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(57) ABSTRACT 
Methods and systems for building three-dimensional work 
pieces are described using a plurality of mechanosynthetic 
reactions. These methods may employ engineered reliability 
in reactions and process conditions and may use simulated or 
otherwise Vetted reaction sequences, to allow workpieces 
requiring many reactions to be built with acceptable reliabil 
ity. These many reactions may be the repetition of one or a 
Small number of reactions, or many diverse reactions, or a 
combination thereof. 
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METHODS, SYSTEMS AND WORKPIECES 
USING MECHANOSYNTHESIS 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

0001. This application is a continuation-in-part of, and 
claims priority to, pending application Ser. No. 13/187,523, 
filed 21 Jul. 2011, which is a divisional application of, and 
claims the benefit of, U.S. Pat. No. 8,171,568, filed 4 Sep. 
2008, which claims the benefit of U.S. Provisional Patent 
Application No. 60/970,658 filed 7 Sep. 2007. The present 
application is related to application Ser. No. 13/556,122 and 
application Ser. No. 13/556,130, both of which are pending, 
were filed on 23 Jul. 2012, and are divisional applications of 
application U.S. Pat. No. 8,276.211, filed 21 Jul. 2011, which 
is a divisional of U.S. Pat. No. 8,171,568. All of these appli 
cations and patents are incorporated herein by reference. 

FEDERALLY SPONSORED RESEARCH 

0002. Not applicable. 

SEQUENCE LISTING OR PROGRAM 
0003) A CD containing data for molecular models in hin 
format, containing 33 files totaling 814 KB, representing the 
molecular models shown in FIGS. 24-56, has been included 
with this application and is incorporated herein by reference. 

FIELD OF INVENTION 

0004. The present application relates to mechanosynthe 
sis, the fabrication of atomically precise tools and materials 
using individual atoms or Small groups of atoms as the fun 
damental building blocks, and more particularly, to devices, 
methods and systems for performing ordered sequences of 
site-specific positionally controlled chemical reactions that 
are induced by use of mechanical force. 

BACKGROUND OF THE INVENTION 

0005 Traditional Manufacturing Techniques versus 
Mechanosynthesis. 
0006. The benefits of being able to manufacture with 
microscopic precision are well-known. For example, lithog 
raphy is used to create the features on integrated circuits and 
may also be used to create MEMS (micro-electromechanical 
systems) or NEMS (nano-electromechanical systems) 
devices. Smaller features on integrated circuits enable them 
to run faster and use less power, and MEMS and NEMS 
technologies are used to create devices as diverse as airbags 
and cell phones (e.g., accelerometers and attitude sensing), 
projection screens (e.g., digital light projection), and medical 
diagnostics (e.g., lab-on-a-chip devices). 
0007. However, even though such devices or the features 
on Such devices may be microscopic, they are notatomically 
precise nor are they of the scale of single atoms. For example, 
the feature size currently used for Intel Corporation’s “Ivy 
Bridge' line of processors is 22 nanometers. This is over 100 
times the diameter of a carbonatom, and about 200 times the 
diameter of a hydrogen atom. 
0008 Of course, the precision of lithography continues to 
be improved, and various other technologies are being pur 
sued in an attempt to manufacturer ever-Smaller features and 
devices. For example, self-assembly is aimed at using micro 
scopic units with specific shapes and charges that essentially 
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Snap together to create tiny structures. But, self-assembly is 
limited in the structures that can be created by the need to 
design around the shape and charge requirements of the indi 
vidual units. 

0009. Many other techniques for the creation of micro 
scopic features and devices also exist. For example, e-beam 
deposition, micro-machining, and selective etching can all be 
used to create microscopic features. However, none of these 
techniques can provide atomic accuracy while manufacturing 
devices with diverse functions, out of a wide range of mate 
rials. 

0010 Mechanosynthesis offers the ability to create atomi 
cally-precise structures out of a wide variety of atoms or 
molecules, while being relatively unconstrained in the shapes 
and properties of the devices which can be built. This offers 
great benefit to numerous industries not only because it 
allows the construction of parts and devices which cannot be 
manufactured through other means, but even with respect to 
bulk materials which can be manufactured through other 
means, the materials manufactured via mechanosynthesis, 
due to their atomic precision, can have properties Superior to 
the same materials manufactured by conventional means. 
0011 Mechanosynthesis and Mechanosynthesis Termi 
nology. 
0012. The present invention describes methods, systems 
and products relating to the manufacture of atomically-pre 
cise structures using atoms as raw material. These atoms are 
referred to as feedstock. The structures are referred to as 
workpieces. Workpieces are built using positionally-con 
trolled tips, such as the tips on Atomic Force Microscopes, to 
move feedstockatoms into desired locations on a workpiece. 
Mechanical force is applied to atoms via these tips to make 
and break chemical bonds. This mechanical making or break 
ing of bonds at specific locations is called mechanosynthesis. 
0013 The order in which atoms are added to, or removed 
from, a workpiece is referred to as a build sequence or reac 
tion sequence. A build sequence also encompasses the con 
cept of a trajectory, which is the path along which an atom 
moves during a mechanosynthetic reaction. By using tips to 
move feedstock along a trajectory, to a specific location with 
respect to a workpiece, and then applying mechanical force to 
bond the atom into position, devices can be manufactured 
where the position of every atom is known. 
0014) 
0015 The mechanosynthesis processes described herein 
use a variety of ultra-sharp tips designed to move atoms with 
Sub-angstrom precision and to facilitate different reactions 
with those atoms. The tips may be, but do not have to be, 
atomically-precise. While some embodiments of the inven 
tion use atomically-precise tips, others do not. For example, a 
bootstrap sequence is presented herein which allows the cre 
ation of atomically-precise tips using non-atomically-precise 
tips. 
0016. Atomically imprecise, but ultra-sharp tips, also 
called probes, are available commercially (e.g., from Nano 
tools Gmbh, Munich, Germany, or from NANOSENSORS, 
Neuchatel, Switzerland), or can be made using electron-beam 
induced deposition (EBID), among others techniques. Tay, A. 
B. H. and Thong, J. T. L. (2004) “Fabrication of super-sharp 
nanowire atomic force microscope using a field emission 
induced growth technique.” Review of Scientific Instruments 
75(10). Such tips can serve as a starting point for the bootstrap 
process described herein. 

