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ABSTRACT: Liquid phase exfoliation (LPE) is a popular
method to create dispersions of two-dimensional nanosheets
from layered inorganic van der Waals crystals. Here, it is
applied to orthorhombic and triclinic single crystals of the
organic semiconductor rubrene with only noncovalent inter-
actions (mainly π−π) between the molecules. Distinct nanorods
and nanobelts of rubrene are formed, stabilized against
aggregation in aqueous sodium cholate solution, and isolated
by liquid cascade centrifugation. Selected-area electron
diffraction and Raman spectroscopy confirm the crystallinity
of the rubrene nanorods and nanobelts while the optical properties (absorbance, photoluminescence) of the dispersions are
similar to rubrene solutions due to their randomized orientations. The formation of these stable crystalline rubrene
nanostructures with only a few molecular layers by LPE confirms that noncovalent interactions in molecular crystals can be
strong enough to enable mechanical exfoliation similar to inorganic layered materials.
KEYWORDS: 5,6,11,12-tetraphenylnaphthacene, liquid phase exfoliation, liquid cascade centrifugation, photoluminescence,
scattering near-field optical microscopy

Over the past decade, liquid phase exfoliation (LPE)
has emerged as a popular top-down production
technique for large quantities of nanomaterials with

size-dependent properties. While the process had been
originally developed for carbon nanotubes,1 it is now widely
used to prepare dispersions of nanosheets from layered
inorganic van der Waals crystals.2 In LPE, mechanical
delamination of the individual layers of the crystal is achieved
with the aid of sonication or shear. The resulting nanomaterials
are stabilized against aggregation by suitable solvents with
matching surface energies or surfactants in aqueous media.
Importantly, the process is highly versatile and has been
applied to a wide range of layered materials, including
graphite,3 h-BN,4 transition metal dichalcogenides (MoS2,
TaS2, ReS2),

4−9 III−VI semiconductors (InSe),10 pnictogens
(black phosphorus, antimony),11,12 layered double hydrox-
ides,13 naturally occurring minerals such as franckeite,14

MXenes,15 and even organic layered polymers16 to name just
a few.
While the initial dispersions usually contain nanoflakes with

broad thickness and lateral size distributions, these can be
narrowed down by size selection techniques, such as band
sedimentation17,18 or liquid cascade centrifugation (LCC, see
schematic in Figure 1a),19 which enable the targeted
investigation of size-dependent properties (e.g., absorbance

and photoluminescence,6 catalytic activity,20 network con-
ductivity,21 etc.). The current understanding in the field is that
the ratio of in-plane and out-of-plane binding strength governs
the shape of the nanomaterial obtained with LPE,22,23 i.e., that
high-aspect-ratio sheets can be prepared when the in-plane
bonds are much stronger than those out-of-plane. This implies
that both scission and delamination occur, and as such, the
layered nature of the crystal is not a prerequisite and LPE can
also be used to produce nanomaterials from nonlayered
materials such as pyrite24 and germanium.25 However, in all
these cases, the individual layers of the final nanomaterials are
held together by strong in-plane covalent or coordination
bonds.
A number of organic semiconductors based on small

molecules with extended π-electron systems such as rubrene,26

pentacene,27 benzothieno-benzothiophene (BTBT),28 and
dinaphtho-thienothiophene (DNTT)29 also form crystals
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with distinct layered structures, where the noncovalent π−π
interactions within one crystal plane are very strong while
much weaker forces act between the layers. These strong in-
plane π−π interactions are indeed the precondition for good
charge transport in organic semiconductors, whose structure−
property relationships have been investigated for over two
decades.30 The high anisotropy of the molecular interactions in
many organic semiconductor crystals affects their charge
transport as well as mechanical and thermal properties,
resulting in different carrier mobilities,26,31 thermal expansion
coefficients,32 and Young’s moduli depending on the crystal
axis.33,34

There have been demonstrations of self-assembled mono-
layers35,36 and nanowires37 of organic semiconductors.
However, these were formed bottom-up from the gas phase
or solution and are not derived from a macroscopic crystal.
Hence, the central question is whether the offset between in-
plane and out-of-plane cohesive forces in molecular crystals is
large enough to facilitate the exfoliation of stable mono- or
multilayers from bulk crystals by applying mechanical force,
e.g., by LPE. As π-conjugated organic semiconductors are
generally hydrophobic and insoluble in water, LPE and
subsequent size selection in aqueous media in the presence
of surfactants, which provide the required electrostatic
stabilization of the exfoliated nanosheets, should be possible.
We chose rubrene as a model material for applying LPE to

organic molecular crystals. Rubrene is a tetraphenyl derivative
of tetracene and is one of the most extensively studied organic
semiconductors.38 Its outstanding photophysical and charge
transport properties, e.g., high fluorescence quantum yield in
solution, triplet formation from singlet fission in single
crystals,39 and the highest reproducible hole mobilities of any
organic semiconductor26,40,41 have led to a vast body of

research on rubrene as well as its application in organic field-
effect transistors (OFETs),31,42,43 as a host or dopant in
organic light-emitting diodes (OLEDs)44 and organic photo-
voltaic (OPV) devices.45,46

