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Changing gears to neutral in a polymorph of one-

dimensional arrays of cogwheels pairs of molecular 

rotors  
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We report on a polymorph (2) of an amphidynamic 

crystal of molecular rods with two helical 1,4-

bis(ethynyl)bicyclo[2.2.2]octane rotators where half of the 

rod-like molecules appear to be shifted with respect to 

their closest neighbours; this translation takes cogwheel-

like pairs of rotators apart in the lattice in such a way 

that their motion becomes uncorrelated while keeping 

with the properties of the former polymorph (1) related 

to the handedness of the rotors and to ‘mutamer’-induced 

second-harmonic generation.   

Applications of molecular machines in materials science and 
nanotechnologies require in-depth understanding and control of 
the complex dynamics of their moving parts.1-8 An example in 
this respect is the coupled analysis of variable-temperature 1H 
spin-lattice relaxation data and rotor-rotor interaction-energy 
calculations concluding that the rotational motion between 
neighboring molecules assembled in one-dimensional crystalline 

arrays (Figure 1a) is correlated: adjacent 1,4-
bis(ethynyl)bicyclo[2.2.2]octane rotors move so closely as to 
rub against each other in a pair, just like cogwheels in 
microscopic clockwork.9 Here, we report the discovery and 
dynamic properties of a polymorph of this system, hereafter 
referred to as polymorph 2 (Chart S1).  

In order to probe the anisotropy of the 1H spin-lattice 
relaxation of this one-dimensional system, we sought to carry 
out experiments on one single crystal aligned in the magnetic 
field. Hence, attempts at growing a single crystal larger than 
those obtained previously were conducted by slow cooling of a 
refluxing acetonitrile solution of a crystalline sample of the 
former polymorph 1 (see the supplementary information). Note 
that crystals of polymorph 1 were typically obtained by a 
different procedure by which the flask of hot acetonitrile 
solution was left to cool off out of the oil bath. The present slow 
crystallization protocol yields thinner, plate-like single crystals 
of a different habit (Chart S1). The two polymorphs have the 
same monoclinic system and C2/c space group, yet their unit 

cells and structures (see supplementary information) are 
different: a = 36.831(3) [31.539(6)], b = 6.1181(4) [8.3673(8)], 
c = 12.2456(12) [10.2441(9)] Å, β = 99.224(7) [97.164(8)]°, V 
= 2723.7(4) [2682.3(6)] Å3; for polymorphs 2and [1] 
, respectively. While polymorph 2 
retains the one-dimensional character of a self-assembled 
structure of parallel C–H···N hydrogen-bonded (Table S1) 
strings of tetrayne molecules with two rotors (Figure 1), and 
thereby the unique director of the rotors’ axles, the 4 Å 

translation of every other rotor axle (Figure 1b) that occurs in 
polymorph 2222 suppresses the cogwheel-like pairs of molecular 
rotors characteristic of the former polymorph 1. The translation 
along the rotors’ axle that occurs in polymorph 2 is likely to 
relax the constraints inherent in polymorph 1 to the set of H···H 
distances shorter than 2.4 Å because of the close proximity 
between rotors within a pair (Figure 1a).9 Indeed, in the novel, 4 
Å shifted structure, all H···H contacts in which the rotors are 
engaged are larger than 2.53 Å. 
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The rotational barriers were evaluated by means of density 
functional theory10 (DFT) calculations. They have been 
estimated exactly as in our previous investigation of polymorph 
1,8 i.e. searching, by means of partial geometry optimizations, 
for the lowest energy path corresponding to the synchronous and 
asynchronous motions of a simplified model with two adjacent 
rotors that have been capped at the two sides. In contrast with 
our results for 1, we found that both barriers are very similar 
with that for the asynchronous motion being only marginally 
larger, 1.8 kcal mol–1. Thus we conclude that only one rotational 
barrier of this order of magnitude should be effectively observed 
for polymorph 2.  

