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WHAT IS A MECHANICAL BOND?!

Since there is no Covalent Bond!
between the Components!

in a !
Catenane or Rotaxane!

the Linkage!
has been called a !

Mechanical Bond!
H. Frisch  Monatsh. Chem. 1953, 84, 250!



CATENANES AND ROTAXANES!

MECHANICALLY INTERLOCKED MOLECULEs MIMs!
Chem. Soc. Rev. 2009, 38, 1802!

A Catenane is a mechanically-interlocked molecular 
architecture consisting of two or more interlocked 
macrocycles.!

Wikipedia!
Lt – Catena!
        Chain	
  
A Rotaxane is a mechanically-interlocked molecular 
architecture consisting of a dumbbell-shaped component 
threaded through one or more macrocycles.!

Wikipedia!
Lt – Rota / Axis!
        Wheel / Axle	
  



1994 !       OLYMPIADANE !      1997!

4.2 nm!

David !
Amabilino!
University of Nottingham


David !
Williams!

Imperial College London


[ππ]!
Interactions


DNA!

[C – H O]!
Hydrogen Bonds


80%!

[C – H π]!
Interactions


Proteins!

Angew. Chem. Int. Ed. Engl. 1994, 33, 1286!

Angew. Chem. Int. Ed. Engl. 1997, 36, 2070!4.2 nm!

A Branched [7]Catenane derived from Olympiadane!



1960   STATISTICAL SYNTHESIS   1960!

J. Am. Chem. Soc. 1960, 82, 4433!

Ed Wasserman!

1% Yield!



1964 !DIRECTED COVALENT SYNTHESIS  1964!
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Angew. Chem. Int. Ed. Engl. 1964, 3, 546!

Gottfried Schill!

Published!

1971!



1983 ! TRANSITION METAL TEMPLATION !1983!

Tetrahedron Lett. 1983, 24, 5095! Jean-Pierre Sauvage!



1989 DONOR-ACCEPTOR TEMPLATION 1989!

Angew. Chem. Int. Ed. Engl. !
1989, 28, 1396 !
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Noncovalent Bonding!
Interactions!

[C–H∙∙∙O] ~80%!
[D∙∙∙A] ~20%!

[C–H∙∙∙π] Weak!
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RT!
7 Days!
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J. Am. Chem. Soc., 1991, 113, 5131!

1991! ! A DEGENERATE [2]ROTAXANE!1991!
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Interactions!
[C‒H∙∙∙O] ~80%!

[D∙∙∙A] ~20%!
[C‒H∙∙∙π] Weak!
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~ 2000 times / sec!
@ RT in CD3COCD3!

J. Am. Chem. Soc. 1991, 113, 5131!

A MOLECULAR SHUTTLE ! ! !!
+! +!

+! +! +! +!

+! +!



Acid! Base!

Under!
pH Control!
in CD3CN!

Nature 1994, 369, 133!

1994! !    A MOLECULAR SWITCH ! !!1994!
+! +!

+! +! +! +!

+! +!

+! +!



FABRICATING CROSSBAR DEVICE!



Test!
Top!

Wires 16 nm Wide!
~100 Bistable Rotaxanes!

@ each Junction!
2500 Junctions!

out of!
160000 Probed!

0.08% Circuit Capacity!
Tested!

200 nm Scale Bar!
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Nature 2007, 445, 414!

160-KBit MOLECULAR RAM!

Jim!
Heath!
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MOLECULAR RAM AT 1011 BITS / cm2!

2005 International Technology Roadmap for Semiconductors!

Roughly analogous to the dimensions of a!
DRAM circuit projected to be available by!

2020!WHITE BLOOD CELLS!

DEVICE!
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J. Am. Chem. Soc. 2016, 138, 14242!

BISTABLE [2]CATENANE SWITCHING INSIDE A MOF!

MOF !    Metal-Organic Framework!
SALI !   Solvent-Assisted Ligand Incorporation!

NU-1000!

SALI! OX!

RED!



DRUG DELIVERY SYSTEMS!
Jeff!
Zink!