The majority of research on rubrene is performed on single
crystals. Three different polymorphsorthorhombic, triclinic,
and monoclinichave been reported.47 The orthorhombic
polymorph of rubrene is usually grown by the physical vapor
transport (PVT) method48,49 with typically large needle- or
platelet-like crystals with clear facets. Orthorhombic rubrene
crystals exhibit a sandwiched herringbone-type packing (Figure
1b) with very high hole mobilities (>10 cm2 V−1 s−1) that
depend on the transport direction with respect to the crystal
axes and the employed gate dielectric.26,31,41 They have
become the standard and benchmark system for the
experimental and theoretical investigations of charge transport
in organic semiconductors.42,50,51 In addition, the high
photoconductivity,52 long triplet exciton diffusion lengths,53

and efficient exciton fission and fusion54 of rubrene single
crystals are attractive properties for optoelectronics, although
their fluorescence quantum yield is low.55

The triclinic and monoclinic polymorphs of rubrene, while
not as well-studied as the orthorhombic form, have recently
garnered interest for their potential as singlet fission
candidates.33,56 The rubrene molecules in the triclinic
polymorph, which can be grown from solution,47 display a
slipped-stacking motif as shown in Figure 1c. As there is only a
partial overlap of the π-orbitals in the stacking direction, the
charge carrier mobilities are much lower in triclinic rubrene
single crystals compared to orthorhombic crystals.57

Here, we employed both orthorhombic and triclinic single
crystals of rubrene as the starting material for LPE in aqueous
surfactant (sodium cholate) solution. While we could not find

Figure 1. (a) Schematic of processing steps: LPE of rubrene crystals in aqueous SC solution by bath sonication followed by LCC for size
selection. Photographs of (b) orthorhombic and (c) triclinic rubrene crystals with their corresponding exfoliated and size-selected
dispersions as seen under white light as well as UV light illumination. The molecular packing of rubrene within the lattice of each polymorph
is shown, with the b- and c-axes parallel to the short axis and the thickness of the crystal, respectively. The π-conjugated tetracene core is
highlighted in blue. The hydrogen atoms are omitted for clarity.
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any truly two-dimensional monolayers of π−π-bonded rubrene
molecules, we obtained colloidally stable dispersions contain-
ing crystalline nanorods and nanobelts, thus corroborating the
applicability of LPE to molecular crystals with noncovalent
π−π bonds.

RESULTS AND DISCUSSION

Exfoliation and Size Selection of Rubrene Single
Crystals. Orthorhombic and triclinic polymorphs of rubrene
single crystals were employed to test the impact of LPE in
aqueous sodium cholate (SC) solutions. Orthorhombic
crystals were grown by the PVT method, and triclinic crystals
were grown in solution by addition of an antisolvent (see
Methods for details). The obtained red-orange crystals and
their crystal packing (orthorhombic: a = 7.18 Å, b = 14.43 Å, c
= 26.81 Å, α = 90°, β = 90°, γ = 90°; triclinic: a = 7.02 Å, b =
8.54 Å, c = 11.95 Å, α = 93.04°, β = 105.58°, γ = 96.28°) are
shown in Figure 1 highlighting the layered structure. Note that
we follow the standard crystallographic axis assignment for
rubrene,47,58 which is not always used in literature for
orthorhombic crystals, e.g., the a- and b-axes are often
exchanged. Single crystals of both polymorphs were bath-
sonicated in aqueous SC solution. Figure 1a illustrates this
exfoliation step, which resulted in translucent pink-orange
dispersions. These were subjected to LCC19 for size selection
of the anticipated colloidal nanosheets or nanoparticles. In this
multistep centrifugation scheme, the parent dispersions are
centrifuged with iteratively increasing centrifugal acceleration
(expressed as relative centrifugal force in units of the earth’s
gravitational field g). After each step, supernatant and sediment
are separated, the sediment is collected, and the supernatant is
subjected to the next step of the cascade. The LCC resulted in
three fractions of orthorhombic and triclinic rubrene
dispersions, respectively. They were named according to the
applied relative centrifugal forces: 0−0.1k g (lowest), 0.1−1k g
(intermediate), and 1−30k g (highest) as shown in Figure 1a.
The corresponding sediments were redispersed in fresh SC
solution, yielding stable dispersions that varied in concen-

tration and showed yellow-green fluorescence under ultraviolet
(UV) light illumination (see Figure 1b,c). The electrostatic
stabilization of all rubrene dispersions with cholate was
confirmed by zeta-potential measurements with values between
−15 and −30 mV (for detailed values see Supporting
Information, Table S1).