Tips Used in Mechanosynthesis. 
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0017. In general, the important characteristic of a tip is that 
it reliably performs the desired mechanosynthetic reaction. 
Atomic precision is a helpful characteristic of tips for mecha 
nosynthesis because knowing the precise placement of atoms 
on the tip allows design of reliable reactions via computa 
tional chemistry simulations. This is not to say that atomically 
imprecise tips could not be used in Sophisticated mechano 
synthesis processes (as the bootstrap process discussed herein 
demonstrates), for example, by characterizing each tip before 
use, by designing reactions where variation at the tip does not 
Substantially affect the intended reactions, or by designing 
procedures which result in minimal variation when preparing 
tips. However, we will focus on the use of atomically-precise 
tips (after bootstrapping) due to their advantages. 
0018 Note that “tips' and “workpieces” are discussed 
extensively herein. However, while these terms are used for 
clarity, defining one structure as the tip and another as the 
workpiece can be arbitrary in certain circumstances. Consider 
that, for example, when a tip removes a hydrogenatom from 
a workpiece, one might also say that the workpiece donated a 
hydrogenatom to the tip, logically reversing their roles. This 
distinction may seem pedantic, but is of more than academic 
importance during mechanosynthetic processes Such as tip 
refresh or using one set of tips to build another. In Such 
instances, because you are adding or removing atoms from 
the tip to refresh it for the next reaction, or because you are 
building new tips, the tip could be considered the workpiece. 
0019 Enabling Technologies. 
0020 Mechanosynthesis is largely based upon the conflu 
ence of atomic microscopy and computational chemistry. 
Microscopy techniques such as Scanning Probe Microscopy 
(SPM), Scanning Tunneling Microscopy (STM) and Atomic 
Force Microscopy (AFM) have led to the ability to image and 
manipulate individual atoms, while computational chemistry 
has led to the ability to model structures which can be built by 
manipulating atoms, the reactions used to build those struc 
tures, and the tools required to carry out those reactions. 
0021. The ability to perform robust mechanosynthesis 
requires that one be able to position atoms (generally with 
Sub-angstrom precision), that one be able to apply mechanical 
force to an atom in a specific direction to cause the making or 
breaking of bonds, that one be able to define a desired work 
piece (or at least certain regions of the workpiece) with 
atomic precision, that one be able to calculate trajectories 
which will result in Successful mechanosynthetic reactions 
and that one possess, or be able to design, tips to carry out the 
intended reactions. In addition to this list of necessities, it 
would be beneficial to be able to calculate the likelihood of 
pathological side reactions during mechanosynthetic reac 
tions (the likelihood that, for example, a feedstock atom 
bonds to a workpiece atom adjacent to the intended target 
atom), the likelihood of pathological rearrangements before, 
during, or after a mechanosynthetic reaction, and to have 
control of the reaction environment (e.g., to make Sure that it 
is inert and kept at an appropriate temperature). 
0022 Herein we describe methods, products and systems 
for addressing each one of these issues, taking mechanosyn 
thesis from a laboratory curiosity to an actual manufacturing 
technology. 
0023 AFM/SPM/STM Microscopy. By 2006, sub-ang 
strom positioning in three dimensions was available for SPM. 
For comparison purposes, the diameter of a carbon atom is 
1.54 angstroms, meaning that SPM tips could be reliably 
positioned to Substantially less than the diameter of an atom. 
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Also by 2006, such microscopy could be performed in ultra 
high vacuum and at cryogenic temperatures, and “Vibration 
and drift have been controlled such that a probe tip can be held 
over a single molecule for hours of observation.” Bharat 
Bhushan (Ed.) (2006) Springer Handbook of Nano-technol 
ogy, Springer. 
0024 Subsequent advances in positional control have 
included MEMS-based platforms with additional degrees of 
freedom at sub-nanometer resolution. Yang, S. H. Kim, Y-S., 
etal. (2012) “Microelectromechanical systems based Stewart 
platform with sub-nano resolution. Appl. Phys. Lett. 101 (6): 
5. It should be noted that the invention discussed herein is not 
limited to being practiced with AFM, SPM or STM devices, 
but rather could use any device with the requisite positional 
control of a tip relative to a workpiece, and other requirements 
as may be necessary on a case-by-case basis (e.g., an inert 
environment and temperature control). While atomic micros 
copy equipment is exceptionally accurate, no equipment is 
perfect. Note that equipment capabilities could have an effect 
on reaction simulations. For example, Monte Carlo simula 
tions could take into account the positional error in the equip 
ment when determining the likelihood of a Successful mecha 
nosynthetic reaction. Note multi-tip SPM or related devices 
are well-known and may also be applied to the present inven 
tion. For example, force may be applied, or bonds formed, in 
more than one location simultaneously to stabilize an 
unstable intermediate workpiece structure during reactions. 
0025 Computational Chemistry in General. 
0026 Computational chemistry algorithms have existed 
for decades, and it is well-known that if chemical reactions 
are simulated at a high enough level of detail, the results are 
extremely accurate. Such simulations, for any large number 
of atoms, require Substantial computer processing power. 
Jensen sums this up Succinctly with the following quote: 

0027. “The only systems that can be solved exactly are 
those composed of only one or two particles . . . . 
Numerical solutions to a given accuracy (which may be 
so high that the solutions are essentially “exact’) can be 
generated for many-body systems, by performing a very 
large number of mathematical operations. Jensen, F. 
(2007) Introduction to Computational Chemistry, John 
Wiley & Sons. 

