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 We report thermo-mechanically responsive and thermochromic 

behavior in the single crystalline organic semiconductor 

butoxyphenyl N-substituted naphthalene diimide (BNDI). We 

show that initially monoclinic single crystals of BNDI undergo a 

single-crystal to single-crystal transition to a triclinic phase. This 

transition accompanies large changes in the crystal packing, a 

visible decrease in crystal size, reversible thermochromic 

behavior, and motion including bending, jumping, and splitting. 

We have shown that by fixing single crystals to a surface, we can 

harness the energy of the phase transition to create a single 

crystal cantileaver capable of lifting small weights. 

 

     Kinetic stimuli responsive behavior—the ability to move in 

response to the input of energy from an external source—has 

been engineered in a wide range of flexible materials from 

bulk polymers1-7 to viral nanoparticles.8-10 These soft materials 

readily undergo chemical functionalization and stimuli 

responsiveness can be straightforward to introduce.1 Finding 

such motion in highly crystalline solids is still unusual and 

surprising.11, 12 That said, recent examples of single crystals 

that bend, jump13, 14 split,15, 16 coil,17 and explode18 when 

prodded into undergoing either a phase transition or 

topochemical reaction19-23 have emerged in the literature. This 

rapid and controllable dynamic behavior has attracted some 

interest owing to potential applications as micron or nanoscale 

actuators for smart medical devices, artificial muscles, sensors, 

and memory devices.12, 24-27 In most cases, this induced motion 

leads to disintegration after the phase transition; thus, such 

crystals are not suitable for structure determination following 

actuation.  In contrast, only a few examples14-29 of organic 

molecular crystals showing thermo-mechanical single crystal-

to-single crystal (SC-SC) transitions have been reported. 

Donor-accepter stacks containing electron deficient 

naphthalene diimide subunits and electron rich 

dialkoxynaphthalene subunits have been shown to undergo 

phase transitions in response to temperature changes—giving 

rise to thermochromism.
28

 What is not clear is if this thermal 

responsiveness is a general phenomenon to planar aromatics 

or if it is unique to donor-acceptor systems.29-31 In other 

words, we wondered if similar thermo-responsive behavior 

could be achieved with just a single type of subunit—either 

single crystals containing only an electron donor or an electron 

acceptor. In the course of this study, we discovered that the 

monoclinic polymorph (α-phase) of single crystals containing 

exclusively butoxyphenyl N-substituted naphthalene diimide 

(BNDI) (Figure 1a) not only undergo significant intermolecular 

changes in stacking distance, but also, when heated, undergo a 

thermo-mechanical responsive SC-SC change to a reversibly 

thermochromic triclinic (β-phase) system. 
Figure 1. (a) Chemical structure of BNDI; Photographs of polymorphs: the (b) non-

thermochromic α-phase and the (c) thermochromic β-phase. 

This is made all the more interesting because naphthalene 

diimide structures are one of only a handful of n-type organic 

semiconductors
32

 and BNDI is known to have n-type 

semiconducting properties
32, 33

 in the solid state. Intriguingly, 

the concurrent existence of polymorphism
34

 and thermo-

mechanical behavior in the solid state have yet to be reported 
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for any naphthalene diimide—or any perylene derivative for 

that matter—despite several examples of liquid crystalline 

systems
35-37

 and polymers
38

 of these materials showing such 

behavior.
39

 During our initial investigation of BNDI single 

crystals, we found we could induce the quantitative growth of 

two phase-pure BNDI derivatives by changing the solution 

growth conditions. Specifically, we found the known yellow 

monoclinic polymorph (α-phase shown in Figure 1b), which we 

initially believed to be thermally inert based on temperature 

dependent single crystal X-ray diffraction (SXRD) experiments 

and a thermochromic triclinic polymorph (β-phase), which 

produces orange crystals at room temperature (Figure 1c). 

While testing the presumed “thermal-inertness” of the yellow 

α-phase crystals, we discovered that, after heating to around 

400 K and then upon cooling, the crystals became orange and 

displayed identical thermochromic behavior as the triclinic β-

phase. We suspected that the crystals interconverted between 

the two polymorphs, which would have been surprising given 

the large difference in unit cell parameters (Table S1). 

 

 

 

 

 

 
Figure 2. 