Exfoliated Rubrene Nanostructures. The rubrene
nanoparticles obtained by LPE, stabilized by SC in dispersion,
and size-selected by LCC were deposited on Si/SiO2 substrates
and characterized with atomic force microscopy (AFM).
Height images of the intermediate and highest fractions of
orthorhombic as well as triclinic rubrene dispersions are shown
in Figures 2a,b and 2e,f, respectively. In addition to some
expected residual larger chunks of crystals, platelets, and flakes,
a large number of nanostructures with distinct shapes and
aspect ratios can be seen. Note, in both cases, the lowest
dispersion fractions (0−0.1k g) were composed mainly of
unexfoliated rubrene crystals and are therefore not discussed
here.
Rod-like features were initially observed in the intermediate

fraction of exfoliated orthorhombic rubrene (see Figure 2a)
amidst other irregularly shaped structures. These nanorods
were further enriched in the highest fraction (1−30k g), as
shown in Figure 2b. A height histogram of these nanorods
(Figure 2c) reveals that they are typically 30 to 50 nm thick.
Their lengths range between 0.5 and 1 μm, while the widths
vary from 100 to 200 nm.
The intermediate and highest fractions of exfoliated triclinic

rubrene (Figure 2e,f, respectively), on the other hand, were
composed predominantly of thin, long, belt- and bundle-like
structures overlapping with each other. As illustrated by the
height distribution histogram in Figure 2g, single strands of
these nanobelts exhibited a thickness of about 3 nm
(corresponding to roughly two monolayers of rubrene covered
with cholate). Due to the occurrence of bundles and entangled
structures, their length cannot be accurately determined but
seems to exceed several micrometers with widths varying
between 30 and 50 nm.

Figure 2. Topographic images (AFM) of the intermediate (0.1−1k g) and highest (1−30k g) fractions of exfoliated orthorhombic rubrene
(a,b) and triclinic rubrene (e,f) crystals showing nanorods and nanobelts/bundles, respectively (scale bar 2 μm). (c,g) Corresponding
thickness histograms. (d,h) Normalized low-wavenumber Raman spectra (785 nm excitation) of the two fractions in comparison to that of
the bulk crystals of orthorhombic (d) and triclinic (h) rubrene.
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Clearly, some well-defined nanostructures were formed
during LPE and stabilized in dispersion. The question arises
whether the original crystallinity is maintained in the nanorods
and nanobelts after exfoliation of the orthorhombic and
triclinic rubrene, respectively. A quick and reliable identi-
fication of the different polymorphs of rubrene is possible via
their Raman-active lattice phonons.59 Hence, low-wavenumber
Raman spectra were collected from dropcast dispersions. An
excitation wavelength of 785 nm was chosen to avoid a
fluorescence background from the rubrene nanostructures.
Figure 2d shows the Raman spectra of the intermediate and
highest fractions of orthorhombic rubrene in comparison to
the bulk crystal. The observed peaks in the range of 50 to 250
cm−1 (for complete list, see Table S2, Supporting Information)
correspond well to the Raman modes of the bulk crystal and
are in excellent agreement with those reported for
orthorhombic rubrene.59 This agreement suggests that the
crystallinity and type of polymorph are preserved in the
exfoliated nanorods. However, an additional mode in the 0.1−
1k and 1−30k g samples at around 88 cm−1 (indicated by the
arrow in Figure 2d) is observed. Although it seems unusual at
first, it is simply the result of the random orientations of
dropcast nanorods on the substrate as opposed to the bulk
crystal platelet, which was measured with the ab plane parallel
to the substrate. Figure S1 of the Supporting Information
confirms the presence of this mode in a differently oriented
orthorhombic crystal as well as rubrene powder. Further, the

peak at 220 cm−1 in Figure 2d is not as prominent in the
spectra of the single crystals compared to the nanorods. This
peak is associated with a surface active mode along the c-axis60

and hence is likely to be stronger in exfoliated rubrene with a
larger surface area.
The low-wavenumber Raman modes of an exfoliated triclinic

rubrene (i.e., nanobelts), shown in Figure 2h, are identical in
shape, position, and relative intensity to the modes of
macroscopic triclinic crystals.59 Overall the Raman spectra
suggest that the nanorods and nanobelts retain the crystallinity
and polymorph of the bulk crystals from which they were
exfoliated.

Optical Properties of Rubrene Dispersions. To test
whether the nanoscale dimensions of the exfoliated material
have an impact on its optical properties, the dispersions were
investigated by absorbance and emission spectroscopy. The
spectroscopic properties of rubrene solutions as well as
orthorhombic rubrene crystals have been studied extensively
in the preceding decades. Large differences in absorption and
emission for polarization along the different crystal axes as well
as self-absorption of concentrated solutions can lead to
substantially different spectra and even artifacts such as
apparent peak shifts as discussed in detail by Irkhin et al.61

Far less spectroscopic information is currently available for
triclinic rubrene crystals.47 Due to the strong dependence of
the emission spectra of rubrene crystals on orientation of the
facets and polarization, we will mainly compare the dispersions