Variable temperature 1H T1 spin-lattice relaxation 
experiments2,8,9 were conducted at 55 MHz (Figure 2) on a 
batch of hand-picked diamond-shaped crystals of polymorph 2 

introduced one by one in a capillary (supplementary 
information). Only one thermally activated relaxation process, 
with a T–1 maximum at ca. 115 K, is observed for polymorph 2 
(red triangles in Figure 2). This corroborates the conclusions of 
the structural and quantum chemistry analysis reported above. 
Remarkably, the T–1 maximum near room temperature 
associated in polymorph 1 to a high energy barrier of 5 kcal 
mol–1 and assigned to the disruption of the correlated motion in 
a pair is indeed not present in polymorph 2. The occurrence of 
one T1

–1 maximum in the whole temperature range is entirely 
consistent with all rotors in polymorph 2 being located far from 
each other on one single crystallographic site with one 
equilibrium position only. This is a salient difference with the 
rotor dynamics in polymer 1 where the two T1

–1 maxima were 
interpreted as corresponding to the different relative motions 
between two rotors in a pair. We recall that for the former 
kinetic polymorph 1, the T–1 maximum at ca. 115 K (blue 
squares in Figure 2) was shown to correspond9 to an activation 
energy of 1.85 kcal mol–1 (930 K) and a pre-exponential factor 
(or attempt frequency) A = 1.82 1012 s–1 (τ0 = 5.5 10-13 s). In 
Figure 2, we show again this fit for comparison. It is clear that 
the single relaxation process for the thermodynamic polymorph 
2 corresponds to the low energy process in polymorph 1. This 
result provides direct experimental confirmation that the 
absence of the 5 kcal mol–1 energy barrier, which had formerly 
been found (in addition to the low-energy barrier) in polymorph 
1, lies with the disruption of the highly-correlated motion 
undergone by the pairs of adjacent rotors in that polymorph.  

In order to evaluate further the differences or similarities in 
the dynamic properties of the two polymorphs, SHG imaging 
experiments were carried out in a single crystal of polymorph 2. 
SHG is well known for its properties as an effective device to 
probe the chirality of a material. Although the lattices of the two 
polymorphs are centrosymmetric and SHG should be expected 
to be absent, a SHG signal was recorded from 2 in a way 
analogous to the signal recorded for 1. In Figure 3, the SHG 

efficiency for both 1 and 2 is normalized to unity. The 
efficiency of polymorph 2 is ca. 25-30 times lower (depending 
on the investigated area) because of the difference of thickness 
of the crystals. Thus, the second-order nonlinearities of 
polymorphs 1 and 2 are comparable. As before, this is evidence 
for a random dynamic conformational switching in the 
handedness of the rotor helices, which at room temperature can 
undergo mutations while preserving on the average the space-
inversion symmetry of the lattice.9 This result shows that as 
regards the torsional degree of freedom of the helix blades 
things keep on in a way similar to the previous material. Only 
the rotational degree of freedom and the way in which this 
rotation is correlated between rotators that are close neighbors in 
the lattice are relevant to the NMR experiment.  
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Conclusions 

Owing to its faster crystallization, the circular, correlated rubbing 
motion in the rotor-rotor pairs of polymorph 1111 shows that a 
significant amount of H···H rotor-rotor interaction energy was stored 
in the lattice already at the outset. Conversely, in the new polymorph 
2, this energy was relaxed adiabatically to a multitude of internal 
degrees of freedom, as the material cooled down slowly, eventually 
converging to a less frustrated crystal lattice with the positions of 
adjacent rotors being repelled far apart. As a result, polymorph 2 is 
more stable, thermodynamically, than the previous one. Remarkably, 
upon alternating from the slow to the fast crystallization procedure 
makes it possible to retransform the structure from 2 to 1 (Figure 
S1), and then again to 2, as if one was changing gears back and forth 
from neutral to drive and then back to neutral. 
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Polymorph 2 is more stable, thermodynamically, than polymorph 1. Remarkably, upon alternating 

from slow to fast crystallization procedure makes it possible to retransform the structure from 2 to 1, 

and then again to 2, as if one was changing gears back and forth from neutral to drive and then back to 

neutral. 
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