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Synthesis of anthropomorphic molecules: the NanoPutians, Stephanie H.
Chanteau and James M. Tour, Journal of Organic Chemistry 68, 23,
8750—66 (2003).

Nanoscience and Nanotechnologies: Opportunities and Uncertainties, The
Royal Society and the Royal Academy of Engineering; (https://roya
Isociety.org/-/media/Royal_Society_Content/policy/publications/
2004/9693.pdf).

Scanning Probe Microscopy: From Sublime to Ubiquitous, American Physical
Society collection of influential SPM papers. (https://journals.aps.org/
prl/scanning-probe-microscopy).

Positioning single atoms with a scanning tunnelling microscope, D. M. Ei-
gler and E. K Schweizer, Nature 344, 524—6 (1990).

Feynman'’s fancy, Philip Ball, Chemistry World 8 Jan. 2009.

There’s plenty of room at the bottom, R. P. Feynman, Engineering and
Science 23, 22-36 (1960). (https://calteches.library.caltech.edu/1976/
1/1960Bottom.pdf).

Van der Waals interactions and the limits of isolated atom models at in-

terfaces, S. Kawai et al., Nature Communications 7, 11559 (2016).
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Perplexed by Pauli, P. Moriarty, (https://muircheartblog.wpcomstaging
.com/2014/08/15/perplexed-pauli/).
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A Boy and His Atom, (https://www.youtube.com/watch?v=0SCX78-8-q0)

Confinement of electrons to quantum corrals on a metal surface, M. F.
Crommie, C. P. Lutz, and D. M. Eigler, Science 262, 218 (1993).

For much more on the deep links between the physics of music—in partic-
ular, heavy metal—and quantum mechanics, see When the Uncertainty
Principle Goes to 11, P. Moriarty (Ben Bella Books, 2018).

Quantum rings engineered by atom manipulation, Van Dong Pham, Kiyoshi
Kanisawa, and Stefan Folsch, Physical Review Letters 123, 066801
(2019).

Realization of a particle-in-a-box: electron in an atomic Pd chain,N. M.
Nilius, T. M. Wallis, and W. Ho, J. Phys. Chem. B 109, 20657 (2005).

Michael Faraday’s gold colloids, (https://www.rigb.org/our-history/
iconic-objects/iconic-objects-list/faraday-gold-colloids).

(https://www.lancaster.ac.uk/news/the-nano-guitar-string-that-plays-
itself)

Welcome to Clusterworld, Richard Palmer, New Scientist 22 Feb. 1997.
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ENIAC in Action: Making and Remaking the Modern Computer, Thomas
Haigh, Mark Priestley, Crispin Rope, William Aspray, Thomas J. Misa
(MIT Press, 2016).

Crystal Fire: The Birth of the Information Age, Michael Riordan and Lillian
Hoddeson (W. W. Norton & Company, 1997).
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Atomic-scale desorption through electronic and vibrational excitation
mechanisms, T.-C. Shen et al., Science 268, 1590 (1995)

An Atomic Christmas Tree, Sixty Symbols—(https://www.youtube.com/
watch?v=gRF9hM_eFPU)

Drying mediated self-assembly of nanoparticles, Eran Rabani et al., Nature
426, 271 (2003).

Disorder—a cracked crutch for supporting entropy discussions, Frank
Lambert, Journal of Chemical Education 79,187 (2002) Lambert’s other
engaging and influential papers on the subject of entropy are thor-
oughly recommended and can be sourced via his Wikipedia page.

Random tiling and topological defects in a two-dimensional molecular
network, M. O. Blunt et al., Science 322 1077 (2008)

Digital alchemist seeks rules of emergence, interview with Sharon Glotzer,
Quanta 2017.

(https://www.quantamagazine.org/digital-alchemist-sharon-glotzer-
seeks-rules-of-emergence-20170308/)

Self-organization: the fundament of cell biology, Roland Wedlich-Soéldner
and Timo Betz, Philosophical Transactions of the Royal Society B 373,
20170103 (2018)

The beauty and utility of DNA origami, P Wang et al., Chem 2, 359 (2017).

Transcript of Konstantin Novoselov’s Nobel Prize speech (https://www

.nobelprize.org/prizes/physics/2010/novoselov/lecture/)
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Quotation from Ada Lovelace, Scientific Memoirs Selected from the
Transactions of Foreign Academies of Science and Learned Societies
(1843), Article XXIX
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Information, physics, quantum: the search for links, John A. Wheeler,
Proceedings of the Third International Symposium on the Foundations
of Quantum Mechanics, Tokyo, pp. 354—68 (1989), available at
(https://philpapers.org/archive / WHEIPQ.pdf)

Molecular computation of solutions to combinatorial problems, L. M. Adle-
man, Science 266, 1021 (1994).