(0028. While the definition of “a very large number of 
mathematical operations' tends to change over time as com 
puting technology progresses, generally such calculations 
require either Supercomputers or other specialized computer 
hardware (e.g., ASICs, or GPUs), or clusters of commodity 
computer hardware. Processing power (CPU or equivalent) 
tends to be the limiting factor in Such computations, although 
the memory and storage requirements (e.g., RAM, ROM, 
SSD, or hard drive, etc.) are not necessarily trivial. 
0029. It should be noted that there are many algorithms 
which can be used for computational chemistry, and that 
choices as to which algorithms, or when appropriate, what 
basis sets to use, must be made on a case by case basis 
considering the reactions, number of atoms, required accu 
racy and available computing power. And, it may be appro 
priate to use multiple algorithms on the same molecular 
model (e.g., ONIOM). We describe herein the algorithms and 
basis sets that we have used to calculate reactions and build 
sequences, and simulate workpieces. 
0030 Computational Chemistry in Mechanosynthesis. 
0031. Even on powerful computers, simulating large num 
bers of atoms at high levels of detail can be extremely com 
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putationally-demanding. However, an entire mechanosyn 
thetic system need not be simulated at a high level of detail. 
Mechanosynthesis can be carried out in a more controlled 
environment than, for example, traditional liquid orgas phase 
chemistry, or biology, resulting in the ability to simplify simu 
lations by reducing the number of atoms which are simulated 
at high levels of detail. 
0032. In mechanosynthesis, only a few positionally-con 
trolled atoms are participating in a reaction at any given time. 
Most reactions away from the intended reaction position can 
be prevented by using an inert environment (e.g., a vacuum), 
and the ability to carry out reactions at low temperatures helps 
with reactions that cannot be prevented in this manner. There 
fore, the number of atoms that are relevant to a given reaction 
and thus must be simulated at a high level of detail is quite 
Small compared to the overall mechanosynthetic system or to 
other common settings in which chemical reactions take 
place. The result is that it is feasible to use computational 
chemistry techniques to simulate mechanosynthetic systems 
and reactions in a level of detail that enables one to make 
accurate predictions about the behavior of those systems and 
reactions. 
0033 Element Grouping and Simulation. 
0034. When referring to groups of elements herein, we 
may talk about metals, non-metals, noble gases (which we 
consider largely unsuited to participating directly in mecha 
nosynthetic reactions due to their unreactive nature), transu 
ranic elements (which we consider difficult to simulate using 
current software tools and hardware capabilities due to their 
complex electronic structure and/or lack of basis sets), stable 
elements (which are defined as non-radioactive isotopes and 
isotopes with half-lives long enough to support manufactur 
ing and use of a product), or other logical groupings. The 
rationale behind these groupings would be obvious to one 
skilled in the art: generally the distinction is one of chemical 
properties (e.g., those in the same family on the periodic table 
or with the same valence), simulation feasibility, or practical 
ity (e.g., safety aside, creating a device using isotopes with 
half-lives of minutes or shorter would seem to pose problems 
in manufacturing and using the device before the isotope 
decays). 
0035. In instances where a seemingly-arbitrary group of 
elements is specified, this is generally because the reactions 
have been simulated using the elements in the group. This will 
be clear from the data presented herein. 
0036. The basis sets available to simulate various elements 
of the periodic table can have an effect on what can be accu 
rately simulated, though the creation of new basis sets is 
certainly possible. 
0037. Feedstock and Presentation Surfaces. 
0038 Mechanosynthesis requires a source of atoms on 
which to perform reactions. These atoms are referred to as 
feedstock, and to the location at which these atoms are stored 
as the feedstock depot. Feedstock generally resides on a pre 
sentation Surface although other ways of supplying feedstock 
are feasible, such as liquid, gas, or as bulk solids rather than 
just a surface layer. Feedstock could also come attached to a 
tip and the tip disposed of after use. 
0039 Assuming the use of a feedstock depot, a tip under 
positional control can be brought to the feedstock depot and 
bonded to feedstock, allowing the tip to remove the feedstock 
from the feedstock depot and carry it away to participate in 
mechanosynthetic operations, e.g., to add one or more atoms 
to a specific site on a workpiece. 
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0040. If the feedstock is being supplied from a presenta 
tion surface, that feedstock must somehow be attached to the 
presentation Surface. Methods for coating Surfaces with 
atoms or molecules are well-known in the art. For example, in 
the integrated circuit prior art, where the deposition of mono 
layers on GaAs, GaN. Ge. Si, SiN and other materials, has 
been the subject of much research. As early as Hill, the ther 
modynamics of gases physically adsorbed onto crystalline 
surfaces had been studied. Hill, T. (1959) Theory of Physical 
Adsorption: Advances in Catalysis & Related Subjects, Vol 
ume 4, W. G. Frankenburg, Academic Press: 212-258. Wu 
provides a quantum mechanical treatment of the topic of 
physical adsorption, including discussion of the behavior of 
noble gases and graphite as presentation Surfaces. Wu, F. and 
Woot, C.-W. (1971) “Physically Adsorbed Monolayers.” Chi 
nese Journal of Physics 9(2): 68-91. And, Kruger carried out 
first-principle calculations for several types of atoms 
adsorbed to Si or Gesurfaces, and observed that these calcu 
lations agree very well with experimental data. Kruger, P. and 
Pollman, J. (1994) “Theory of Adsorption: Ordered mono 
layers from Na to C1 on Si(001) and Ge(001). Appl. Phys. A 
59: 487-502. With respect to Carbon, CH2 groups may be 
distributed on a Surface by several means including thermal 
adsorption and reaction of CH4 gas on Ge(100). Murota, J. 
and Sakuraba, M. (2004) Atomically controlled processing 
for high-performance Si-based devices. Tohoku-Cambridge 
Forum, International Workshop on Nano-Technology, Nano 
Materials, Nano-Devices, and Nano-Systems, University of 
Cambridge. They may also be distributed by ion bombard 
ment of Ge(111) using low-energy .CH3 ions. And, CVD of 
diamond and diamond-like carbon onto Ge Substrates using 
CH4 feedstock gas is well-known and described in, among 
other places. Franks, J. (1989) “Preparation and properties of 
diamondlike carbon films.” J. Vac. Sci. & Technol. A 7: 2307 
2310. C2 is known to be one of the adsorbed species after a 
reaction involving perchloroethane on Si. Zhou, X. J., Li, Q., 
et al. (2006) “Formation of CdC and SisCl Adstructures by 
Insertion Reactions of cis-Dichloroethylene and Perchloroet 
hylene on Si(100)2x1.” J. Phys. Chem. B 1.10: 5602-5610. 
And C2 on graphene has been computationally analyzed. 
Ataca, C. and Ciraci, S. (2011) “Perpendicular growth of 
carbon chains on graphene from first-principles.” PHYSI 
CAL REVIEW B 83. Adsorption of the ethynyl radical has 
been demonstrated on Cu. Lauhon, L. and Ho, W. (2000) 
“Control and Characterization of a Multistep Unimolecular 
Reaction.” PHYSICAL REVIEW LETTERS 84(7): 1527 
1530. Adsorption of the ethynyl radical has also been dem 
onstrated on Pt. Deng, R., Herceg, E., et al. (2005) “Identifi 
cation and Hydrogenation of C2 on Pt(111). J. Am. Chem. 
Soc. 127(50): 17628-17633. See also, Deng, R. and Trenary, 
M. (2007) “Carbon-Nitrogen Bond Formation from the Reac 
tion of Ammonia with Dicarbon on the Pt(111) Surface.” J. 
Phys. Chem. C 111(45): 17088-17093. Adsorption of the 
ethynyl radical has also been demonstrated on Co. Xu, L., Ma, 
Y., et al. (2012) “A Photoemission Study of Ethylene Decom 
position on a Co(0001) Surface: Formation of DifferentTypes 
of Carbon Species.” The Journal of Physical Chemistry 116: 
4167-4174. And the formation of C2 (among other species) 
within a noble gas matrix has been demonstrated. Andrews, 
L. (1979) “SPECTROSCOPY OF MOLECULAR IONS IN 
NOBLE GAS MATRICES.” Ann. Rev. Phys. Chem. 30: 
79-101. Many techniques, including physical vapor deposi 
tion (PVD), Atomic Layer CVD (ALCVD), laser CVD, direct 
ion beam deposition, dual ion beam sputtering, electroplat 
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ing, RF/DC glow discharge or microwave discharge can also 
be employed to create a presentation Surface containing feed 
stock. 

0041 A presentation surface may provide more than one 
type offeedstock. Different feedstock could be arranged in a 
monolayer in different sectors of the presentation Surface, or, 
with techniques like ALCVD, could be layered on top of each 
other. The feedstock could also be the surface itself. The range 
of elements and compounds that can be deposited on Surfaces, 
part of the Surface itself, or created through reactions result 
ing in adsorbed species, includes Al, BN, BeO, CH4, GaAs, 
Ir, LiMnO4, Mo, N1, P2O5, Pt, Ru, Si, Si3N4, SiO2, SnO2. 
Ti, Ta, W, ZnO, ZnS, ZnSE, and ZnTe among others. 
0042. It should be noted that there is a distinction to be 
made between physical adsorption and chemisorption (in 
Volving the formation of a new chemical bond). In general, 
feedstock could be bonded to a presentation surface in either 
manner. Depending on the reactivity of the feedstock relative 
to a given Surface, a Surface that chemisorbs one type of 
feedstock may physically adsorb another, although there are 
Surfaces that tend to allow primarily physical adsorption, 
Such as a frozen noble gas. Frozen noble gases are used both 
as a Surface and a matrix (that is, throughout its bulk) for 
trapping Small molecules, and are not the only set of fairly 
unreactive gases or compounds (for example, SiF4 may serve 
in a similar capacity, as might fluorinated polymers). In the 
case of reactions where little or no force need be applied to the 
tip to facilitate bonding the feedstock, physical adsorption 
may offer the advantage of ease of removal of the feedstock 
from the surface, while in cases where there is a barrier to 
bonding the feedstock to the tip, a covalent bond may be 
useful to prevent the feedstock from migrating on the presen 
tation Surface when force is applied. Covalent bonding may 
also be useful at higher temperatures that would permit 
migration or desorption of physically adsorbed feedstock. 
0043. Reliability. 
0044 Reliability is an important consideration in the 
design of reaction sequences for multi-atom workpieces. 
While some imperfections in a workpiece may be tolerable, 
all other things being equal, the higher the number of atoms in 
the workpiece, the greater the need for reliability. Reaction 
reliability can be achieved in a variety of ways, including use 
of reactions with energy barriers sufficient to prevent sponta 
neous reactions at a given temperature, reactions designed to 
avoid pathological side reactions, or the introduction of a 
testing step during mechanosynthesis. These topics are dis 
cussed in more detail below. 

0045 Reliability may also be determined via simulations 
incorporating realistic or actual equipment limitations. For 
example, if the positional means have known error bounds or 
distributions, these could be taken into account via Monte 
Carlo simulations. 

