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Increasing the interlayer distance in layered microribbons enhances the electrically
driven twisting response
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We designed a class of layered microribbons self-assembled from perylene diimide (PDI) molecules that
exhibited a fast electrically driven twisting response. By increasing the length of the side chains of the PDIs, the
microribbons maintained the same intralayer molecular orientation but exhibited enlarged interlayer distances, and
the elasticity moduli of the resulting layered microribbons were effectively reduced from ∼1.5 GPa to ∼75 MPa.
The electrically driven twisting response of the microribbons was inversely proportional to the elasticity modulus,
indicating that the electroresponse of the resulting materials can be controlled through the interlayer distance.
Furthermore, we demonstrated that the influence of the elastic modulus of the microribbons on the electrically
driven twisting follows a screw dislocation mechanism. Our work provides a way to design and develop soft
materials with a fast mechanical response to external stimuli.

DOI: 10.1103/PhysRevMaterials.1.033601

Soft materials that change morphology in response to
external stimuli, particularly remote light or electrons, have
attracted considerable interest because of their applications
in actuators and sensors [1–24]. In these applications, a fast
mechanical response, which is related to both the active
components (e.g., photoisomers) and the elasticity of the soft
material, is one of the most important parameters [15,25,26].
Although various soft materials with fast mechanical responses
have been reported, most seemed to have been developed
based on serendipitous discovery or random screening and
no general design principles have been reported. This is
likely because subtly modifying the structure of the active
components simultaneously alters intermolecular interactions
and crystal structures, which in turn change the elasticity
of the resulting materials. This complicated situation has
hampered the creation of a rational molecular design for
soft materials with a fast mechanical response. The rational
development of response-controlled soft materials is critical to
not only the comprehensive understanding of fast mechanical
responses but also the development of novel response-sensitive
materials, but the highly desirable development of addressable
methods remains rare. One promising strategy is fabricating
layered materials whose elasticity modulus can be adjusted
by tuning the interlayer distance while maintaining the
intralayer molecular organization of the active monomers
[27,28] and thereby the same driving force in response to
stimuli.

In this work, we designed a class of layered microribbons
self-assembled from perylene diimide (PDI) molecules, which
exhibited a fast electrically driven twisting response. We
demonstrated that the elasticity moduli of the resulting layered
microribbons were effectively reduced from ∼1.5 GPa to
∼75 MPa by increasing the length of the alkyl side chains.
Importantly, the increased alkyl side chain length did not
alter the intralayer molecular orientation but enlarged the
interlayer distance of the microribbon, which is related to the
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reduced elasticity modulus. The electrically driven twisting
response of the microribbons was inversely proportional to
the elasticity modulus, indicating that the electro-response
of the resulting materials can be controlled by the interlayer
distance. Furthermore, we demonstrated that a screw dislo-
cation mechanism underlies the electrically driven twisting
of the layered microribbons, revealing how the electrically
driven π -stacking distortion generates the twisting of the
microribbon.

Nine PDI derivatives with different lengths of alkyl side
chains were synthesized [as shown in Fig. 1(a)] and self-
assembled into microribbons. The synthesis and self-assembly
of the molecules are presented in detail in the Supplemental
Material [29]. Scanning electron microscopy (SEM) confirmed
the formation of well-defined microribbons from molecules
1–9, which are tens of micrometers in length and 0.3–0.8 μm
in width [Figs. 1(b)–1(e) and Fig. S1]. Notably, the resulting
microribbons fabricated from molecules 1–9 have fairly simi-
lar optical properties, as shown in Fig. 2(a). All microribbons
from molecules 1–9 exhibited characteristic absorptions at
490, 527, and 575 nm and fluorescence at 629 nm, suggesting
that they have similar molecular orientations and thus the same
excitonic coupling within the microribbon. To further explore
the molecular packing within microribbons, we performed
x-ray diffraction (XRD) on the microribbons from molecules
1–9. As shown in Figs. 2 and S2, a dominant peak assignable
to the (001) plane was observed in the XRD patterns of all
microribbons, which is characteristic of a lamellar (layered)
structure [30,31]. The multiple sharp reflections indicate that
the layered microribbons are highly crystalline. The XRD
patterns of the microribbons from 1, 4, and 9 are consistent
with their single crystal data [Figs. 2(b)–2(d)], indicating that
the lattice parameters within the microribbons are the same
as those in the bulk crystal [32,33]. To determine the lattice
parameters within the microribbons from molecules 2–3 and
5–8, selected-area electron diffraction (SAED) patterns of
the corresponding microribbons were obtained, which can
help determine the d-spacing values of the (100) and (010)
planes and the γ value, as shown in Fig. S3. Based on the