Feynman Lectures in Computation, published in paperback by Westview
Press (2000).

Negative differential resistance on the atomic scale: implications for
atomic scale devices, In-Whan Lyo and Phaedon Avouris, Science 245,
1369 (1989).

Molecule cascades, A. ]J. Heinrich, Science 298, 1381 (2002)

A Kkilobyte rewritable atomic memory, F. E. Kalff et al., Nature Nano-
technology 11 926 (2016).

Quantum holographic encoding in a two-dimensional electron gas, C. R.
Moon et al., Nature Nanotechnology 4, 167 (2009).

Binary atomic silicon logic, T. Huff et al., Nature Electronics 1, 636 (2018).

Spin mapping at the nanoscale and atomic scale, Roland Wiesendanger,
Rev. Mod. Phys. 81, 1495 (2009).

Coherent spin manipulation of individual atoms on a surface, Kai Yang
et al., Science 366, 509 (2019).

Silicon quantum computing: (https://sqc.com.au)
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How to build and race a fast nanocar, G. J. Simpson, Nature Nanotechnology
12, 604 (2017)

Kinesin motor transports vesicle along microtubule, (https://www.youtube
.com/watch?v=plvQCOE9s_k)
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Supraheroes, Emma Stoye, Chemistry World 14 Oct. 2016, (https://www
.chemistryworld.com/features/supraheroes/1017562.article)

Brownian ratchets: Darwin’s motors, George Oster, Nature 417, 25 (2002)

Construction of artificial cilia from microtubules and kinesins through
a well-designed bottom-up approach, R. Sasaki et al., Nanoscale 10,
6323 (2018)

Powering an Inorganic Nanodevice with a Biomolecular Motor, Ricky K.
Soong et al., Science 290, 1555 (2000)

Scientific Background on the Nobel Prize in Chemistry 2016, Royal Swedish
Academy of Sciences, (https://www.nobelprize.org/uploads/2018/
06/advanced-chemistryprize2016-1.pdf).

Chemical topology: complex molecular knots, links, and entanglements,
Ross S. Forgan, Jean-Pierre Sauvage, and J. Fraser Stoddart, Chem.
Reviews 111, 5434 (2011)

Light-driven monodirectional molecular rotor, N. Koumura, Nature 401,
152 (1999)
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The debate between Smalley and Drexler was published in Chemical
& Engineering News in Dec. 2003: (http://pubsapp.acs.org.ezproxy
.nottingham.ac.uk/cen/coverstory/8148/8148counterpoint.html)

Nanosystems: Molecular Machinery, Manufacturing, and Computation, K.
Eric Drexler (John Wiley & Sons, Inc., 1992)

Small problems, Philip Ball, Nature 362, 123 (1993). A review of Drexler’s
Nanosystems.

Stereodivergent synthesis with a programmable molecular machine, S.
Kassem et al., Nature 549, 374 (2017)
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https://www.chemistryworld.com/features/supraheroes/1017562.article
https://www.chemistryworld.com/features/supraheroes/1017562.article
https://www.nobelprize.org/uploads/2018/06/advanced-chemistryprize2016-1.pdf
https://www.nobelprize.org/uploads/2018/06/advanced-chemistryprize2016-1.pdf
http://pubsapp.acs.org.ezproxy.nottingham.ac.uk/cen/coverstory/8148/8148counterpoint.html
http://pubsapp.acs.org.ezproxy.nottingham.ac.uk/cen/coverstory/8148/8148counterpoint.html
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Pick-up, transport and release of a molecular cargo using a small-molecule
robotic arm, S. Kassem et al., Nature Chemistry 8, 138 (2016)
Autonomous robotic nanofabrication with reinforcement learning, P.

Leinen et al., Science Advances 6, eabb6987 (2020)
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(1-1) “NanoKid”, one of a family of NanoPutian molecules synthesized by
Stephanie H. Chanteau and James M. Tour of the Center for Nanoscale
Science and Technology at Rice University.

(1-2) The scanning probe microscope achieves atomically precise imaging
and manipulation of matter by scanning an ultrasharp tip, terminated
by a single atom, very close to a surface. (Reprinted by permission
from Eigler, D. M., and Schweizer, E. K., ‘Positioning single atoms with a
scanning tunnelling microscope’, Nature 344, no. 6266 (1990) © 1990
by Springer Nature.)

