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Brounian motion — consequence of scale
Promissory Nanomolecular Devices

R. Brown Philos. Mag. 1828, 4, 171–173;
A. Einstein Ann. Phys. 1905, 17, 549–560;
J. Perrin Atoms (English Translation: D. L. Hammick), 2nd English ed., Constable & Co., London, 1923.

•• Brownian motionBrownian motion named after the Scottish botanist Robert Brown, who in 
1827 noted through his microscope the incessant, haphazard motion of tiny 
particles within translucent pollen grains suspended in water.

•• An explanation of the phenomenonAn explanation of the phenomenon was provided by Einstein
in one of his three celebrated papers of 1905.

•• Proven experimentally Proven experimentally by Perrin over the next decade.

A typical motor proteintypical motor protein consumes ATP fuel at a rate of 100–1000 molecules 
every second, which corresponds to a maximum possible power output in the 
region of 10–16 to 10–17 W per molecule.
When compared with the random environmental buffetingrandom environmental buffeting of approximately 
10–8 W experienced by molecules in solution at room temperature, it seems 
remarkable that any form of controlled motion is possible.
To reduce random thermal fluctuations to 10%reduce random thermal fluctuations to 10% of the amount present at 
room temperature, one would have to drop the temperature from 300 K to 3 K.
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Maxwell’s and Szilard’s “temperature” or “pressure demon”
Promissory Nanomolecular Devices

MaxwellMaxwell’’s s ““temperature demontemperature demon””
in which a gas at uniform 
temperature is sorted into
“hot” and “cold” molecules.

J. C. Maxwell, Theory of Heat, Longmans, Green and Co., London, 1871, chap. 22;
L. Szilard Z. Phys. 1929, 53, 840 – 856.

SzilardSzilard’’s engines engine which utilizes a 
““pressure demonpressure demon””

A MaxwellianMaxwellian ““pressure demonpressure demon””
in which a pressure gradient is 
established by the door being 
opened only when a particle in the 
left compartment approaches it.[
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Smoluchowski’s trapdoor and Feynman’s ratchet and pawl

Marian von Smoluchowski Physik. Z. 1912, 13, 1069-1080;
R. P. Feynman, R. B. Leighton, M. Sands The Feynman Lectures on Physics, Vol. 1, Addison-Wesley, Reading, MA, 1963, chapt. 46.
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Brownian motion of the gas molecules on the paddle wheel in the
right-hand compartment can do work by exploiting the asymmetry of
the teeth on the cog of the ratchet in the left-hand compartment.

Only if TT11 ≠≠ TT22 then the system will directionally rotate.

SmoluchowskiSmoluchowski’’ss trapdoor trapdoor aims to 
transport particles selectively from the left 
compartment to the right.

Without energy dissipation the probability of 
a particle moving from left to right is equal to 
that for moving right to left and so the 
trapdoor cannot accomplish its intended 
function adiabatically.
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Molecular-Level Machines
Promissory Nanomolecular Devices

D. A. Leigh, F. Zerbetto, and E. R. Kay Angew. Chem. Int. Ed. 2007, 46, 72–191.

““SwitchSwitch”” influences a system as a function of state.
Returning a molecular-level switch to its original position
undoes any mechanical effect it has on an external system

““MotorMotor”” influences a system as a function of the trajectory of 
its components or the substrate.
When the components of a rotary motor return to their 
original position through a different pathway to the one they 
left by (namely, a 360°C directional rotation), a physical task 
performed by the machine is not inherently undone.

Switches cannot use chemical energy to repetitively and progressively
drive a system away from equilibrium, whereas a motor can.

Net directionality of rotation allows 
work to be done, e.g. winding up of 

a polymer chain.

Rotary motor
Rotary switch

Translational motor/pump (to the right)

Never at thermodynamic equilibrium, a
translational motor moves itself or a

substrate/cargo processively along a track

Pumps a substrate against 
a concentration gradient

Translational switch
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“Molecular brakes” induced by metal-ion binding and redox chemistry

T. R. Kelly, M. C. Bowyer, K. V. Bhaskar, D. Bebbington, A. Garcia, F. R. Lang, M. H. Kim, M. P. Jette J. Am. Chem. Soc. 1994, 116, 3657–3658.
P. V. Jog, R. E. Brown, D . K. Bates J. Org. Chem. 2003, 68, 8240–8243.
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Putting a Putting a ““stickstick”” in the in the ““spokesspokes””::
free rotation of a triptycyl group
is halted by the conformational change 
brought about by complexation of the 
appended bipyridyl unit with Hg2+ ions.