Figure 3. Normalized absorbance spectra of the intermediate (0.1−1k g) and highest (1−30k g) fractions of dispersions of exfoliated
orthorhombic rubrene (a) and triclinic rubrene (c). The absorbance spectrum of a dilute solution of rubrene in chloroform is also shown in
both panels. Normalized photoluminescence spectra of the intermediate and highest fractions of exfoliated orthorhombic rubrene (b) and
triclinic rubrene (d) including that of a dilute solution of rubrene molecules.
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(with randomly oriented nanorods and nanobelts) to dilute
rubrene solutions rather than to bulk crystals.
As suggested by Irkhin et al.,61 rubrene molecules in a crystal

can still be viewed as spectroscopically isolated, and the often
observed and reported spectral variations due to morphol-
ogy62,63 are most likely a result of the excitation/detection
geometry in relation to the crystal and hence molecular axes
rather than indicative of altered intrinsic properties. To remove
the significant contributions of light scattering (as visible in
Figure 1b,c) to the extinction spectra of the dispersions,
absorbance spectra were acquired in the center of an
integrating sphere (see Methods). The resulting data of the
intermediate and highest fractions of exfoliated orthorhombic
rubrene crystals are shown in Figure 3a and compared to a
dilute solution of rubrene in chloroform (see also Figure S2,
Supporting Information, for the impact of scattering on
extinction spectra). The two fractions show absorbance
peaks in the region between 450 and 540 nm (see Table S3
for peak positions, Supporting Information) with the expected
vibronic progression. The spectral features of the two fractions
are nearly identical with only a minimal blue-shift (2 nm) of
the 0−0 transition and a slightly lower absorbance for the 1−
30k g fraction at shorter wavelengths. There is a fairly good
correspondence with the rubrene solution at longer wave-
lengths in terms of peak shape and relative absorbance. The
optical transitions of the dispersed rubrene nanorods are red-
shifted compared to the solution by about 9 nm, which is a

common offset between solid-state and solution absorption
spectra. The broad absorption shoulder at about 440 nm (2.8
eV), which leads to an overall higher absorption of the
nanorod dispersion at shorter wavelengths compared to the
rubrene solution, may be assigned to the quasiparticle bandgap
of crystalline rubrene as calculated by Sai et al. considering
many-body effects.64 A similar absorption peak at 2.8 eV was
experimentally observed for large single crystals.65 This may
indicate again a high degree of crystalline order within the
exfoliated nanostructures. Note, however, that the formation of
some rubrene degradation products, e.g., peroxides via
oxidation,66,67 during sonication cannot be excluded. These
species may also show absorption peaks that are shifted further
to the UV region but are expected to be insignificant.
The photoluminescence spectra of liquid phase exfoliated

orthorhombic rubrene crystals are shown in Figure 3b in
comparison to a dilute rubrene solution (for corresponding
photoluminescence excitation−emission maps, see Supporting
Information, Figures S3 and S4). Due to the very small Stokes
shift of rubrene, the detected emission spectra can be easily
affected by self-absorption. The rubrene solution was hence
diluted until the spectral shape remained constant. It shows a
more pronounced emission shoulder at 592 nm compared to
the rubrene nanorod dispersion. It is not quite clear if this
difference may result from wavelength-dependent scattering
and reabsorption of the emitted light in the dispersions.

Figure 4. Bright-field TEM images of a rubrene nanorod (a) and nanobelt bundle (d), respectively. The red circles indicate the position of
the selected-area aperture. SAED patterns were obtained from the nanorod (b) and nanobelts (e) with a total electron dose of 3e−/Å2. In
(b), the red and blue arrows mark the 020 reflection at 1.4 nm−1 and 2 ̅06 reflection at 3.7 nm−1, respectively. In (e), the diffraction ring is at
2.5 nm−1, i.e., 4 Å. (c,f) Schematic of the cleavage planes (orange) with respect to the molecular packing in the nanorod and nanobelt,
respectively. The red bars represent a strong π−π interaction between the rubrene molecules, whereas the green bar denotes a weaker
intermolecular interaction. The π-conjugated tetracene core is highlighted in blue. The hydrogen atoms are omitted for clarity.
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The absorbance spectra (see Figure 3c) of the two exfoliated
triclinic rubrene fractions (intermediate 0.1−1k g and highest
1−30k g) are nearly indistinguishable except for small shifts in
position and a slightly lower absorbance of the 1−30k g
fraction in the short wavelength region. The spectra are,
however, unusual in the sense that a number of nearly
equidistant absorption peaks appear beyond the vibronic
progression for the rubrene solution. This additional
absorption fine structure, which is also present in the excitation
spectra (Supporting Information, Figure S4), is not a
consequence of scattering, as established in Figure S2 of the
Supporting Information. Its origin, however, remains unclear.
Figure 3d shows the photoluminescence (PL) spectra

