hindered be-
cause of the twisting of the conjugated core, which, in the case of 
perylene bisimides, is known to influence the aggregation behavior 
(30), and leads to the presence of two atropisomers for each of the 
bay-alkylated molecules (A to H) (see fig. S1 for the two atropiso-
mers of perylene A) (29).

In a first set of experiments, we studied the impact of mixing on 
the reduced glass transition temperature, which is a measure of the 
narrowness of the temperature window Tg < T < Tm where crystal-
lization can occur. We focused on perylenes A, B, and C with ethyl, 
butyl, and hexyl pendant groups, which individually have a Trg of 
about 0.7, and prepared binary and ternary mixtures with different 
stoichiometries. DSC first heating thermograms of solution-cast 
materials indicate that Tm decreases upon mixing, while Tg remains 
similar (table S1), resulting in a measurable but higher Trg of up to 0.78 
for all mixtures that are rich in either of the three components (Fig. 2). 
Instead, binary and ternary mixtures with a close-to-stoichiometric 
ratio do not undergo crystallization (and hence do not display a Tm), 
indicating an increased tendency for glass formation.

We went on to study the impact of mixing on the fragility and 
chose to focus on perylene mixtures that comprise an equal weight 
of each component. Fast scanning calorimetry (FSC) allowed us to 
study the impact of the cooling rate q on the fictive temperature ​​T​ f​ ′​​, 
which corresponds to the temperature where the liquid freezes into 
a glass. The material is first heated to 150°C to erase the thermal 
history, followed by cooling at −0.1 to −1000 K s−1 and lastly heating 
at 600 K s−1 (Fig. 3A). This cycle is repeated for each cooling rate. 
FSC heating thermograms display a pronounced enthalpy over-
shoot that increases in size as the absolute value of q decreases. In 

case of slow cooling, the material has more time to relax and hence 
requires more energy during reheating to regain its mobility and 
reach the liquid state (Fig. 3B). To determine ​​T​ f​ ′​​, we compared the 
difference of the heat capacity of the liquid and glassy states using 
the area matching method established by Moynihan et al. (31) for 
fast cooling rates and an extrapolation method for slow cooling 
rates, for which we observe that ​​T​ f​ ′​​ lies below the onset of devitrifi-
cation (Fig. 3B; see Materials and Methods for details) (32, 33). For 
the ABC ternary mixture, for instance, we observe that ​​T​ f​ ′​​ increases 
from −26° to −7.5°C as q changes from −0.1 to −1000 K s−1 (Fig. 3B).

We measured ​​T​ f​ ′​​ for a series of binary to octonary perylene mix-
tures using cooling rates from −0.1 to −1000 K s−1 and constructed 
a fragility plot that compares −log∣q∣ with ​​T​ f,ref​ ′  ​ / ​T​ f​ ′​​, where ​​T​ f,ref​ ′ ​​  is 
obtained from DSC heating thermograms at 0.17 K s−1 (Fig. 4A). The 
fragility can then be extracted from the slope around the reference glass 
transition temperature, i.e., ​m  =  − ​[d log∣q∣/ d(​T​ f,ref​ ′ ​  / ​T​ f​ ′​ ) ]​ ​T​ f,ref​ ′ ​ =​T​ f​ ′​​​ ​
(33, 34). For all perylenes A to H, we observe a linear correlation 
between −log∣q∣ and ​​T​ f,ref​ ′  ​ / ​T​ f​ ′​​, the slope yielding fragilities of m = 71 
to 97 (note that the lowest value of m = 71 was measured for G, 
which is a racemic mixture; fig. S2), similar to m = 85 for o-terphenyl, 
which we have evaluated as a reference compound (table S1). Binary 
and ternary mixtures likewise show a linear trend but yield lower 
fragilities of about 70 and 60, respectively, which confirms that mix-
ing affects not only the thermodynamic but also the kinetic factors 
that influence glass formation. The slope of the fragility plot close to 
​​T​ f,ref​ ′  ​  = ​ T​ f​ ′​​ continues to decrease with the number of components, 
yielding a value of m < 20 for the septenary and octonary mixtures, 
obtained from data collected at low cooling rates of ∣q∣ ≤ 5 K s−1 

Fig. 1. Molecular structures of the bay-substituted perylenes with different 
pendant alkyl groups. The molecules are labeled A to H.