Both oxidized forms of the sulfur 
side chain exhibit markedly 
increased barriers to rotation 
around the N-aryl bond.
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A chemically powered unidirectional rotor

T. R. Kelly, H. De Silva, R. A. Silva, Nature 1999, 401, 150–52;
T. R. Kelly, R. A. Silva, H. De Silva, S. Jasmin,Y. J. Zhao, J. Am. Chem. Soc. 2000, 122, 6935–6949.

Promissory Nanomolecular Devices

Molecular realizationMolecular realization
of the Feynman adiabatic ratchet and pawlof the Feynman adiabatic ratchet and pawl:
a helicene plays the role of the pawl in 
attempting to direct the rotation of the attached 
triptycene “cog wheel” in one direction as a 
result of the chiral helical structure.
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Chemically driven directional 180° rotary motion
Promissory Nanomolecular Devices

W. L. Mock, K. J. Ochwat, J. Phys. Org. Chem. 2003, 16,175–182.

In the process of catalyzing the hydration of its ketenimine fuel 
to give a carboxamide waste product epimerization of the
stereogenic center in the motor occurs
(formally rotation around a C–O bond).
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Schematic representation of unidirectional rotation
around a single bond through four states

S. P. Fletcher, F. Dumur, M. M. Pollard, B. L. Feringa Science 2005, 310, 80–82.
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Reactions:Reactions:
1) Stereoselective reduction with (S)-Corey–Bakshi–Shibata catalyst (CBS) then allyl protection.
2) Chemoselective removal of the PMB group resulting in spontaneous lactonization.
3) Stereoselective reduction with (S)-CBS then protection with a PMB group.
4) Chemoselective removal of the allyl group resulting in spontaneous lactonization. 5)Oxidation to carboxylic acid.

N

In states A and CIn states A and C rotation is restricted by a covalent linkage, 
but the allowed motion results in helix inversion
In states B and DIn states B and D rotation is restricted by nonbonded
interactions between the two halves of the system

B
O

Ph
PhH

R

R = H, Alk.
CBS catalyst
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Operational sequence and potential energy profile
of the first light-driven unidirectional 360°C molecular rotary motor

Promissory Nanomolecular Devices

N. Koumura,R. W. J. Zijlstra,R. A. van Delden, N. Harada, B. L. Feringa, Nature 1999, 401, 152–155;
B. L. Feringa, N. Koumura, R. A. van Delden, M. K. J. ter Wiel Appl. Phys. A 2002, 75, 301–308.

1) Irradiation of (3R,3´R)-(P,P)-trans-isomer causes 
chiral helicity directed clockwise rotation of the upper 
half relative to the lower portion, at the same time 
switching the configuration of the double bond and 
inverting the helicity to give (3R,3´R)-(M,M)-cis-
product.

2) At ambient temperatures the system relaxes through 
a second, thermally activated helix inversion.

3) Irradiation of (3R,3´R)-(P,P)-cis-isomer results in a 
second photoisomerization and helix inversion to give 
(3R,3´R)-(M,M)-trans-product.

4) Again, the methyl substituents are placed in an 
energetically unfavorable position by the 
photoisomerization reaction and thermal relaxation 
completes the 360°C rotation, thereby regenerating 
the starting species (3R,3´R)-(P,P)-trans-substrate.

As the photoisomerizationphotoisomerization processprocess in such systems is 
extremely fastextremely fast (<300 ps), the raterate--limiting steplimiting step is the slowest 
of the thermally activated thermally activated isomerizationisomerization reactionsreactions.
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Controlling the rate of relative rotations of porphyrin ligands
in cerium bis[tetrakisarylporphyrinate] double-decker complex

K. Tashiro,K. Konishi, T. Aida J. Am. Chem. Soc. 2000, 122, 7921–7926.

Promissory Nanomolecular Devices

rotation around the metal center
is slow enough to permit isolation of the two
enantiomers by chiral HPLC

Reduction of the metal center increases
the rate of racemization by over 300-fold.