0046. It should be noted that in some cases, primarily with 
respect to hydrogen due to its low atomic mass, tunneling can 
contribute to reaction error. These errors can be reduced with 
slight modifications in build sequences and/or the use of 
deuterium in place of standard hydrogen. Deuterium's differ 
ent mass and Van der Waals radius also has effects on reac 
tion rates (the kinetic isotope effect), vibrational frequencies, 
torsional coupling and other properties. All of these effects 
may be exploited by choosing to use hydrogen or deuterium 
on a case by case basis, and in general, any isotope of an 
element could be used where its properties are advantageous. 
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0047 Reaction Barriers and Temperature. 
0048 One of the advantages of mechanosynthesis is that it 
facilitates specific, desired reactions by using directed 
mechanical force to overcome reaction barriers. In conven 
tional chemistry, reaction barriers or energy deltas are often 
overcome by thermal energy. However, thermal energy is 
nonspecific and facilitates desired and undesired reactions 
alike. Reducing temperature decreases the thermal energy 
available to cause non-specific reactions. This reduces the 
likelihood of pathological side reactions while directed 
mechanical force, even at low temperatures, still facilitates 
desired reactions. 
0049. The Arrhenius equation and other principles of ther 
modynamics and computational chemistry may be used in 
conjunction with data on net energy differences and energy 
barriers to determine the reliability of a given reaction at a 
given temperature. For example, Code List 1 shows Math 
ematica version 8 code used to determine reaction reliability 
at a given temperature when considering the net energy dif 
ference between two structures (e.g., the starting and ending 
workpiece structures): 
Code Listing 1: 
0050 (*calculate reliability of a reaction at a given tem 
perature) 
0051 (*Define Constants and Unit Conversions**) 

0.052 (**Boltzmann constant=1.38° 10-23 J/K**) 
0053 boltzmann=1.381*10-23: 
0054 (**convert eV to Joules**) 
0.055 jouleBarrier-barrier 1.6*10-19; 

0056 (*inputs for specific reaction**) 
0057 (**reaction barrier in eV**) 
0058 barrier Abs-0.6418: 
0059 (**temp in Kelvin *) 
0060 temperature 300; 

0061 (**Calculate Probability of Failure *) 
0062 probability=NumberFormExpjouleBarrier/ 
(boltzmann temperature), 4 
0063 Testing. 
0064. The most basic mechanosynthesis process involves 
performing a reaction with the assumption that the desired 
reaction took place as expected. This may be a reasonable 
assumption since reactions can be engineered to have high 
degrees of reliability. However, it is possible to obtain infor 
mation on what reaction actually occurred. For example, 
AFM or STM techniques can be used to scan the workpiece 
after a reaction. If an undesired reaction occurred, various 
actions can be taken Such as simply noting the error if it is not 
critical to the workpiece function, fixing the error, or discard 
ing the workpiece and starting over. 
0065. There have been several examples of the computa 
tional analysis of mechanosynthesis, as well as experimental 
mechanosynthesis using atoms as feedstock. However, the 
experimental examples are generally limited to modifying 
Surfaces rather than building complex or three-dimensional 
structures, lack separation offeedstock, presentation Surface 
and workpiece (that is, the presentation Surface often serves 
as all three), teach only a small, non-generalizable set of tools 
and reactions, and use atomically-imprecise tips with no 
bootstrap process to facilitate the transition to atomically 
precise tips. The computational work contains other limita 
tions, as discussed below. 
0066. Feedstock, Presentation Surface and Workpiece 
Terminology. It should be noted that the prior art frequently 
uses the same entity as the “feedstock.” “presentation sur 
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face' and “workpiece.” As a result, these items are frequently 
not distinguished in the prior art as separate entities, or 
referred to by the same names as used herein. This occurs 
when, as will be described in more detail herein, for example, 
an atom is removed from a Surface, and then placed back onto 
that same Surface. In such an example, the top atomic layer of 
the presentation surface is also the feedstock and the work 
piece. Obviously, this limits the versatility of the products that 
can be manufactured since it constrains the elements used in 
reactions and the workpieces to which they are applied. 
0067 Previous Computational Simulations of Mechano 
synthesis. The mechanosynthetic assembly of atomically 
precise structures has been computationally examined. Drex 
ler, K. E. (1992) Nanosystems: Molecular Machinery, 
Manufacturing, and Computation. New York, John Wiley & 
Sons. See also, Peng, J., Freitas, R., et al. (2006) “Theoretical 
Analysis of Diamond Mechanosynthesis. Part III. Positional 
C2 Deposition on Diamond C(110) Surface using Si/Ge/Sn 
based Dimer Placement Tools.” J. Comput. Theor. Nanosci3: 
28-41. See also, Temelso, B., Sherrill, D., et al. (2006) “High 
level Ab Initio Studies of Hydrogen Abstraction from Proto 
type Hydrocarbon Systems.” J. Phys. Chem. A 1.10: 11160 
11173. See also, Temelso, B., Sherrill, C., et al. (2007) “Ab 
Initio Thermochemistry of the Hydrogenation of Hydrocar 
bon Radicals. Using Silicon, Germanium, Tin and Lead Sub 
stituted Methane and Isobutane.” J. Phys. Chem. A 111: 8677 
8688. See also, Tarasov, D., Akberova, N., et al. (2010) 
“Optimal TooltipTrajectories in a Hydrogen Abstraction Tool 
Recharge Reaction Sequence for Positionally Controlled 
Diamond Mechanosynthesis.” J. Comput. Theor. Nanosci. 
7(2): 325-353. Computational techniques have also been used 
to design and validate mechanosynthetic reactions and tools. 
Freitas, R. and Merkle, R. (2008) “A Minimal Toolset for 
Positional Diamond Mechanosynthesis.” Journal of Compu 
tational and Theoretical Nanoscience5(5): 760-861. See also, 
U.S. Pat. No. 8,171,568. However, due to insufficient simu 
lation detail, lack of a bootstrap sequence, lack of a compre 
hensive set of reactions and tips, or other drawbacks, previous 
work has not been directed to a system that can be imple 
mented using existing technology, capable of a large set of 
reactions that can be used to create complex atomically 
precise structures. 
0068 Experimental Demonstrations of Atomic Manipula 
tion and Mechanosynthesis. In addition to being able to image 
single atoms, as early as 1989 a Scanning Tunneling Micro 
scope was used to spell “IBM using 35 xenon atoms 
arranged on a nickel Surface, though no covalent bonds were 
formed. Eigler, D. M. and Schweizer, E. K. (1990) “Position 
ing Single Atoms with a Scanning Tunnelling Microscope.” 
Nature 344: 524-526. 

0069. In 2003, making and breaking of covalent bonds 
using mechanosynthesis via atomic force microscopy (AFM) 
was demonstrated for silicon atoms on a silicon Surface. The 
AFM tip was used to remove, and re-deposit, Siatoms from 
the surface. Oyabu, N., Custance, O., et al. (2003) “Mechani 
cal vertical manipulation of selected single atoms by soft 
nanoindentation using near contact atomic force micros 
copy.” Phys. Rev. Lett. 90(17). Subsequently, other demon 
strations of mechanosynthesis have been published, includ 
ing: manipulation of silicon atoms on a silicon/oxygen 
surface (Morita, S., Sugimoto, Y., et al. (2004). “Atom-selec 
tive imaging and mechanical atom manipulation using the 
non-contact atomic force microscope.” J. Electron Microsc. 
53(2): 163-168.), manipulation of germanium atoms on ger 
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manium surfaces (Oyabu, N., Custance, O., et al. (2004). 
Mechanical Vertical Manipulation of Single Atoms on the 
Ge(111)-cC2x8) Surface by Noncontact Atomic Force 
Microscopy. Seventh International Conference on non-con 
tact Atomic Force Microscopy, Seattle, Wash.), manipulation 
of polymers on silicon Surfaces (Duwez, A., Cuenot, S., et al. 
(2006). “Mechanochemistry: targeted delivery of single mol 
ecules.” Nature Nanotechnology 1(2): 122-125), and manipu 
lation of silicon and tinatoms on a silicon Surface (Sugimoto, 
Y., Pou, P., et al. (2008). “Complex Patterning by Vertical 
Interchange Atom Manipulation Using Atomic Force Micros 
copy.” Science 322:413-417). 
(0070 Mechanosynthesis Tools in the Prior Art. Prior to 
Freitas and Merkle (2009), few tools for mechanosynthesis 
had been described in the literature. These included a hydro 
gen abstraction tool described by Temelso, Sherrill et al. 
(2006), a hydrogen donation tool described by Temelso, Sher 
rill et al. (2007), and a dimer placement tool as described by 
Peng, Freitas et al. (2006). Site-specific hydrogen abstraction 
has also been demonstrated. Hersam, M. C., Abeln, G. C., et 
al. (1999) “An approach for efficiently locating and electri 
cally contacting nanostructures fabricated via UHV-STM 
lithography on Si(100). Microelectronic Engineering 47: 
235-237. However, this was not via purely mechanical means 
but rather used an electrically-pulsed STM tip. Similarly, 
site-specific hydrogen donation was achieved experimentally 
by depositing hydrogenatoms onto a silicon Surface by apply 
ing a Voltage bias to a tungsten tip. Huang, D. H. and Yama 
moto.Y. (1997)“Physical mechanism of hydrogen deposition 
from a scanning tunneling microscopy tip. Appl. Phys. A 64: 
R419-R422. 
(0071. Additionally, U.S. Pat. No. 7,687,146 teaches a 
dimer tip for mechanosynthetic fabrication. The invention is 
described as comprising 'adamantane molecules arranged in 
a polymantane or lonsdaleite configuration' and a "dimer 
holder atom.” The tip structure is thus constrained to a very 
specific set of structures and is directed to the use of a dimer 
as feedstock. 
0072 Further, the tip is intended for use with deposition 
surfaces “having a melting point of at least 300°C., a thermal 
expansion coefficient maximally different than that of dia 
mond, a mismatch in crystal lattice constant as compared to 
that of diamond, resistance to carbide formation, less bonding 
strength to the carbon dimeras compared to bonding strength 
between the diamondholder atom X and the carbon dimer, 
and little or no solubility or reaction with carbon.” Thus, the 
possible reactions and deposition Surfaces taught are subject 
to many constraints. 
0073 Subsequent to 2009, a carbon nanotube-based 
scheme for creating atomically-precise tips that can also pro 
vide positioning capability was described. Artyukhov, V. I. 
(2010) “A six degree of freedom nanomanipulator design 
based on carbon nanotube bundles.” Nanotechnology 21 (38): 
9. 