Fig. 2. Reduced glass transition temperature Trg of ABC mixtures. Trg of different 
stoichiometries (φA, φB, and φC are the molar fractions of compounds A, B, and C, 
respectively) was determined using the Tg and Tm values extracted from DSC first 
heating thermograms (0.17 K s−1). Black circles indicate stoichiometries for which 
thermograms were recorded; the central white area corresponds to mixtures that 
remained amorphous.
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(Fig. 4B). The fragility of the octonary mixture was extracted from 
three independent measurements, yielding a value of m = 13 ± 2, 
which is lower than the values reported for the strongest known 
organic and inorganic glass formers, including tolazamide (6) and 
SiO2 (15).

The fragility plots of mixtures with more than three components 
display a distinct change in slope when comparing data recorded 
for low and high cooling rates (Fig. 4A). The fragility plot of the 
octonary mixture, for example, reveals two distinct regimes with a 

shallow slope close to ​​T​ f,ref​ ′  ​  = ​ T​ f​ ′​​ for ∣q∣ ≤ 5 K s−1 and a much steeper 
one for ∣q∣ > 5 K s−1, the latter of which is comparable to the slope 
observed for single perylenes. We propose that perylene mixtures 
undergo a liquid-liquid transition as long as the liquid is cooled at a 
sufficiently low rate. Fragility plots that feature a change in slope 
have been observed in the case of other materials such as water (35), 
SiO2 (36), BeF2 (37), ZnCl2 (38), and different metallic glass-form-
ing liquids (39–41). This type of behavior, which is often referred to 
as a fragile-to-strong transition, has been suggested to arise because 
the liquid adopts a new local structure and density, affecting the 
relaxation kinetics (42–45).

For most systems, liquid-liquid transitions are typically accom-
panied by anomalies in thermodynamic variables such as the heat 
capacity Cp, thermal expansion coefficient, and isothermal com-
pressibility (38). A comparison of FSC heating thermograms indi-
cates that for single-component liquids, for instance, the heat flow 
above the glass transition is only weakly affected by the rate at which 
the material is cooled; i.e., the same liquid phase L1 is maintained 
until the material vitrifies (fig. S5). Importantly, the heating scan 
of the octonary mixture obtained by slow cooling shows a larger heat 
flow until about 110°C than the more rapidly cooled material, 
indicating a new liquid state L2 with a higher Cp, which gradually 
transitions into L1, giving rise to a broad endotherm (fig. S5). We 
propose that multicomponent perylene mixtures that are cooled 
sufficiently slowly undergo a liquid-liquid transition from L1 to L2, 
and thus feature a lower fragility.

To elucidate the nature of the liquid-liquid transition of our 
perylene mixtures, we used variable-temperature photoluminescence 
(PL) spectroscopy. Perylenes exhibit different spectral signatures 
depending on their state of aggregation, with a pronounced red 
shift upon the formation of dimer-type structures (46–48). We 
studied the emission from thin films of the octonary mixture drop-
cast from dichloromethane (DCM), sandwiched between two glass 
slides. The PL spectrum of the drop-cast octonary mixture features 
a broad peak at 590 nm, characteristic for aggregation (Fig.  5A), 
which we explain with the presence of excited complexes (exciplexes) 
(46). Note that the PL spectrum of the octonary mixture is distinct 

Fig. 3. FSC protocol used for all investigated materials and mixtures. (A) A sample 
is first heated to 150°C, then cooled at rate q ranging from −0.1 to −1000 K s−1, and 
lastly heated again at 600 K s−1. (B) ​​T​ f​ ′ ​​ was determined from the enthalpy overshoots 
in the heating scans by matching the green (\\\) and red (///) shaded areas accord-
ing to the method by Moynihan et al. or by extrapolation (31–33), here illustrated 
for the ABC ternary mixture. a.u., arbitrary units.