Chem. Soc Rev. 2012, 41, 2590!
Mesoporous Silica Nanoparticles / MSNPs!



DRUG DELIVERY WITH MECHANIZED MSNPs!



FLASHING ENERGY RATCHET!

ΔE	
  

J. Am. Chem. Soc. 2013, 135, 18609!

Reduction!
Directionally Controlled!

Dethreading!

Oxidation!

+�
+�

+�
+�

Relaxation!

Directionally Controlled!
Threading!



TAKING INSPIRATION FROM NATURE!

Steric !
Barrier!

IPP!

Recognition!
Site!
DNP!

Coulombic !
Barrier!

PY+!

Bacteriorhodopsin!

Switch!

H+!

H+!

Molecular Pump Prototype!
Reduction!

Oxidation!

J. Am. Chem. Soc. 2013, 135, 18609.!



Nature Chem. 2010, 2, 42! J. Am. Chem. Soc. 2014, 136, 14702!

INTRODUCING RADICALS!

Kα = 50400 M‒1 

Attraction under reduced conditions 

Repulsion under oxidized conditions 

ΔG	
  = ‒ 6.4 kcal mol‒1 
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2013 !RADICAL TEMPLATION !2013!
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Science 2013, 339, 429 !
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Angew. Chem. Int. Ed. 2010, 49, 8260 
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Coulombic!
Repulsion!



Coulombic !
Barrier!

Radical !
Recognition !

Site!
Potentially!

Steric!
Barrier!

Ring!
Collecting!

Chain!

Initial Free Ring State! Final Ring Resting State!

Nature Nanotechnology 2015, 10, 547!

MOLECULAR PUMP DESIGN BLUEPRINT!

Bisradical Dication!
Potentially!

Reduce�

Oxidize �

Reduce�

1.	
  Oxidize �

Δ �

2.	
  Δ �



PUMPING ONE FOLLOWED BY TWO RINGS!

Nature Nanotechnology 2015, 10, 547!
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AWAY 
FROM 

EQUILIBRIUM!
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Reduce! Oxidize!

A MULTISTROKE MOLECULAR PUMP IN THE MAKING!

ENTROPICALLY	
  DOMINATED	
  POLYROTAXANES	
  

  Each cycle traps one ring in a high energy state!
  Some of the energy input is trapped!

  Work is done!!

Nature Nanotechnology 2015, 10, 547!



Ongoing!
Research!

Light-­‐powered	
  
autonomous	
  
molecular	
  
machine	
  

Work	
  
progressively	
  

and	
  
repeUUvely	
  

Entropically	
  
dominated	
  
polyrotaxane	
  
formaUon	
  

A LIGHT-POWERED POLYROTAXANE SYNTHESIZER!



PUMPING RINGS ON TO POLYMERS WITH DUAL PUMPS!



OXIDATION! FAST!

REDUCTION!

HIGHLY UNSTABLE!
SPECIES!

VERY STABLE !
SPECIES!

Kinetics of Association and Dissociation!
Can be modulated!

ACS Nano 2015, 9, 8872!

LIKE-CHARGE !
REPULSION!

KEY FACTORS IN DESIGNING NON-EQUILIBRIUM SYSTEMS!



CHEMISTRY AWAY-FROM-EQUILIBRIUM!

WHAT ARE SOME OF !
THE BIG QUESTIONS?!

What are the!
consequences!

of!
dissipation!

on!
materials!

properties?!

How do we!
design systems!

that operate!
repetitively!

and!
progressively!

away-from-equilibrium?!

Slide-Ring Gels!

Kohzo Ito and Kazuaki Kato!

Artificial Molecular Pump!

Nature Nanotechnology!
2015, 10, 547–553!
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“Scientific discovery is not yet predictable. If you have an 
exciting road to follow do not be put off by those who say there 
is nothing at the end of it; they do not know. Persevere, and 
enjoy the excitement of exploring the unknown.”!

Chatt, J. Platinum Met. Rev. 1985, 29, 126!

Alfred Werner!
1866–1919!

Joseph Chatt!
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Second-Sphere Coordination!
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