Perspective 

projections of 

the 

crystallographic packing in the SC-SC transition from the monoclinic α-phase to 

the triclinic β-phase. Upon heat treatment, the crystal lattice changes from 

herringbone packing to infinite 1D chains stacked co-facially along their π 

surfaces.  The red box represents the unit cells of the respective crystals. Both 

images are oriented along the crystallographic a-axis. 

In most reported cases, thermo-mechanically responsive 

molecular crystals are isosymmetric after the phase transition 

and only minor changes of the unit cell are noted.
40-44

 In the 

instance of BNDI, however, crystal symmetry is not preserved 

and a comparatively massive change in the unit cell is 

observed. Figure 2, for instance, shows both polymorphs along 

the crystallographic a-axis and clearly illustrates these large 

anisotropic changes in packing. We witnessed this first-hand 

when a single crystal of the monoclinic α-phase was evaluated 

by SXRD analysis at room temperature. The crystal was then 

heated in a round bottom flask using an oil bath to around 400 

K, cooled down to 90 K, and SXRD data were collected. The 

thermally transformed polymorph, now in the β-phase, 

continued to diffract, though with some attenuation in long 

range order (Figure S3 and Table S1) and the emergence of 

disorder presumed to be associated with twinning. 

 

Frequently, we found that the crystals would undergo even 

more extreme motion; for instance, rapid vibration and 

jumping were seen, though, about 75% of the time, the 

crystals would bend out of plane (Figure S4-S8). 

     We characterized this dynamic behavior using hot-stage 

microscopy to analyze the morphological and color changes of 

the α-phase during this anomalous transition. When 

millimeter-sized single crystals in the α-phase were heated on 

the stage of a polarized optical microscope, the crystal initially 

expanded, but no movement was observed until the 

temperature reached around 400 K. At that point, a clear 

“wave front” began at one extreme end of a crystal and 

propagated to the other end followed by a change from bright 

yellow to dark yellow (Figure 3 and Movie S1). At this point the 

crystal started showing movements such as cracking, splitting, 

jumping, and bending (Figure S6-S9 and Movie S1-S2). If the 

crystal did not jump out of view, we could then lower the 

temperature of the stage. Once the crystals underwent a 

transformation to the thermochromic β-phase, they changed 

color to red/orange as the stage was reduced to cryogenic 

temperatures (Figure 3). 
Figure 3. Changes of crystal dimensions during the α-phase to the β-phase 

transformation. 

While most of the crystals ended up irreversibly bending 

during the phase transition, some crystals of the α-phase were 

either much less dramatic in movement (Figure S10) or bent 

back into plane following the transition. This allowed us to 

record the contraction of the crystal while it was heated 

beyond the phase transition and then cooled. The crystal 

contracted approximately 5% following the phase transition 

and a further 13% upon cooling to 263 K (Table S2-S3, Figure 3, 

and Figure S4). From our SXRD data it is clear that the 

transition from α-phase to β-phase results in a radically 

different unit cell and it is quite clear the crystals themselves 

change in size. 

 Whilst the dynamic behavior we describe here is uncommon, 

several elegant studies
13, 16, 18, 41-43, 45-47

 have postulated that 

the stress accumulation within the crystal due to the molecular 

rearrangement is transformed into mechanical force. We 

sought to quantify this mechanical force, at least 

rudimentarily, by converting the single crystals into molecular 

single crystal cantilevers. To do this, we glued one end of the 

crystal to the surface of a glass cover slip and a metal ball was 

loaded onto the other end of the crystal (Figure 4). The 
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coverslip was then placed onto a heated stage and we 

recorded its behavior as the temperature passed and then 

retreated from the phase transition temperature. We tried a 

range of crystal sizes and two sizes of metal balls to quantify 

the thermo-mechanical behaviour of this unique system (Table 

S4, Figure S12-S16, and Movies S4-S10). The maximum load we 

were able to lift with 3.5 mm long BNDI crystal was a 4.113 mg 

stainless steel metal ball to a height of 0.24 mm (Figure S15 

and Movie S7). In this case, the metal ball is 91 times heavier 

than the BNDI crystal, the amount of work done by the BNDI 

cantilever is about 0.01 µJ, and the force generated from the 

α-phase to the β-phase transition is 40 μN.  
Figure 4. Thermo-mechanical work of a BNDI cantilever. (a) Before the phase transition. 