Fig. 4. Fragility plot. (A) −Log|q| versus ​​T​ f,ref​ ′  ​ / ​T​ f​ ′ ​​, with ​​T​ f​ ′ ​​ from FSC for q = −0.1 to −1000 K s−1 and ​​T​ f,ref​ ′  ​​ from DSC for q = −0.17 K s−1, for a representative single-component 
C (pentagons), the ABC ternary (triangles), ABCEFG senary (circles), and ABCDEFGH octonary mixture (stars); the dotted lines are straight-line fits intersecting ​​T​ f,ref​ ′  ​  = ​ T​ f​ ′ ​​ 
from which fragility values m were calculated. (B) Kinetic fragility m as a function of the number of different perylene derivatives in the mixture; open circles correspond 
to measurements shown in figs. S3 and S4.
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from those of, e.g., drop-cast films of molecule C, which has crystal-
lized and gives rise to a sharp peak at 520 nm (fig. S6). Upon heating 
to 150°C, however, the emission shifts to 470 nm, which is typical 
for monomeric perylene (46) and characterizes liquid state L1 
(Fig. 5A). Fast cooling at −80 K s−1 leaves the PL spectrum unchanged, 
indicating that the perylene molecules do not have sufficient time to 
aggregate and hence the liquid state L1 is maintained (Fig. 5B). In 
contrast, we observe a red shift of the emission to 590  nm upon 
cooling with a lower rate of −0.1 K s−1 (Fig. 5B), which indicates that 
the octonary mixture now has enough time to transform into liquid 
phase L2 composed of aggregates (46). We conclude that the ability 
of perylenes to aggregate is rate dependent, which gives rise to the 
liquid-liquid transition that we infer for mixtures with more than 
three components (Fig. 4A and fig. S4).

DISCUSSION
We have studied the vitrification of mixtures of perylenes that 
feature alkyl groups at one of the bay positions. The here-studied 
mixtures of perylene derivatives do not readily crystallize, and their 
kinetic fragility decreases with the number of components. While 
individual derivatives are fragile glass formers with values of m = 70 
to 90, mixtures with more than three components become strong 
glass formers with m < 40 (Fig. 4B). Octonary mixtures display a 
kinetic fragility as low as 13 ± 2, which is similar to the fragility 
of the prototype strong glass former SiO2 whose viscosity follows 
Arrhenius behavior (49). This is a record low value for any glass-
forming system investigated to date, including not only small 
organic molecules but also polymers and inorganic materials such as 
bulk metallic glasses and SiO2. The low fragility arises because of a 

liquid-liquid transition from liquid phase L1 to L2 upon cooling, 
which is characterized by the formation of perylene aggregates. The 
liquid-liquid transition is only observed in mixtures of more than 
three bay-substituted perylenes. We therefore attribute the appear-
ance of the liquid phase L2 to the presence of a sufficient number of 
perylenes with different pendant groups.

We carried out density functional theory (DFT) calculations to 
understand the aggregates that make up L2 in more detail. Pairs of 
molecules in planar configuration display a strong attractive inter-
action with a maximum binding energy of about 0.5 eV per perylene 
molecule in case of dimers with a slip-stack–type configuration (fig. 
S7). We argue that the aggregates that make up liquid phase L2 are 
mixed stacks of perylenes, and hence, its entropy increases with the 
number of different molecules, which stabilizes L2. Hence, we start 
to observe a liquid-liquid transition once the entropy of L2 is suffi-
ciently high, which is the case for mixtures with more than three 
components. The alkyl pendant groups of individual molecules in 
these stacks likely remain disordered. Therefore, the aggregates that 
make up liquid phase L2 cannot serve as nuclei for crystallization, 
which would require reorganization of mixed stacks into monomo-
lecular aggregates.