collected from the 0.1−1k and 1−30k g fractions of triclinic
rubrene dispersions in comparison to the dilute solution in
chloroform (see photoluminescence excitation−emission
(PLE) maps and excitation spectra in Figures S3 and S4,
Supporting Information). The emission peak of the triclinic
rubrene dispersion appears to be slightly blue-shifted
compared to the solution, and the emission shoulder at 592
nm is again much less pronounced. As discussed above, small
variations in rubrene emission spectra might be the result of
selective reabsorption or scattering effects and hence may not
indicate a specific size-dependent change.
The time-resolved photoluminescence decay of the dis-

persions (see Figure S5 and Table S4 of the Supporting
Information) can be fitted with three lifetime components,
which are all fairly short compared to the single PL lifetime of
the rubrene solution (τ = 12 ns). They are more similar to the
PL decay of single crystals of orthorhombic or triclinic rubrene.
Overall, the distinct shape of the nanorods and nanobelts as

well as their Raman spectra indicate that they retain a
crystalline packing. The absorption and photoluminescence
spectra of the nanorubrene dispersions are fairly similar to free
molecules in solution with some features such as shorter PL
lifetimes and additional absorption peaks at shorter wave-
lengths that probably result from the crystalline packing or
interaction with the cholate molecules. Polarization-dependent
absorption and emission of individual rubrene nanorods and
nanobelts including spatially resolved exciton diffusion and
quenching may provide further insights but are beyond the
scope of the present study.
Cleavage Planes of Nanorods and Nanobelts. To

answer the question how the rubrene molecules are oriented
with respect to the nanorod and nanobelt axes, transmission
electron microscopy (TEM) and selected-area electron
diffraction (SAED) were employed. In order to avoid
substantial electron irradiation damage on the specimens, a
low-dose technique has been applied.68 Figure 4a presents the
bright-field TEM image of a nanorod exfoliated from
orthorhombic rubrene crystals, exhibiting abrupt cleavage
surfaces. The sharp reflections in the SAED pattern (Figure
4b) confirm crystallinity even after exfoliation. The nearest
diffraction spots along the high-symmetry axes were found at
1.4 nm−1 (red arrow) and 3.7 nm−1 (blue arrow). By
comparing the experimental SAED pattern with simulations,
we found that the b-direction is perpendicular to the long axis
of the nanorod (Figure S6, Supporting Information). In other
words, the cleavage occurred primarily at the ac-plane, i.e., the
(020) plane. This can be attributed to the anisotropic
intermolecular interactions within the orthorhombic rubrene
crystals (Figure 4c). The molecules are stacked via π−π
interactions along the a-axis, providing enhanced mechanical

stability during the LPE. However, due to the herringbone
configuration across the ac-plane, the intermolecular forces are
significantly lower, thus facilitating exfoliation. Note that if the
ac-plane was the only favored cleavage facet, nanodisks would
be formed instead of nanorods. By following the same
reasoning, we conclude that delamination at the ab-plane,
i.e., (002) plane, should be similarly plausible (see Figure S6,
Supporting Information). Note that slight streaking of the
diffraction spots is present in the experimental diffraction
pattern. The elongation can be explained by the limited lateral
size of the nanorod as well as possible shifts between the layers
induced by the shear forces during LPE.
Figure 4e shows the SAED pattern acquired on a bundle of

nanobelts (Figure 4d), which were exfoliated from the triclinic
rubrene needles. A clear diffraction ring indicates the
crystallinity of the nanobelts. The extracted lattice spacing of
4 Å can be attributed to the π−π stacking distance between the
rubrene molecules, albeit somewhat expanded compared to the
3.8 Å in the crystal. However, unlike the nanorods with rigid
morphologies (see Figure 2a,b), the nanobelts exhibited high
flexibility, leading to intertwining and entanglement (see
Figure 2e,f). The irregular variation of the crystal orientation
within the selected area led to a polycrystalline diffraction ring
instead of distinct reflections, making it impossible to correlate
the π−π stacking direction with the nanobelt geometry. Note
that the nanobelts were “peeled-off” from the rubrene needles
during LPE, thus probably sharing the identical long axis with
the original crystal. Therefore, identifying the π−π stacking
direction and crystallographic orientations within the pristine
crystal may shed light on the possible cleavage planes during
exfoliation.
To this end, we investigated the lattice structure of triclinic

rubrene needles before exfoliation by continuous rotation
electron diffraction (cRED) (see Figure S7, Supporting
Information). The unit cell parameters determined by cRED
were a = 7.04 Å, b = 8.57 Å, c = 12.21 Å, α = 93.9°, β = 105.8°,
γ = 95.4°, which are in excellent agreement with the reported
values for triclinic rubrene (a = 7.02 Å, b = 8.54 Å, c = 11.9 Å,
α = 93.0°, β = 105.6°, γ = 96.3°).47 By correlating the
reconstructed real-space unit cell with the crystal morphology,
we found that the a-axis was parallel to the length of the
needle. As shown in Figure 4f, the rubrene molecules are
tightly packed via π−π stacking along the a-direction. This
could explain the “peeling-off” of the nanobelts from the
needles, as the intermolecular interaction perpendicular to the
π−π stacking direction is substantially reduced. As a result,
delamination could readily occur at lattice planes parallel to the
a-axis, i.e., (011̅) and (012) planes (see Figure S7, Supporting
Information).