0074. However, none of the tools described previously, 
alone or in combination, could practically provide a bootstrap 
process, a set of tools exhibiting closure (that is, a set of tools 
that could build themselves), a versatile set of reactions, a set 
of reactions of known reliability, nor were they directed to a 
system for three-dimensional fabrication, among other draw 
backs. 
0075 Prior Art is Surface-Based. 
0076. In the prior art mechanosynthesis is generally per 
formed on, or to, a surface. For example, in Oyabu, Custance 
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et al. (2003) and Oyabu, Custance et al. (2004), vertical 
manipulation of single atoms was performed, on eithera Sior 
Ge Surface. These manipulations consisted of removing an 
atom (referred to as an “adatom' in the field of surface chem 
istry) from the surface, and filling the vacancy left by the 
removal of the adatom with an identical atom. No manipula 
tion of atoms is demonstrated except where from, or to, the 
very top atomic layer of a Surface. Additionally, in many 
cases, including Oyabu, Custance et al. (2003) and Oyabu, 
Custance et al. (2004), not only is the work limited to sur 
faces, but to specific crystal structures of those Surfaces. Such 
as the 7x7 reconstruction on Si and the 2x8 reconstruction on 
Ge, respectively. 
0077. Prior Art Uses Presentation Surface as Feedstock 
and Workpiece. 
0078. As exemplified by Oyabu, Custance et al. (2003) 
and Oyabu, Custance et al. (2004), the prior art frequently 
uses the presentation surface itself as what we refer to as the 
feedstock depot, the feedstock, and the workpiece. For 
example, atoms are removed from the crystal structure of the 
presentation Surface and then added back to a Void in that 
same presentation Surface. The atoms are not being removed 
from the surface to transport to a workpiece distinct from the 
presentation Surface. In these types of experiments, the pre 
sentation Surface is the source of the feedstock and it is also 
the workpiece which is being altered by the mechanosyn 
thetic reactions. Use of the presentation surface as the feed 
stock depot, feedstock, and workpiece places limitations on 
what workpieces may be built, as workpieces are thus limited 
to being made out of the same element(s) as the presentation 
Surface, among other drawbacks. 
0079 Prior Art Limited to One or Two Dimensions. 
0080. The prior art does not anticipate being able to extend 
atomically-precise mechanosynthetically-created structures 
into three dimensions. Creating a three-dimensional structure 
using mechanosynthesis is not simply the extension or rep 
etition of a two-dimensional motif. The bonding structure and 
build sequence must Support extension into the third dimen 
sion through a sequence of reactions that is chemically and 
geometrically feasible withoutpathological rearrangement of 
intermediate products. This requires a considered build 
sequence resulting from analysis of the reactions and inter 
mediate structures, and Such strategies are not taught in the 
prior art. 
0081 Prior Art Teaches Limited Reactions and Elements. 
0082. The prior art is frequently limited to the removal of 
a single adatom (a surface atom), or the insertion of a single 
atom into a vacancy left by the removal of Such an adatom, 
often using a single element and involving a very specific 
crystal structure. For example, Oyabu, Custance et al. (2003) 
and Oyabu, Custance et al. (2004) use either all Si atoms, or 
all Ge atoms, respectively. There is no evidence that different 
intentional modifications to the presentation Surface could 
have been made or that different crystallographic faces could 
have been used. 
0083 Sugimoto, Pou et al. (2008) uses two elements in a 
single experiment, slightly expanding upon previous work, 
but this work is still directed to limited modifications that are 
made to a two-dimensional presentation Surface. As in other 
prior art discussed herein, the feedstock, workpiece and pre 
sentation Surface are synonymous in this work. 
0084. In similar work, but induced by voltages, not mecha 
nosynthesis, Ho teaches bond formation between Fe and CO 
to form Fe(CO), and then repeats the reaction to form Fe(CO) 
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2. Ho, W. and Lee, H. (1999) “Single bond formation and 
characterization with a scanning tunneling microscope.” Sci 
ence (286): 1719-1722. Three elements and four reactions, 
only two of which are distinct, are thus used. Note that the 
experimental setup in this example does not demonstrate a 
robust set of reactions applicable to building complex struc 
tures. The authors avoided the need for designing reactions 
that could accurately bind feedstock to closely-spaced atomic 
structures by spacing the Fe atoms far apart and then creating 
a simple structure involving only a single Fe atom. 
I0085 Prior Art Does Not Use Atomically-Precise Tips. 
I0086. The prior art generally does not use atomically 
precise tips (U.S. Pat. No. 7,687,146 is one exception that is 
discussed in detail herein). For example, the tip in Oyabu, 
Custance et al. (2003) is described as a "Si tip apex that was 
carefully cleaned up by argon-ion bombardment for 30 min.” 
Such a process would result in a tip where the placement of 
individual atoms was unknown. When a tip is not atomically 
precise its reaction characteristics cannot be exactly defined 
via computational chemistry modeling, and would not be the 
same from tip to tip. 
I0087 Prior Art Does Not Teach Varied Tips. 
I0088. When contemplating numerous reactions between 
various elements, different tips will be required to facilitate 
the specific reactions desired. To the best of our knowledge 
the prior art does not address this issue. 
I0089. Prior Art Does Not Provide For Specific Levels of 
Reaction Accuracy. 
0090 The accuracy of the mechanosynthetic reactions 
must be considered if one is to build workpieces with a known 
level of confidence. The mechanosynthesis prior art generally 
does not address the issue of designing for reaction reliability. 
Some prior art reports the reliability of a given reaction after 
the fact based on experimental results, but this is very differ 
ent than engineering the system ahead of time so that the 
reactions achieve a desired level of accuracy. For example, 
Sugimoto, Pou et al. (2008) provides computer modeling of a 
reaction barrier in rationalizing the behavior of their experi 
mental system. But, this analysis is post-facto, using a single 
element. They did not attempt to design a system ahead of 
time with a known level of reliability. 
0091. Further, as previously noted, the prior art generally 
uses atomically-imprecise tips. Even where modeling is per 
formed in the prior art, modeling of an atomically-imprecise 
tip is unlikely to accurately represent the actual experimental 
system due to lack of knowledge of the exact structure of the 
tip. Obviously, since the prior art is not directed to a system 
with a planned level of reliability, neither does the prior art 
investigate reaction reliability across a range of tips, ele 
ments, or conditions to teach a generalizable system. 
0092 Prior Art Using Voltage Biases. 
0093. The prior art contains examples of atomic-scale syn 
thesis using Voltage biases. Voltage biases can be used to 
modify Surface bonding patterns by two general mechanisms: 
localized heating and electrostatic fields. Such mechanisms 
may be less specific than mechanosynthesis in their ability to 
facilitate reliable reactions, but provide easily-accessible 
ways to make and break covalent bonds. While it should be 
noted that mechanosynthesis and Voltage-based techniques 
could be combined, no generalizable system using Voltages 
has been taught in the prior art and in general, the same 
advantages that distinguish the present invention from the 
mechanosynthesis prior art also distinguish the present inven 
tion from the Voltage-based prior art. 
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0094) Prior Art Not Using Individual Atoms or Molecules. 
0095 Prior art using large (compared to atoms) building 
blocks is not an appropriate parallel to positioning, and mak 
ing and breaking bonds, at the atomic or molecular level. For 
example, (Ramachandran, Baur et al., 1998) discusses 
“manipulation of nanoscale three-dimensional (3D) fea 
tures.” On its face, this may sound similar to the present 
invention. However, the “features” to which they refer are 
gold nanoparticles ranging from 5 nm to 15 nm in diameter. 
Gold atoms have a diameter of approximately 0.14 nm, and 
therefore such particles would contain thousands of atoms, 
precluding the idea of atomic precision in positioning, or the 
making and breaking of specific bonds. 
0096. The wording of the prior art is not always clear as to 
when atoms are being referred to, Versus Some larger (and 
often indistinctly-defined) building block. Terminology used 
in the prior art includes “cluster,” “nanoparticle.” “nanoscale 
object.” “particle' and “nodule” among other terms. Regard 
less of the terminology, the use of imprecisely-defined multi 
atom aggregates is inherently different than the use of atoms 
or atomically-precise molecules. 
0097 Summary of Mechanosynthesis-Based Prior Art. 
0098. Ignoring the prior art which does not resultinatomi 
cally-precise products, does not act upon atomically-precise 
feedstock, or is not parallel to the current invention for other 
reasons, the prior art with respect to mechanosynthesis 
teaches the ability to make and break bonds using a small set 
of elements, with a limited set of reactions, only to specific 
structures (such as the 7x7 reconstruction of Silicon, or other 
similarly-specific and limited environments), involving only 
the top atomic layer of a presentation Surface. And, the experi 
mental mechanosynthetic reactions found in the prior art do 
not appear to have been engineered in advance for versatility 
or reliability using computational chemistry techniques. Reli 
ability, while a minor issue when, for example, the goal is to 
simply interchange one atom for another on a surface, 
becomes important when the goal is to reliably build atomi 
cally-precise structures containing many atoms or requiring 
many reactions. 
0099. Another drawback of the prior art is that the presen 
tation Surface also frequently serves as the feedstock depot, 
feedstock and workpiece, such as with the “vertical manipu 
lation' prior art, of which Oyabu, Custance et al. (2003) and 
Oyabu, Custance et al. (2004) are representative. Without 
separating the presentation Surface, feedstock and workpiece, 
the ability to create diverse structures can be limited. 
0100 Drawbacks are also created by the use of non-atomi 
cally-precise tips in the prior art. And, the prior art contains no 
teachings as to how one might generalize the mechanosyn 
thetic techniques presented to other elements and reactions, 
or to construct complex, three-dimensional workpieces. 
0101 Overall, the prior art is directed towards viewing 
mechanosynthesis as a set of limited individual Surface modi 
fications which are a laboratory curiosity, not as a generaliz 
able set of tools, reactions and procedures designed for reli 
ably building varied workpieces. The present invention 
addresses all of these issues, as will be seen from the detailed 
explanations and exemplary embodiments. 