To illustrate the increase in the entropy of liquid phase L2 with 
the number of derivatives, we first consider a single pair of perylene 
molecules. Because of the asymmetric nature of bay-substituted 
perylenes, there are several possible dimer configurations that only 
differ in the position of the pendant groups. Here, it is important to 
note that bay substitution results in twisting of the perylene core, 
and hence, each type of perylene (A to H) exists as a mixture of two 
distinct atropisomers, separated by an energy barrier of about 0.7 eV, 
which is sufficiently large to prevent interconversion (29). We first 

Fig. 5. PL spectroscopy. (A) Emission spectra of the octonary mixture directly after drop-casting (blue) and at 150°C (red). (B) Emission spectra taken at −40°C after fast 
and slow cooling from 150°C at a rate of −80 K s−1 (purple) or slow cooling at −0.1 K s−1 (green).
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consider a pair of molecules with the same pendant group. The 
same two atropisomers of perylene A can form two distinct AA dimer 
configurations (Fig. 6A), assuming that the pendant ethyl groups 
are positioned on opposite sides of the perylene dimer stack to min-
imize steric hindrance. On the other hand, two molecules with dif-
ferent pendant groups, e.g., one atropisomer each of perylenes A 
and B, give rise to four distinct AB dimers (Fig. 6B). Hence, a hypo-
thetical liquid L2 composed solely of dimers would have a higher 
entropy if it formed from a mixture of two different bay-substituted 
perylenes instead of a single perylene. DFT calculations show that 
the binding energies of AA and AB dimers are practically identical 
(0.5 eV per perylene molecule), meaning that aggregation of differ-
ent types of perylene derivatives can occur.

It is likely that more than two bay-substituted perylene derivatives 
can associate to form an aggregate, leading to trimers, quadrimers, 
pentamers, etc. A multitude of aggregate configurations exists that 
differ not only in the number of molecules but also in the relative 
position of the pendant groups. Therefore, the entropy of liquid 
phase L2 greatly increases with the number of components that 
make up the mixture. As a result, for multicomponent mixtures, 
there is a temperature window above Tg where the liquid phase L2 is 
thermodynamically stable. For the octonary mixture, for example, 
there is a temperature window between Tg ~ −17°C and about 110°C 
where we observe the formation of the liquid phase L2 (see the higher 
heat flow in FSC thermograms of the slowly cooled octonary mix-
ture; fig. S5). At 150°C, the octonary mixture is in liquid phase L1 
that is composed of perylene monomers, which aggregate at lower 
temperatures provided that the material is cooled sufficiently slowly, 
giving rise to a liquid-liquid transition. Because the liquid phase L2 
is composed of aggregates, structural relaxation above the Tg re-
quires collective motion of a large number of molecules, which 
reduces the fragility to the ultralow value of m = 13 ± 2 observed for 
the octonary mixture.

In conclusion, the use of multicomponent mixtures of molecules 
can result in materials with a low fragility and hence strong tendency 
for glass formation. The kinetic fragility of the here-studied mixtures 
of perylene derivatives monotonously decreases with the number of 
components, reaching an ultralow fragility in the case of octonary 
mixtures, which provides a rationale for going beyond the usually 
studied binary or ternary systems of molecules. Mixtures of bay-
substituted perylenes are of direct interest as liquid chromophores 
for solar energy storage and photon upconversion. In a broader 
context, glass-forming mixtures that undergo a liquid-liquid transi-
tion and thus avoid crystallization may open up new avenues for the 
design of organic semiconductors or pharmaceutical formulations, 
which could pave the way for more thermally stable organic solar 
cells and medicines with a longer shelf life.

MATERIALS AND METHODS
Materials
DCM and o-terphenyl were obtained from Sigma-Aldrich and used 
as received. All samples were prepared from equal weight ratios of 
the different components and processed from DCM solutions (10 g 
liter−1). A description of the synthesis and characterization of mol-
ecules A, B, C, E, F, and G can be found in (29); the synthesis of 
molecules D and H is described in the Supplementary Materials, 
and their characterization with nuclear magnetic resonance, high-
resolution mass spectrometry, and thin-layer chromatography is 
shown in figs. S8 to S12.