Vibrational Modes of Nanorods and Nanobelts. In
infrared-scanning near-field optical microscopy (IR-SNOM)
the scattered near-field amplitude and phase of light focused
on a metal-coated AFM tip are measured.69−71 It offers
nanoscale spatial and spectral resolution and enables the
assignment of the vibrational modes and molecular orientation
of organic molecules in thin films and crystals.72−74 Previously,
we used IR-SNOM to investigate orthorhombic rubrene single
crystals and to correlate the enhanced signal of certain
vibrational modes with the orientation of the rubrene
molecules.75 Here, we apply IR-SNOM to individual rubrene
nanorods and nanobelts deposited on gold-coated silicon
substrates to gain further information about the degree of
order in these nanostructures. The IR-SNOM phase spectrum,
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Figure 5. IR-SNOM white-light amplitude image of a rubrene nanorod (a) and a nanobelt (d). (b,e) Averaged IR-SNOM phase spectra
collected from locations marked in (a) and (d), respectively. Also shown in each panel are IR-SNOM phase spectra and conventional
nonpolarized FTIR absorbance spectra of the corresponding macroscopic rubrene crystals. Selected vibrational modes assigned to the most
prominent peaks observed for nanorods (c) and nanobelts (f). The red arrow (lying in the plane of the paper) represents the dipole
derivative unit vector; the blue arrows are the displacement vectors.

Figure 6. Schematic illustration of surfactant-stabilized nanorod and nanobelts and proposed molecular packing: Side-view of a nanorod
(from orthorhombic rubrene) with multiple stacked layers of rubrene molecules and a nanobelt (from triclinic rubrene) with a rubrene
bilayer (including stylized sodium cholate surfactant) indicating the strongest π−π interaction to be parallel to the long axis of the 1D
structures. The top-view of both structures on the right aims to visualize possibly disordered edge regions. The highlighted crystallographic
axes indicate the most probable exfoliation plane and the orientation of the long axis of the nanorod and the nanobelt. Scale bars are only
approximations.
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which corresponds to IR absorbance in the far-field, will be
compared to the unpolarized FTIR absorbance spectrum of the
macroscopic crystals.
For a first visualization of the specific nanorods and

nanobelts measured with IR-SNOM, white-light near-field
amplitude images were recorded, as they provided a better
contrast compared to the phase images. An example of an
amplitude image of a rubrene nanorod is shown in Figure 5a.
Phase spectra were recorded at different positions of the
nanorods as indicated by the red spots. The average of five
phase spectra overlaid on the phase spectrum of an
orthorhombic rubrene single crystal is presented together
with the far-field absorbance spectrum of the bulk crystal in
Figure 5b. As indicated by the dashed lines, three weak modes
at 1149, 1171, and 1309 cm−1 in the IR absorbance spectrum
of the crystal (black trace) appear as strongly excited modes in
the phase spectrum of the nanorods (dark red trace) at 1138,
1191 and 1306 cm−1, respectively.
Interestingly, these modes are different from the enhanced

IR modes in near-field phase spectrum of the single crystal
(1027, 1392, and 1492 cm−1, light red trace). It is usually
assumed that for an IR mode to be strongly enhanced in the
IR-SNOM, a component of its transition dipole moment
vector must be coaligned with the incident electric field, which
is parallel to the tip axis and, therefore, perpendicular to the
substrate.72,75 Accordingly, if the rubrene molecules in the
nanorods are oriented in the same fashion as in the
orthorhombic crystal (see Figure 1b), then the three
aforementioned modes should not have been excited, since
the calculated direction of the transition dipole moment of
these modes75 is parallel to the substrate (see Figure 5c). The
presence of these modes therefore suggests that the nanorod
perhaps has a different facet parallel to the substrate (i.e., not
the ab-facet), or disordered rubrene molecules are present at
the edges or surface of the nanorod. It is, however, important
to note that differences in IR-SNOM spectra can also be a
result of substrate effects, to which the IR-SNOM signals are
very sensitive.76

Likewise, the average of the IR-SNOM phase spectrum
acquired from a rubrene nanobelt (see Figure 5d,e) shows
several vibrational modes that correspond well to the far-field
IR absorbance peaks of the triclinic crystal (marked with
dashed lines in Figure 5e) but none that correlate to the single
crystal near-field phase spectrum. The vibrational modes and
the transition dipole moment vectors75 associated with the
peaks at 1095 and 1442 cm−1 are shown in Figure 5f. Given
that the rubrene molecules exhibit a small tilt angle in the
triclinic lattice (see Figure 1c), both these modes have a
component of the transition dipole moment vector along the
electric field and are therefore expected to show up in the
phase signal of the nanobelt. Differences in the orientation of
the molecules due to disorder within the nanobelt or substrate
effects may also play a role.
Molecular Orientation in Nanorod and Nanobelts.