SUMMARY OF THE INVENTION 

0102 The present invention is directed to methods and 
systems for building three-dimensional workpieces which are 
described using a plurality of mechanosynthetic reactions. 
These methods may employ engineered reliability in reac 
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tions and process conditions and may use simulated or oth 
erwise Vetted reaction sequences, to allow workpieces requir 
ing many reactions to be built with acceptable reliability. 
These many reactions may be the repetition of one or a small 
number of reactions, or many diverse reactions, or a combi 
nation thereof. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0103) A complete understanding of the present invention 
may be obtained by reference to the accompanying drawings, 
when considered in conjunction with the Subsequent, detailed 
description, in which: 
0104 FIG. 1A is an active Hydrogen Abstraction Tool; 
0105 FIG. 1B is a spent Hydrogen Abstraction Tool; 
0106 FIG. 2 is a Hydrogen Donation Tool; 
01.07 FIG. 3 is a Germanium Radical Tool; 
(0.108 FIG. 4 is a Methylene Tool; 
0109 FIG. 5 is a GermylMethylene Tool; 
0110 FIG. 6 is a Germylene Tool; 
0111 FIG. 7 is a Hydrogen Transfer Tool; 
0112 FIG. 8 is an Adamantane Radical Tool; 
0113 FIG. 9 is a Dimer Placement Tool; 
0114 FIG. 10A shows a Hydrogen Abstraction Tool selec 
tively abstracting a hydrogen atom; 
0115 FIG. 10B shows abstraction in the transfer of a 
hydrogenatom and conversion to a spent Hydrogen Abstrac 
tion Tool; 
0116 FIG. 11A shows a Hydrogen Donation Tool selec 
tively donating a hydrogen atom; 
0117 FIG. 11B shows the donation of a hydrogen atom 
and conversion to a Germanium Radical Tool; 
0118 FIG. 12A shows a Germanium Radical Tool bond 
ing to a spent Hydrogen Abstraction Tool; 
0119 FIG.12B shows a Germanium RadicalTool weakly 
bonded to a spent Hydrogen Abstraction Tool; 
0120 FIG. 12C shows a Germanium Radical Tool break 
ing bond to spent Hydrogen Abstraction Tool; 
I0121 FIG. 12D shows a refreshed Hydrogen Abstraction 
Tool; 
0.122 FIG. 13A shows abstracting hydrogen from a work 
piece; 
(0123 FIG. 13B shows a GermylMethylene Tool being 
position in close proximity to a radical carbon atom; 
(0.124 FIG. 13C shows a GermylMethylene Toolbonded to 
a CH2 group; 
0.125 FIG. 13D shows a Hydrogen Donation Tool posi 
tioned to donate a hydrogen atom to the CH2 group; 
0.126 FIG. 13E shows hydrogen transferred to radical site 
on CH2 group and a Hydrogen Donation Tool converted into 
a Germanium Radical Tool; 
(O127 FIG. 14A shows a GermylMethylene Tool bonded 
to the third methylene group of a chain of three methylene 
groups that has been bonded to an adamantane workpiece; 
I0128 FIG. 14B shows the third methylene group rotated 
to a different position relative to the chain of three methylene 
groups attached to an adamantane workpiece, using a Ger 
mylMethylene Tool; 
I0129 FIG. 14C shows the chain of three methylene groups 
rotated into a cagelike configuration relative to an adaman 
tane workpiece, using a GermylMethylene Toolbonded to the 
third methylenegroup in the chain of three methylene groups; 
I0130 FIG. 14D shows the configuration of FIG. 14C after 
a first hydrogen atom has been abstracted from a sidewall 
carbon atom of the adamantane workpiece; 
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0131 FIG. 14E shows the configuration of FIG. 14D after 
a second hydrogen atom has been abstracted from the same 
sidewall carbon atom of the adamantane workpiece; 
0132 FIG. 14F shows the chain of three methylene groups 
bonded to a sidewall carbon atom of the adamantane work 
piece, thus closing a ring of three methylene groups, with the 
GermylMethylene Tool still attached; 
0.133 FIG. 14G shows the configuration of FIG. 14F after 
the GermylMethylene Tool is detached; 
0134 FIG. 14H shows the adamantane workpiece with a 
fully passivated three-methylene ring attached between two 
sidewall sites: 
0135 FIG. 15A shows a Germanium Radical Tool bonded 
to a spent Hydrogen Abstraction Tool; 
0.136 FIG. 15B shows a resulting Hydrogen Transfer 
Tool; 
0.137 FIG. 16A shows a bootstrap sequence for a proto 
Hydrogen Abstraction tip; 
0138 FIG.16B shows the result when the proto-Hydrogen 
Abstraction tip is withdrawn from the presentation surface; 
0139 FIG. 17A shows proto-Silicon Radical tip being 
converted to a proto-Silicon Hydrogen Donation tip; 
0140 FIG. 17B shows the converted proto-Silicon Hydro 
gen Donation tip; 
0141 FIG. 18A shows charging a proto-Silicon Radical 