Differential scanning calorimetry
DSC measurements were carried out with a Mettler Toledo DSC2 
equipped with a Gas controller GC 200 system. The perylene deriv-
ative was dissolved in DCM with a concentration of 10 g  liter−1, 
dried, and collected with tissue paper into a 40-l Al crucible. Sam-
ples were first cooled down to −50°C at a rate of −10°C min−1 and 
kept isothermal for 30 min, followed by two heating/cooling cycles 
between −50° and 150°C at 10°C min−1. Melting temperatures were 
extracted from the first heating scan, while the glass transition tem-
peratures and the reference fictive temperatures were extracted 
from the second heating scan.

Fast scanning calorimetry
Measurements were conducted with a Mettler Toledo Flash DSC 1. 
A solution of perylene mixture (10 g liter−1) in DCM was drop-cast 
on a glass substrate and dried, and a small amount of the material 
was transferred directly to the FSC chip sensor. The used FSC pro-
tocol is similar to those used in other studies (32, 33). The sample 
was first heated to 150°C to delete the thermal history and then 
cooled down to −50°C with different cooling rates ranging from 
−0.1 to −1000 K s−1. Last, the sample was heated at 600 K s−1 (see 
FSC protocol in Fig. 3A). To calculate the limiting fictive tempera-
ture Tf′, we used Moynihan’s area matching method, which is equal 
to Richardson’s method in the Mettler Toledo software (Fig. 3B)

	​​  ∫ 
​T​ f​ ′​

​ 
T≫​T​ g​​

​​(​C​ pl​​ − ​C​ pg​​ ) dT  = ​   ∫ 
T≪​T​ g​​

​ 
T≫​T​ g​​

​​(​C​ p​​ − ​C​ pg​​ ) dT​	

where Cpl is the liquid heat capacity, Cpg is the glass heat capacity, 
and Cp is the apparent heat capacity of the sample. When Tf′ was 
below the onset of devitrification, a simplified version was used

Fig. 6. Illustration of possible dimer configurations obtained from DFT calcu-
lations (see Materials and Methods). (A) Structures of the two possible AA dimer 
configurations incorporating the same two atropisomers of perylene A. (B) The 
four possible AB dimer structures based on the same atropisomer of A in combina-
tion with the same atropisomer of B; note that, for clarity, we exclude dimers where 
the pendant groups are positioned on the same side of the dimer, which have high 
energies due to a higher degree of steric hindrance.
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	​​  ∫ 
​T​ f​ ′​

​ 
T≫​T​ g​​

​​(​C​ pl​​ − ​C​ pg​​ ) dT  =  0​	

Emission spectroscopy
A solution of perylene mixture (10 g liter−1) in DCM was drop-cast 
on a glass substrate and dried, and another glass substrate was 
pressed on top to obtain a thin film. A LTS420 hotstage from Linkam 
Scientific Instruments Ltd. was used to heat and cool the sample. 
The sample was first heated to 150°C and then cooled to −40°C with 
fast and slow cooling. To obtain a fast-enough cooling, the sample 
was heated to 150°C on a heating plate, then cooled with liquid 
nitrogen, and measured at −40°C with the Linkam hotstage. Emission 
spectra were conducted using a spectrofluorometer (FLS1000, 
Edinburgh Instruments) at an excitation wavelength of 400 nm.

DFT calculations
Low-energy configurations and binding energies of AA dimer con-
figurations were analyzed using DFT calculations, while AB dimer 
configurations were created by replacing one of the ethyl pendant 
groups of the calculated AA dimers with a butyl group without re-
laxing the perylene stack once more. Initial dimer configurations 
were generated by systematically rotating the two molecules relative 
to each other using tools from the Atomic Simulation Environment 
(50) and subsequently relaxed until the maximum force on any 
atom in the system was less than 10 meV Å−1. Calculations were 
carried out using the B3LYP functional (51) with dispersion cor-
rections (D3BJ) (52) and the 6−311G* basis set as implemented in 
the NWChem suite (53).

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/29/eabi4659/DC1
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