2475-9953/2017/1(3)/033601(5) 033601-1 ©2017 American Physical Society

https://doi.org/10.1103/PhysRevMaterials.1.033601


ZHANG, ZHOU, PENG, DUAN, CHE, AND ZHAO PHYSICAL REVIEW MATERIALS 1, 033601 (2017)

FIG. 1. (a) Molecular structures of molecules 1–9. (b)–(e) SEM
images of the microribbons from 1 (b), 5 (c), 7 (d), and 9 (e). Insets:
a high-magnification image of a single corresponding microribbon.
(f) Schematic representation of the molecular packing within a
layered microribbon.

SAED and XRD patterns, the molecular packing within the
microribbons from 2–3 and 5–8 was simulated (Fig. S4).
The lattice parameters of the microribbons from 1–9 are
summarized in Table I. Clearly, the molecular orientation along
the (100) and (010) directions within the microribbons from
1–9 [as indicated in Fig. 1(f)] are similar (Table I), while the
interlayer distance along the (001) direction increases with the
length of the side chain (Table I). Notably, a dramatic change in
the interlayer distance along the (001) direction (i.e., from 1.6
to 2.6 nm) has no effect on the optical properties of the resulting
microribbons [Fig. 2(a)]. This observation indicates that the
interlayer molecular packing is excitonic uncoupling, while
the intralayer molecular packing exhibits a strong excitonic
coupling and determines the optical properties. This result is
reminiscent of other weakly coupled excitonic bilayer systems
separated by long alkyl chains [34].

FIG. 2. (a) UV-vis and fluorescence spectra of the microribbons
from 1 to 9. (b)–(d) Experimental and calculated XRD patterns of
the microribbons from 1 (b), 4 (c), and 9 (d). (e) The molecular
arrangement within the microribbons from 1, 4, and 9.

We observed that the microribbons with longer alkyl
side chains became angled and curved with the increasing
interlayer distance (as shown in Figs. 1 and 2, as well as
Fig. S4), suggesting that the microribbons softened with larger
interlayer distances. To corroborate this, we used atomic
force microscopy (AFM) to perform a three-point bending
test [35] on microribbons bridged over a trench on a Si
wafer, which allowed precisely measuring the elastic modulus
[Fig. 3(a)]. The surface of the microribbon is smooth (Fig. S5),
thereby excluding the possible influence of large defects on
the elastic modulus. By following the reported method, the

TABLE I. Lattice parameters of the microribbons from 1 to 9.

Molecule a (Å) b (Å) c (Å) α β γ

1 4.47 8.44 16.26 87◦ 84◦ 85◦

2 4.48 8.40 17.34 87◦ 88◦ 89◦

3 4.41 8.38 19.23 87◦ 86◦ 88◦

4 4.49 8.39 19.72 86◦ 88◦ 83◦

5 4.49 8.48 20.84 87◦ 86◦ 89◦

6 4.40 8.50 22.31 85◦ 86◦ 82◦

7 4.38 8.39 23.41 86◦ 86◦ 82◦

8 4.37 8.52 24.96 86◦ 86◦ 82◦

9 4.43 8.51 25.99 86◦ 86◦ 82◦
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FIG. 3. (a) Height-mode AFM image of a typical microribbon
assembled from 1 that bridged a trench on a Si substrate. (b) AFM
bending force as a function of the AFM cantilever deflection (curve 1)
and the baseline curve measured at a site where the microribbon was
located on the silica (curve 2). (c) Applied bending force as a function
of the microribbon deflection. (d) Elastic modulus as a function of
the interlayer distance of the microribbons from 1 to 9.