tip; 
0142 FIG. 18B shows fabrication of a proto-Silicon 
Methylene tip; 
0143 FIG. 19A shows a small section of diamond C(110) 
Surface representing an atomically-precise workpiece upon 
which the C(110) surface is exposed; 
014.4 FIG. 19B shows a diamond C(110) atomically-pre 
cise workpiece surface with a CH3 group bonded to a specific 
atom on the left side of a trough; 
0145 FIG. 19C shows a diamond C(110) atomically-pre 
cise workpiece surface with a CH3 group bonded to a specific 
atom on the left side of a trough and a second methyl group 
bonded to a specific neighboring atom on the right side of the 
same trough; 
0146 FIG. 19D shows two CH2 groups bonded across a 
trough on a diamond C(110) atomically-precise workpiece 
Surface; 
0147 FIG. 20 shows a flow chart for workpiece specifica 

tion. 
0148 FIG. 21 shows a flow chart for mechanosynthesis 
reaction design. 
014.9 FIG.22 shows a flow chart for carrying out mecha 
nosynthetic reactions. 
0150 FIG. 23 shows a flow chart for a reaction testing 
procedure. 
0151 FIG. 24 shows the starting surface for a pyramid 
build sequence. 
0152 FIG. 25 shows the results of one application of a 
row-building sequence used to create pyramid-like struc 
tures. 

0153 FIG. 26 shows the results of repeated applications of 
a row-building sequence to form a complete row. 
0154 FIG.27 shows the results of repeated applications of 
a row building sequence to generate multiple layers. 
0155 FIG.28 shows the results of repeated applications of 
a row building sequence, resulting in multiple complete lay 
CS. 

0156 FIG. 29 shows a nearly-complete pyramidal struc 
ture. 
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0157 FIG. 30 shows one form of a complete pyramidal 
structure, the uppermost atom being Carbon. 
0158 FIG. 31 shows the starting structure for an alterna 
tive manner of completing a pyramidal structure. 
0159 FIG. 32 shows another form of a complete pyrami 
dal structure, the uppermost atom being Germanium. 
0160 FIG.33 shows a starting structure for reaction C002. 
0.161 FIG.34 shows a starting structure for reaction C004. 
0162 FIG.35 shows a starting structure for reaction C006. 
0163 FIG.36 shows a starting structure for reaction C008. 
0164 FIG. 37 shows an ending structure for reaction 
COO8. 
0.165 FIG. 38 shows a starting structure for reaction 
MOO2. 
0166 FIG. 39 shows a starting structure for reaction 
MOO4. 
0.167 FIG. 40 shows a starting structure for reaction 
MOO6. 
0168 FIG. 41 shows a starting structure for reaction 
MOO8. 
0169 FIG. 42 shows an ending structure for reaction 
MOO8. 
0170 FIG. 43 shows a starting structure for reaction 
MOO9. 
0171 FIG. 44 shows an ending structure for reaction 
MOO9. 
0172 FIG. 45 shows a starting structure for reaction 
MO11. 
0173 FIG. 46 shows an ending structure for reaction 
MO11. 
0.174 FIG. 47 shows a starting structure for reaction 
MO12. 
0.175 FIG. 48 shows an ending structure for reaction 
MO12. 
0176 FIG. 49 shows a starting structure for reaction 
MO14. 
0177 FIG. 50 shows an ending structure for reaction 
MO14. 
(0178 FIG.51 shows a starting structure for reaction R003. 
0179 FIG. 52 shows an ending structure for reaction 
ROO3. 
0180 FIG.53 shows a starting structure for reaction R004. 
0181 FIG. 54 shows a starting structure for reaction R005. 
0182 FIG.55 shows a starting structure for reaction R006. 
0183 FIG. 56 shows an ending structure for reaction 
ROO6. 

DETAILED DESCRIPTION 

0.184 Before the invention is described in further detail, it 
is to be understood that the invention is not limited to the 
particular embodiments described, as such may, of course, 
vary. It is also to be understood that the terminology used 
herein is for the purpose of describing particular embodi 
ments only, and not intended to be limiting, since the scope of 
the present invention will be limited only by the appended 
claims. 
0185. Where a range of values is provided, it is understood 
that each intervening value, to the tenth of the unit of the lower 
limit unless the context clearly dictates otherwise, between 
the upper and lower limit of that range and any other stated or 
intervening value in that stated range is encompassed with the 
invention. The upper and lower limits of these Smaller ranges 
may independently be included in the Smaller ranges is also 
encompassed within the invention, Subject to any specifically 
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excluded limit in the stated range. Where the stated range 
includes one or both of the limits, ranges excluding either or 
both of those included limits are also included in the inven 
tion. 

0186. Unless defined otherwise, all technical and scien 
tific terms used herein have the same meaning as commonly 
understood by one of ordinary skill in the art to which this 
invention belongs. Although any methods and materials simi 
lar or equivalent to those described herein can also be used in 
the practice or testing of the present invention, a limited 
number of the exemplary methods and materials are 
described herein. 

It must be noted that as used herein and in the 0187. 
appended claims, the singular forms “a”, “an', and “the 
include plural referents unless the context clearly dictates 
otherwise. 

0188 All publications mentioned herein are incorporated 
herein by reference to disclose and describe the methods 
and/or materials in connection with which the publications 
are cited. The publications discussed herein are provided 
solely for their disclosure prior to the filing date of the present 
application. Nothing herein is to be construed as an admission 
that the present invention is not entitled to antedate such 
publication by virtue of prior invention. Further, if dates of 
publication are provided, they may be different from the 
actual publication dates and may need to be confirmed inde 
pendently. 

DEFINITIONS 

0189 The following definitions are used herein: 
0190. An “adamantane' molecule comprises a 3D cage 
structure often carbon atoms, each terminated with one or 
two hydrogen atoms, having the chemical formula C10H16 
and representing the Smallest possible unit cage of crystalline 
diamond. 

0191 An 'adamantane molecular structure' is a molecu 
lar structure that is similar to and may include a single ada 
mantane molecule, but also includes adamantane molecules 
which (1) may lack one or more terminating atoms, (2) may 
be covalently bonded to one or more neighboring adamantane 
cages in various well-known crystallographic lattice geom 
etries, and (3) may employ elements other than carbon and 
hydrogen to form equivalent cage or crystallographic lattice 
geometries. 
0.192 An “adamantane-like molecular structure' is (1) 
any polycyclic closed shell molecular structure composed 
entirely of carbon, nitrogen, oxygen and hydrogen, or (2) any 
molecular structure as in (1) that has been modified by sub 
stituting one or more atoms which, in the Substituted molecu 
lar structure, have similar valence to the substituted carbon, 
nitrogen, oxygen or hydrogenatoms. By way of example, and 
not of limitation, an adamantane-like molecular structure 
would include adamantane, polymantanes, heteroadaman 
tanes, iceane, Cubane, pagodane, dodecahedrane, cage or 
polycyclic hydrocarbons, graphene, fullerenes, carbon nano 
tubes, diamond shards terminated by hydrogen, fragments of 
lonsdaleite terminated with hydrogen, fragments of silicon or 
germanium terminated by hydrogen, fluorine terminated ada 
mantane, or incompletely terminated polymantanes. 
0193 An "atom' includes the standard use of the term, as 
well as a radical, which, for example, may be just a proton in 
the case of H. 