The experimental data presented so far enable us to infer the
likely molecular packing within the exfoliated nanorods and
nanobelts and possible cleavage planes. The proposed
structures are illustrated in Figure 6. Surfactant-stabilized
nanorods were found to have a thickness of around 40 nm (see
Figure 2c). Given that the interlayer distance in the
orthorhombic lattice of rubrene is approximately 1.3 nm (see
Figure S8 of the Supporting Information), the nanorod is
expected to consist of multiple layers of rubrene as shown in

the side-view. Since the most probable crystallographic
cleavage planes are the (020) and (002) planes, the nanorods
are expected to break off from the bulk orthorhombic crystal
parallel to these planes. Furthermore, we suppose that the long
axis of the nanorod is parallel to the a-axis of orthorhombic
rubrene, as the strongest π−π interactions between rubrene
molecules are acting in this direction. Based on the IR-SNOM
data, we speculate that there might be a layer of disordered
molecules at the edges of the nanorods as a consequence of the
applied shear forces and interaction with the cholate molecules.
This is illustrated in the top-view representation.
In the case of rubrene nanobelts, the combined thickness of

the nanobelt and adsorbed cholate on the top and bottom
surfaces is exceptionally small: only about 3 nm (see Figure
2g). Excluding twice the out-of-plane length of 0.5 nm of the
sodium cholate molecule, this yields an actual nanobelt
thickness of about 2 nm. The interlayer distance in triclinic
rubrene is also roughly 1.1 nm (see Figure S8, Supporting
Information), from which we infer that the nanobelts represent
bilayers, as illustrated in the side-view. As discussed in the
previous section, the long axis of the nanobelts probably
coincides with the a-axis of triclinic rubrene, along which the
molecules are stacked via a π−π interaction although with
some possible expansion and disorder. Following the same line
of argument as before and as shown in the top-view of the
nanobelt, a layer of disordered rubrene molecules might be
expected along the edges. The entire surface of the nanorods
and nanobelts should be coated with surfactant for
stabilization; however, the surfactant molecules were omitted
in the top-view schemes for clarity.

CONCLUSION
In summary, we have demonstrated liquid phase exfoliation of
two polymorphs of semiconducting rubrene single crystals
resulting in the formation of distinct nanostructures that could
be isolated via liquid cascade centrifugation and stabilized
against aggregation in aqueous sodium cholate solution. The
crystallinity of the obtained nanorods and nanobelts was
confirmed after exfoliation. This serves as a clear indication
that even noncovalent π−π interactions in molecular crystals
can be strong enough to enable and sustain mechanical
exfoliation similar to inorganic layered materials with in-plane
covalent bonds. Based on AFM images, optical spectroscopy,
electron diffraction, Raman and IR-SNOM spectra, a likely
molecular orientation of the rubrene molecules within the
nanorods and nanobelts could be established. This study on
rubrene provides a basis for the exfoliation of other layered
organic and semiconducting crystals and hence the inves-
tigation of their size-dependent optical and electronic proper-
ties.

METHODS
Chemicals. Rubrene powder, sodium cholate hydrate (≥99%),

chloroform (≥99%), and methanol (≥99.8%) were purchased from
Sigma-Aldrich. All but rubrene were used without further purification.

Single Crystal Growth. The orthorhombic single crystals of
rubrene were grown by the physical vapor transport (PVT) method77

at 290 °C under an argon flow rate of 75 sccm. About 50 mg of as-
received rubrene powder was first sublimed to separate the rubrene
from impurities. Crystallized rubrene from the growth zone was then
collected and placed in the source zone for a second round of
sublimation and recrystallization to further improve the purity of the
crystals. A solution-based method was adopted to obtain the triclinic
polymorph of rubrene.47 Before preparing the solution, rubrene
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powder was cleaned in the PVT furnace by sublimation to only
remove the impurities. The purified rubrene powder was retrieved and
dissolved in chloroform to a concentration of 30 mmol·L−1.
Subsequently, 50 μL of this solution was quickly injected into several
vials containing 2.5 mL of methanol. The vials were left undisturbed
at 25 °C for a period of ∼24 h until rubrene completely crystallized
out of the solvent−antisolvent mixture.
Exfoliation. Platelets or needle-like orthorhombic crystals were

collected in a 50 mL plastic centrifuge tube with 2 g·L−1 aqueous
sodium cholate solution. The tube was placed in one of the hotspots
of an ultrasonic bath and sonicated for 4 h. The water in the bath was
exchanged with ice-cold water every 30 min to avoid overheating of
the sample. In the case of the triclinic crystals, a centrifugation step
(1000 g for 1 h at 15 °C) was first applied to sediment the parent
crystals in the chloroform/methanol mixture. The solvent was
decanted and discarded. The sediment was collected in aqueous
sodium cholate and subjected to the same sonication procedure.
Size Selection. The resulting polydisperse stock dispersions of