(1-3) The variation in force between two atoms as their separation is varied,
calculated using the Lennard-Jones potential. (Reprinted with permis-
sion from “Van der Waals interactions and the limits of isolated atom
models at interfaces”, Kawai, S., et al., Nature Communications 7, 11
559 (2016). © Springer-Nature 2016.)

(2-1) Frames from “A Boy and His Atom”, the world’s smallest stop mo-
tion video, created by a team of nanoscientists at IBM Research Labs
(Almaden) led by Andreas Heinrich.
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(2-2) A quantum corral comprising 48 iron atoms, each positioned using
the tip of a scanning tunnelling microscope, on the surface of a copper
crystal, and a standing wave formed in a vibrating cup of coffee.

(2-3) There are very close parallels between the standing waves that form
on guitar strings and the probability waves associated with electrons
in nanostructures. (Reprinted from “Quantum rings engineered by
atom manipulation”, Van Dong Pham, Kiyoshi Kanisawa, and Stefan
Folsch, Physical Review Letters 123, 066801 (2019). © American Phys-
ical Society 2019.)

(2-4) From energy levels to bands.

(3-1) Top-down semiconductor processing: nanolithography.

(3-2) Atomically precise nanolithography. (Images taken from the work
of Michelle Simmons and colleagues at the University of New South
Wales, and Joseph Lyding and colleagues at the University of Illinois
at Urbana-Champaign.)

(3-3) (a) Electron microscope image of 7 nm field effect transistors fab-
ricated on a silicon chip; (b) Self-assembled lattice of proteins (an
S-layer) from the Sulfolobus archaeon. ((a) Taken from (https://
www.tsmc. com/english/dedicatedFoundry/technology/logic/1_7nm.)
(b) Taken from Architecture and modular assembly of Sulfolobus S-
layers revealed by electron cryotomography, Lavinia Gambelli et al.,
Proc. Nat. Acad. Sci. 116, 25 278 (2019).)

(3-4) A scanning tunnelling microscope image of a single self-assembled
layer of a molecule.

(3-5) Examples of far-from-equilibrium organization of gold nanopar-
ticles on a silicon wafer. (Taken from the work of the Nottingham
Nanoscience Group.)

(3-6) Foams and cellular networks in nature. (S. P. Silva, M. A. Sabino,
E. M. Fernandes, V. M. Correlo, L. F. Boesel & R. L. Reis (2005)
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https://www.tsmc. com/english/dedicatedFoundry/technology/logic/l_7nm.
https://www.tsmc. com/english/dedicatedFoundry/technology/logic/l_7nm.
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Cork: properties, capabilities and applications, International Materi-
als Reviews, 50:6, 345—-365, DOIL: 10.1179/174328005X41168, copy-
right © Institute of Materials, Minerals and Mining and ASM Inter-
national, reprinted by permission of Taylor & Francis Ltd, http://
www.tandfonline.com on behalf of Institute of Materials, Minerals and
Mining and ASM International.)

(3-7) DNA origami. (Taken from (https://www.nanowerk.com/news/
newsid=21020.php).)

(3-8) Carbon nanotechnology.

(4-1) Molecular computing. (From Molecule cascades, A. J. Heinrich et al.,
Science 298, 1381 (2002).)

(4-2) Plenty of room at the bottom: Feynman'’s celebrated 1959 speech
encoded in single atom vacancies in a chlorine lattice. (From A kilobyte
rewritable atomic memory, FE Kalff et al., Nature Nanotechnology 11,
926 (2016).)

(4-3) Sub-atomic precision. Image © Hari Manoharan, Stanford University.

(4-4) Dangling bond logic. (Adapted from Binary atomic silicon logic, T.
Huff et al., Nature Electronics 1, 636 (2018).)

(4-5) Artist’s impression of how a scanning tunnelling microscope, with a
suitably chosen magnetic tip, images spin orientation at a surface.
(5-1) Chemical structure of Dipole Racer, the winner of the first NanoCar
race, and artist’s impression of kinesin, a motor protein. (Top im-
age adapted from How to build and race a fast nanocar, Nature

Nanotechnology 12, 604 (2017).)

(5-2) The basic operating principle of a Brownian ratchet.

(5-3) A DNA knot. (Krasnow, M., Stasiak, A., Spengler, S. et al. Determi-
nation of the absolute handedness of knots and catenanes of DNA.
Nature 304, 559—-560 (1983). https://doi.org/10.1038/304559a0.)
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(5-4) Schematic illustrations of the molecular classes known as rotaxanes
and catenanes.
(6-1) Two frames from an animation of the molecular nanofac-

tory/assembler concept put forward by K. Eric Drexler.
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