This effect is thought to derive from a reduced π–π interaction between the
two ligands as a consequence of the larger ionic radius of the
metal center in the lower oxidation state
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Positive homotropic allosteric binding in a double-decker complex

M. Takeuchi, T . Imada, S . Shinkai Angew. Chem. Int. Ed. 1998, 37, 2096–2099;
A. Sugasaki, M. Ikeda, M. Takeuchi, A. Robertson, S. Shinkai, J. Chem. Soc. Perkin Trans. 1 1999, 3259–3264.

Promissory Nanomolecular Devices

AllostericAllosteric receptorreceptor for:

γ-dicarboxylic acids
β-dicarboxylate anions
potassium ions
mono- and oligosaccharides
(even in aqueous solution)
silver ions

Rotary motionRotary motion in sandwich 
complexes can be interruptedcan be interrupted
by the binding of a ditopic guest 
between recognition sites on
each of the two rings



12Dr. B. Tkachenko2.11.2007.     JLU Giessen

Stimuli-Induced conformational control around several covalent bonds

J. Rebek, Jr., J. E. Trend, R. V. Wattley, S. Chakravorti J. Am. Chem. Soc. 1979, 101, 4333–4337;
J. Rebek, Jr., T. Costello, L. Marshall, R. Wattley, R. C. Gadwood, K. Onan J. Am. Chem. Soc. 1985, 107, 7481–7487.
R. J. Abraham, P. Leighton, J. K. M. Sanders J. Am. Chem. Soc. 1985, 107, 3472–3478.
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The pyridyl and porphyrin planes
are switched from perpendicular
to mutually parallel on addition
of pyridine.
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The two different chair formsThe two different chair forms of six-membered alicyclic
rings manipulated not only by covalent substitution:
also by adding and removing metal ions.

Negative Negative heterotropicheterotropic
allostericallosteric effecteffect
the binding of a metal ion to
the bipyridyl ligand forces 
coplanarity of this unit, thus 
distorting the crown ether 
conformation and diminishing
its ability to bind potassium ions
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Conformational bistability in resorcin[4]arene cavitands

P. Timmerman, W . Verboom, D. N. Reinhoudt Tetrahedron 1996, 52, 2663–2704;
P. R. Ashton et al. Chem. Eur. J. 1997, 3, 152–170.

Conformational changes with large amplitude.Conformational changes with large amplitude.

Reversible switching can be achieved with a:
• changing the temperature;
• changing the pH value;
• coordination of metal ions to quinoxaline nitrogens;
• changing solvent.

Intramolecular interactions controlled remotely
MacrocycleMacrocycle adopts adopts selfcomplexedselfcomplexed
conformationconformation stabilized by:
π–π charge-transfer interactions;
hydrogen bonds.

Method to Method to ““switch offswitch off””:
cyclophane electrochemical reduction.
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Self formation of double helices from aromatic oligoamides

R1 = OC10H21

R2 = C9H19

Promissory Nanomolecular Devices

R2

V. Berl, I. Huc, R. G. Khoury, M. J. Krische, J.-M. Lehn Nature 2000, 407, 720–723;
V. Berl, I. Huc, R. G. Khoury, J.-M. Lehn Chem. Eur. J. 2001, 7, 2798–2809; 
V. Berl, I. Huc, R. G. Khoury, J.-M. Lehn Chem. Eur. J. 2001, 7, 2810–2820.
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Helix structureHelix structure is stabilized through 
intermolecular π–π stacking interactions,
with hydrogen bonding determining
the helical conformation of each strand.

The doubleThe double--helixhelix structure is asymmetric.
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pH-switched helix formation using a metal-ion template
Promissory Nanomolecular Devices

M. Barboiu, J.-M. Lehn Proc. Natl. Acad. Sci. USA 2002, 99, 5201–5206.

Reversable and repeatable process.Reversable and repeatable process.