AFM cantilever deflection−AFM bending force curve (curve
1) was obtained from a typical bridged microribbon assembled
from 1 [Fig. 3(b)]. This curve represents the total AFM tip
deflection and exhibits both the effect of indentation by the
tip on the microribbon and the microribbon deflection. To
eliminate the indentation effect, a baseline curve (curve 2)
was also measured on a site of the microribbon located on the
silica. Subtracting curve 2 from curve 1 yielded the bending
force−microribbon deflection relationship of the microribbon
from molecule 1, as shown in Fig. 3(c). The corresponding
data from the other microribbons were obtained in the same
way. Based on these results, the spring constant, Kn, of each
microribbon was calculated from the reciprocal of the slope of
the linear curve of the applied microribbon deflection−AFM
bending force. Assuming that the microribbons comply with
the linear elastic theory, the elastic modulus of a microribbon,
En, can be calculated from the following equation:

En = knL
3

192I
,

where I is the moment of inertia. For a rectangular microribbon
(Fig. S6), I = wh3/12, where w and h are the width and
height of the microribbon, respectively. L is the suspended
length of the microribbon, and Kn is the spring constant of
the microribbon. The dimensional parameters and Young’s
modulus of each microribbon from 1 to 9 are summarized
in Table S1. Figure 3(d) shows the calculated elastic moduli
of the microribbons assembled from 1 to 9 (at least three
microribbons were tested per structure). The elastic mod-
uli dramatically decreased with the increasing microribbon
interlayer distance from 1.3 ± 0.15 GPa (microribbon 1) to
100 ± 15 MPa (microribbon 9). These observations indicate
that longer alkyl side chains enable larger interlayer distances

FIG. 4. The time-dependent morphological changes of typical
microribbons from 2 (a), 6 (b), and 9 (c) when exposed to a scanning
electron beam during SEM measurements (10 KV, 10 μA, 600 K).
(d) Twist velocity (black line) and elastic modulus (blue line) as a
function of the interlayer distance of the microribbons from 1 to 9.
At least six microribbons with similar crystal size were examined for
each type of microribbon.

and in turn decrease the elastic modulus of the resulting
material.

We previously reported that electrons are capable of induc-
ing a π -stacking distortion through the temporary occupation
of the lowest unoccupied molecular orbital of a PDI monomer
within a microribbon and thus give rise to a PDI anionic
radical; this was found to further translate into macroscopic
morphological changes [18]. Inspired by these results, we
postulated that the electrically driven π -stacking distortion
would remain similar within the microribbons from 1 to 9
because of the similar intralayer molecular packing of the
perylene cores; a reduced elastic modulus is expected to
enhance the microribbons’ response to electrons. To validate
our hypothesis, we cast the assembled microribbons onto a
copper grid and selected those with one end free to explore
the electrically driven morphological changes (Fig. 4). All
microribbons from 1 to 9 underwent twisting upon exposure to
the electron beam from SEM measurements (Figs. 4(a)–4(c)
and Fig. S7). Typically, a microribbon (∼15 μm in length
and ∼0.8 μm in width) from molecule 2 took ∼10 min to
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TABLE II. Dimensional parameters of eight microribbons from 2.

No. Ltwist (μm) W (μm) T (μm) S (μm2)

1 9.08 ± 0.05 0.72 ± 0.01 0.21 ± 0.02 0.1512 ± 0.0165
2 8.12 ± 0.05 0.71 ± 0.01 0.20 ± 0.01 0.1420 ± 0.0091
3 11.40 ± 0.07 0.88 ± 0.01 0.19 ± 0.02 0.1672 ± 0.0195
4 6.04 ± 0.05 0.41 ± 0.01 0.16 ± 0.02 0.0656 ± 0.0098
5 5.74 ± 0.04 0.69 ± 0.01 0.12 ± 0.01 0.0828 ± 0.0081
6 9.80 ± 0.06 0.51 ± 0.01 0.25 ± 0.02 0.1275 ± 0.0127
7 8.94 ± 0.04 0.48 ± 0.01 0.17 ± 0.02 0.0816 ± 0.0113
8 19.14 ± 0.08 0.98 ± 0.01 0.31 ± 0.02 0.3038 ± 0.0227

twist a full 540° [Fig. 4(a)], while microribbons from 6 and 9
with similar dimensions took only 3 min [Fig. 4(b)] and 47 s
[Fig. 4(c)], respectively, to finish the same twisting process.
The dependence of twisting velocity with the increasing of
interlayer distance is concluded in Fig. 4(d). Note that the
twisting of the microribbons was not reversible, likely because
an irreversible molecular reorganization within the microrib-
bons occurred during the morphological change. These results
clearly confirm that the electrically driven twisting response
of the microribbons can be effectively controlled by the elastic
modulus, which is successfully tuned by the interlayer distance
within the layered microribbons.