(b) After the phase transition. The crystal was heated on a glass slide on the heating 

stage of polarized optical microscope. The mass of the crystal and a 0.5 mm diameter 

tungsten carbide ball is   ̴ 0.0100 mg and 0.8320 mg, respectively.  

     Differential scanning calorimetry (DSC) analysis on bulk 

samples of the yellow monoclinic α-phase had yet another 

surprise in store for us—a second transition at an even higher 

temperature. The DSC scans shown in Figure 5a reveal the 

multiple phase transitions: (1) the expected transition from the 

α-phase to the β-phase at 388 K; (2) followed by a transition to 

a new γ-phase at 479 K; and (3) a return to the β-phase upon 

cooling below 408 K.  When this thermal cycle is repeated on 

the same sample, only the transition between the β-phase and 

γ-phase is observed, indicating that this transition is reversible. 

The DSC data of both polymorphs clearly indicated that this 

phase transition is transforming the α-phase to a more 

thermodynamically stable and highly thermochromic β-phase 

(Figure 5b and Figure S17). During the β-phase to γ-phase 

transformation, the crystals lose some of their crystallinity 

which results in the peak shifting in the second heating cycle 

(Figure 6a).
48, 49

 

     We confirmed the bulk material underwent reversible 

crystallographic phase transitions using variable temperature 

powder X-ray diffraction (PXRD). As shown in Figure 5b, as the 

temperature increases on a sample of pure α-phase BNDI, the 

reflections of the α-phase peaks decrease and a new set of 

reflections corresponding to the β-phase appears. As we 

further increase the temperature, the α-phase completely 

transforms to the β-phase, which then gives way to the γ-

phase at temperatures above 480 K. As we cool down the 

sample to room temperature, the intensity of the β-phase 

peaks increases and the γ-phase completely disappears. Thus 

far, we have been unable to obtain SXRD data of this high 

temperature γ-phase, as the single crystals become 

polycrystalline. Curiously, at these high temperatures, the β-

phase is a bright yellow. Once it enters the γ-phase it suddenly 

becomes orange, indicating that the packing conformation has 

clearly changed into something quite distinct. Notably, upon 

cooling, the crystals again turn yellow at the phase transition 

and then are again thermochromic, and they still strongly 

diffract by PXRD.
50

 
Figure 5. (a) DSC curves for the α-phase; Heating rate is 10 K/min (b) Variable 

temperature PXRD data for the α-phase. 

Conclusions 

     In summary, we have demonstrated the SC-SC polymorphic 

transition of the α-phase of the organic semiconductor BNDI to 

its highly thermochromic β-phase followed by a reversible 

polymorphic transition to a γ-phase, which only exists at high 

temperatures. During the polymorphic α-phase to β-phase 

transition, the crystal symmetry has been changed from 

monoclinic to triclinic, which accompanied massive stress 

accumulation within the crystal. According to our polarized 

optical microscope data, the α-phase of BNDI shows 

mechanical responses such as bending, jumping, cracking, and 

splitting upon heating. This thermally induced phase transition 
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could be very useful in microelectronic devices. As a proof of 

principle, we used the force generated by this thermally driven 

phase transition to lift a metal ball nearly two orders of 

magnitude heavier than the crystal itself. Further, the notion 

that polymorphs of naphthalene diimides—an important class 

of organic semiconducting materials—are thermo-

mechanically sensitive, with each polymorph showing distinct 

solid state behavior, could have important implications for the 

field of organic semiconductors. 
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solid-state and computational analysis of it will be followed 
up in a subsequent publication. 

Page 5 of 5 ChemComm

C
he

m
C

om
m

A
cc

ep
te

d
M

an
us

cr
ip

t

Pu
bl

is
he

d 
on

 2
1 

A
ug

us
t 2

01
7.

 D
ow

nl
oa

de
d 

by
 F

ud
an

 U
ni

ve
rs

ity
 o

n 
21

/0
8/

20
17

 1
3:

00
:3

5.
 

View Article Online
DOI: 10.1039/C7CC04346E

http://dx.doi.org/10.1039/c7cc04346e