exfoliated orthorhombic rubrene and triclinic rubrene were
distributed separately into several 1.5 mL centrifuge tubes and
subjected to liquid cascade centrifugation19 for size selection. The first
centrifugation step was carried out at 100 g for 1 h at 15 °C to remove
unexfoliated rubrene as sediment. The supernatant from this round
was again centrifuged at 100 g for 2 h followed by 1000 and 30 000 g
for 1.5 h each. A Hettich Mikro 220R centrifuge with a 1195A fixed-
angle rotor was used for all centrifugation steps. The sediment after
each step was redispersed in 0.1 g·L−1 aqueous sodium cholate
solution. In this step, the total volume of the dispersions was reduced
from 12 to 3 mL. Samples for atomic force microscopy (AFM) were
prepared by diluting a small amount of the dispersions with deionized
water and drop-casting them onto precleaned Si/SiO2 substrates
heated to 150 °C. This results in a flash evaporation of the solvent to
reduce coffee stain effects on drying. Samples for Raman spectroscopy
were produced with the same procedure using the concentrated
dispersions after LCC.
Atomic Force Microscopy. Bruker’s Dimension Icon Atomic

Force Microscope was employed to obtain topographic information
on exfoliated and size-selected rubrene crystals. The samples were
scanned in the ScanAsyst mode with OLTESPA-R3 cantelevers at
scan rates of 0.2−0.5 Hz and a resolution of 1024 samples/lines.
Images were processed with Gwyddion 2.48.
Raman Spectroscopy. Low-wavenumber Raman spectroscopy

was performed using a Renishaw InVia-Reflex confocal Raman
microscope with an edge filter. Samples (single crystals or dropcast
dispersions) were excited with a 785 nm edge laser under ambient
conditions. Backscattered light was collected with a 50× objective
(numerical aperture 0.5) in StreamLine measurement mode and
dispersed by a 1200 lines/mm grating.
UV−vis Spectroscopy. Absorbance and extinction spectra of the

dispersions were acquired with an Agilent Cary 6000i UV−vis−NIR
absorption spectrometer in 0.4 × 1 cm quartz cuvettes. For the
absorbance measurements, the cuvette was placed in the center of an
integrating sphere (external DRA-1800). Dispersions were diluted
with 0.1 g·L−1 aqueous sodium cholate solution. All measurements
were carried out with a 4 mm path length in 0.5 nm increments and
0.1 s integration time. Baseline correction was performed using the
surfactant solution.
Photoluminescence Spectroscopy. Photoluminescence meas-

urements were performed on dispersions as well as rubrene solution
in chloroform using a Horiba Fluorolog-3 fluorescence spectrometer
equipped with a xenon arc lamp (450 W) and a Sincerity CCD
camera for detection. Using double monochromators for both
excitation (1200 lines/mm grating, blaze 330 nm) and emission
(1200 lines/mm grating, blaze 500 nm), photoluminescence was
recorded at 90° with respect to the incident light. The emission
spectra were measured at an excitation wavelength of 495 nm for
triclinic rubrene dispersions and rubrene solution and at 500 nm for
orthorhombic rubrene dispersions. Photoluminescence excitation−
emission spectra (PLE maps, see Supporting Information) were
recorded over an excitation range of 350−575 nm and an emission

range of 500−750 nm. Quartz cuvettes with 0.4 × 1 cm dimensions
were placed inside the sample chamber so that the excitation light
passed through the 0.4 cm side of the cuvette.

Transmission Electron Microscopy. Selected-area electron
diffraction and TEM imaging were carried out on an image-side
spherical-aberration-corrected FEI Titan 80−300 operated under 300
kV. The low-dose condition has been applied to avoid substantial
electron radiation damage. The dose rate was approximately 0.15 e−/
Å2 s, and the exposure time for SAED acquisition was 15−20 s.
Continuous rotation electron diffraction (cRED) was conducted on a
Thermo Fisher Talos TEM operated under 200 kV. The specimen
stage was rotated from −40 to 40° with a speed of ∼1°/s.78
Diffraction patterns were simultaneously recorded with a step size of
1°. The 3D reconstruction and analysis were conducted using EDT
Process and PETS2 software.

Infrared-Scanning Near-Field Optical Microscopy. Near-field
amplitude images and spectra of rubrene crystals as well as nanorod
and nanobelts on gold-coated silicon substrates were acquired with
the Nano-FT-IR module of the IR-SNOM from Neaspec GmbH.79 A
broadband mid-IR laser with a spectral range of 900−1700 cm−1 was
used to illuminate the platinum/iridium-coated probe tips (Neaspec).
Sample spectra were normalized to a reference signal obtained from a
spectrally flat gold-coated silicon substrate. The interferometer center
and distance were optimized to achieve a good signal-to-noise ratio.
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