To further reveal how the electrically driven π -stacking
distortion generates the twisting of the microribbon, we
used the screw-dislocation model [36–38] and interfacial
strain model [19] to analyze the periodic twisting behaviors.
Here, we chose microribbons assembled from 2 because they
exhibit a proper twisting rate and an appropriate stiffness
to easily deposit them with one end free on a copper grid.
The dimensions of eight microribbons assembled from 2
[including width (W ), thickness (T ) and pitch length (Ltwist)]
were measured, and the results are summarized in Table II.
Given that the microribbon has a rectangular cross section,
as confirmed by the AFM image, the area of the cross
section of the microribbon (S) was calculated from W and
T (Table II). By fitting our data to the screw-dislocation
theory,

Ltwist = 2πkS

b
, (1)

where k is a constant on the order of unity, and b is the
magnitude of the screw-dislocation defect dependent on the
Burgers vector. A line with a slope of 69.537 and a good
R2 value of 0.96 were obtained (Fig. 5). Thus, a value of
b = 0.09 μm was obtained (k was set as 1) to predict the void
diameter (D) of the twisted microribbon using the following
equation:

D = Gb2

4π2γ
= Eb2

8(1 + μ)π2γ
, (2)

where E is the elastic modulus, μ is Poisson’s ratio, and γ is the
surface energy. When we set Poisson’s ratio as μ = 0.3 [39]
and γ = 0.2 J/m2 [40] (typical values for organic materials), a
value of D = 0.32 μm was obtained for the microribbon from
2 with an elastic modulus of 800 MPa. This calculated D value
agrees well with the experimental value of D = 0.43 μm, as
shown in Fig. 4(a). The above linear fit and the consistency

FIG. 5. Linear fit of the pitch length of the twisted microribbons
as a function of the cross-sectional area with Eq. (1), resulting in a
slope of 69.537 and an R2 of 0.96 (R2 represents the coefficient of
determination of the linear fit).

of the calculated and experimental D values indicate that
the twisting of the microribbon follows the screw-dislocation
mechanism, i.e., the diagonal force relative to the microribbon
axis generated from electrical excitation induced the screw
dislocation of the monomers within the microribbon and in
turn the macroscopic twisting of the whole microribbon.

We also fit our data to the interfacial strain model [19] and
obtained a linear fit with a poor quality of R2 = 0.87 (Fig. S8),
indicating that the interfacial strain mechanism, which usually
operates in systems containing a photochemical reaction or
photoisomers [9,19,20,41,42], is not operative in our twisted
microribbons. Here, a notable feature of our system is the
application of π -stacking distortion rather than widely used
molecular motors or switches as the electroactive components,
which would conveniently enrich electroresponsive systems
based on a wide range of organic crystals.

In conclusion, we report a class of layered microribbons
self-assembled from PDI molecules, which exhibited fast
electrically driven twisting. We demonstrated that the elasticity
moduli of the resulting layered microribbons can be effectively
reduced (i.e., from 1.5 GPa to 75 MPa) by only increasing
the interlayer distance (by increasing the length of the alkyl
side chains) without interrupting the intralayer molecular
orientation. The reduced elasticity modulus favors the elec-
trically driven twisting, resulting in an inverse dependence
of the twisting rate on the elasticity modulus. Analyzing the
mechanism indicated that the twisting of the microribbons
arises from a screw dislocation of the monomers by a diagonal
π -stacking distortion relative to the microribbon axis, which
in turn translates into the macroscopic twisting of the whole
microribbon. This work presents a way of developing soft
materials with a fast response to external stimuli. We expect
that controlling the interlayer spacing by designing functional
side chains of various lengths could be extended to modulating
the mechanical properties of other layered materials under
different circumstances, such as graphene [43], graphene
oxide nanomaterials [27], perovskites [44–47], and other soft
materials [28,48–51].
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