16Dr. B. Tkachenko2.11.2007.     JLU Giessen

Metal ion triggered single/double helix interconversion
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M. Barboiu, G. Vaughan, N. Kyritsakas, J.-M. Lehn Chem. Eur. J. 2003, 9, 763–769.
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Cation-induced substrate release and binding
as a result of large-amplitude conformational changes

Promissory Nanomolecular Devices

A. Petitjean, R. G. Khoury, N. Kyritsakas, J.-M. Lehn, J. Am. Chem. Soc. 2004, 126, 6637–6647.

On binding zinc ions, W-shaped 
terpyridine adopts U shape,
thus aligning the electron-rich 
anthracene moieties so that 
electron-poor guests can be 
intercalated in the cavity.

The two anthracene groups are held in a parallel arrangement, 
thereby creating a molecular tweezerlike cavity in which 
electronpoor guests can be bound.
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Switchable host–guest and intramolecular ion translocation systems
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S. Shinkai, T . Nakaji, T. Ogawa, K. Shigematsu, O. Manabe J. Am. Chem. Soc. 1981, 103, 111–115;
S. Shinkai, M. Ishihara, K. Ueda, O. Manabe J. Chem. Soc. Perkin Trans. 2 1985, 511–518;
L. Fabbrizzi, F. Gatti, P. Pallavicini, E. Zambarbieri Chem. Eur. J. 1999, 5, 682–690.

Binds two ions (preferentially Na+) Binds one ion (preferentially Rb+)

(E)

(Z)

In the (Z) form(Z) form intramolecular binding of the 
ammonium ion to the crown ether preventsprevents
recognition of other cations in the medium, 
while thermal isomerization to give (E) (E) 
restoresrestores the properties of the crown ether 
necessary for binding alkali metal cations.(E)

(Z)

Photoresponsive “molecular tweezers” exhibit 
high selectivity for binding large large cationscations such as 
Rb+ when in the ciscis formform and selectivity for 
small small cationscations such as Na+ in the transtrans formform.

The anion translocation was 
demonstrated experimentally
not to be concentrationnot to be concentration--dependentdependent,
in contrast to an analogous
three-component system
(Cu receptor + Ni receptor + Cl)
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Rotaxanes as a “Molecular shuttle”
Promissory Nanomolecular Devices

P. L. Anelli, N. Spencer, J. F. Stoddart J. Am. Chem. Soc. 1991, 113, 5131–5133;
A. S. Lane, D. A. Leigh, A. Murphy, J. Am. Chem. Soc. 1997, 119, 11092–11093.

Macrocycle moving between the 
two hydroquinol stations in a 
temperature-dependent fashion.

The shuttling mechanism requires at least partial 
rupture of the intercomponent interactions at one 
station before formation of new interactions at a 
second station. If the kinetic barrier can be made to 
be significantly larger than the available thermal 
energy, the shuttling will stop.

As little as 5% methanol-d4 increases the shuttling 
rate by more than two orders of magnitude in 
halogenated solvents.
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Controlling rotational motion in rotaxanes
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V. Bermudez, N. Capron, T. Gase, F. G. Gatti, F. Kajzar, D. A. Leigh, F. Zerbetto, S .W. Zhang Nature 2000, 406, 608–611;
F. G. Gatti, S . Lecn, J . K. Y. Wong, G. Bottari, A. Altieri, M. A. F. Morales, S . J. Teat, C. Frochot, D. A. Leigh, A. M. Brouwer, F. Zerbetto Proc. Natl. Acad. Sci. USA 2003, 100,10–14.

ChallengesChallenges in terms of control:

• the frequency of the random motion
achieved through 
— temperature,
— structure,
— electric fields,
— light, 
— solvent effects

• directionality
— to be demonstrated

Application of a.c. fields of around 50 Hz resulted 
in unusual Kerr effectKerr effect responses which are 
unique to the interlocked architecture (they are 
not observed for either of the components alone).
Variable temperature 1H NMR experiments
and molecular-modeling studies confirmed that 
macrocyclemacrocycle pirouettingpirouetting.

Another approach: application of a stimulus which directly alters 
the structure of the thread or macrocycle.
The decrease in intercomponent binding affinity on 
photoisomerization of the fumaramide units to the cis-maleamide
isomers gives a huge increase in the rate of pirouetting
of more than 106.
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to be continued...