Jul. 11, 2013 

0194 “Atomically-precise’ means where the positions of 
each atom are known to a precision adequate to establish the 
likely bonding structure. 
0.195 The “bridgehead position of an adamantane-like 
molecular structure refers to a structural atom that is bonded 
to three other structural atoms and is terminated by one or 
more nonstructural atoms. 

0196) “Build sequence.” see "mechanosynthetic reaction 
sequence.” 
0.197 A “chemical bond' is an interatomic covalent bond 
or an interatomic ionic bond, as these terms are commonly 
understood by practitioners skilled in the art. 
0198 A“chemical reaction' is said to occur when chemi 
cal bonds are formed or broken, or when the directionality, 
strength, or other salient characteristics of an existing chemi 
cal bond is altered, as for example during positionally con 
trolled bond bending. 
0199 A“coaxial reaction or trajectory is one in which the 
bond broken and the bond formed lies on the same line. 

0200 “Diamond' is a hydrocarbon adamantane molecular 
structure consisting of repeating adamantane cage units 
arranged in various well-known crystallographic lattice 
geometries. 
0201 “Diamondoid materials include any stiff covalent 
Solid that is similar to diamond in strength, chemical inert 
ness, or other important material properties, and possesses a 
three-dimensional network of bonds. Examples of such mate 
rials include but are not limited to (1) diamond, including 
cubic and hexagonal lattices and all primary and vicinal crys 
tallographic Surfaces thereof, (2) carbon nanotubes, 
fullerenes, and other graphene structures, (3) several strong 
covalent ceramics of which silicon carbide, silicon nitride, 
and boron nitride are representative, (4) a few very stiff ionic 
ceramics of which Sapphire (monocrystalline aluminum 
oxide) is representative, and (5) partially substituted variants 
of the above that are well-known to those skilled in the art. 

0202 "Feedstock” is the supply of atoms used to perform 
mechanosynthetic reactions on a workpiece. Feedstock may 
take the form an atom or atoms (a molecule), including radi 
cals (e.g., GeH2, CH2). 
0203 A“handle structure' comprises a plurality of atoms 
whose bonding pattern or electronic State is not altered during 
a site-specific mechanosynthetic chemical reaction and 
whose primary function is to hold a mechanosynthetically 
active tip or tool in a fixed geometric relationship that will 
permit a mechanosynthetic chemical reaction to proceed 
when the handle is manipulated by a positional device. 
Handle structure may include the null case. 
0204 An “inert environment” includes, but is not limited 
to, UHV. helium, neon, or other noble gases either individu 
ally or in combination, or other gases or liquids that do not 
react with the tip or workpiece during mechanosynthetic 
operations. 
0205 "Mechanical force' may include applied mechani 
cal forces having positive, negative, or Zero magnitude. 
Chemical reactions driven by the application of mechanical 
force include reactions that are (1) driven through its reaction 
barrier by mechanically forcing reactants or products through 
the transition state, or (2) potentially reactive sites are driven 
away from a competing undesired reaction by mechanically 
restraining potentially reactive sites from attaining closer 
physical proximity, or (3) allowed to occur by bringing poten 
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tially reactive sites into closer physical proximity when Zero 
mechanical force is required to do so, as for example when no 
reaction barrier exists. 
0206 “Mechanosynthesis' uses chemical reactions driven 
by the application of mechanical force using site-specific 
positional control to facilitate the fabrication of multi-atom, 
atomically-precise structures. 
0207. A "mechanosynthetically active tip' is a tip con 
trolled by a positional device that can perform mechanosyn 
thetic reactions. 
0208. A "mechanosynthetic reaction' (sometimes 
referred to as a “reaction' when context makes it clear that the 
reaction is mechanosynthetic) is an individual chemical reac 
tion that is driven to completion by the application of 
mechanical force. 
0209. A "mechanosynthetic reaction sequence' (some 
times referred to as a “reaction sequence' when context 
makes it clear that the reaction sequence is mechanosyn 
thetic) is a series of reactions arranged in an ordered sequence 
that permits the fabrication of complex atomically-precise 
structures comprising a plurality of atoms and chemical 
bonds. Also referred to as a build sequence. 
0210 A“positional device' is a device capable of exerting 
atomically-precise positional control on a mechanosynthetic 
tip, tool, or workpiece, and may include, but is not limited to, 
a conventional scanning probe microscope (SPM) Such as an 
atomic force microscope (AFM), a miniaturized or MEMS 
scale SPM or AFM, a robotic arm mechanism of any size 
scale, or other appropriate manipulation system capable of 
atomically-precise positional control. 
0211 A“pathological side reaction' is an undesired reac 
tion which may happen in the course of mechanosynthesis, 
Such as bonding feedstock to the wrong atom on a workpiece, 
or a rearrangement of atoms on a workpiece due to instability 
of an intermediate structure during the building process. 
0212. The “sidewall position of an adamantane-like 
molecular structure refers to a structural atom that is bonded 
to two other structural atoms and is terminated by one or more 
nonstructural atoms. 
0213 “Site-specific’ refers to knowing, and being able to 
constrain, with the necessary degree of reliability, the site at 
which mechanosynthetic reactions take place. 
0214. A “structural atom' in an adamantane-like molecu 
lar structure refers to an atom comprising the cage frame 
work, for example a carbonatom in an adamantane molecule. 
0215. A “structural substituent atom' is anatom that occu 
pies either a bridgehead or a sidewall position in an adaman 
tane-like molecular structure. 
0216 A “terminating atom' in an adamantane-like 
molecular structure refers to an atom that does not serve as a 
constituent atom in the cage structure but absorbs unused 
Valences of a structural atom comprising the cage framework, 
for example a hydrogen atom in an adamantane molecule. 
0217. A “three-dimensional workpiece means a work 
piece composed of a lattice of atoms which occupies three 
dimensions if an individual atom is assumed to be without 
size. Similarly, a two-dimensional workpiece would be com 
posed of a plane of atoms. 
0218. A “tool is a mechanosynthetically active tip 
covalently bonded to a handle structure. 
0219. A “toolset' is a selected set of mechanosynthetic 

tools. 
0220 A“tip” is a device for facilitating mechanosynthetic 
reactions which includes one or more “active' atoms whose 
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bonding pattern or electronic State is altered during a mecha 
nosynthetic operation, and one or more 'support atoms 
whose bonding pattern or electronic State is not altered during 
a mechanosynthetic operation. The Support atoms function to 
hold the active atoms in position. A tip may be atomically 
precise or imprecise. 
0221. A “transfer passivating atom' is an atom that passi 
Vates one or more open Valences of a transfer Substituent 
atOm. 

0222. A “transfer substituent atom' is an atom that termi 
nates a structural Substituent atom via a single covalent bond, 
and that may be chemically transferred to a workpiece during 
a site-specific positionally-controlled mechanosynthetic 
chemical reaction driven by the application of mechanical 
force. 
0223) A “workpiece' is an object built via mechanosyn 
thesis. In addition to the common scenario where a workpiece 
is a product or device, a workpiece may be, or include, feed 
stock, tools, waste atoms, intermediate structures, combina 
tions thereof, or other objects. A system may have more than 
one workpiece. 
0224. A dot (“ ”) is frequently used in chemical structures 
herein to represent an electron, as in the radical group 
“..CH2. For ease of typesetting, the notation herein generally 
omits subscript, in favor of simply writing the number in-line 
(again, as in "...CH2), as its meaning is still clear and unam 
biguous. Superscript may be written using the “” character 
when required for clarity. 

APPLICATIONS OF THE INVENTION 

0225. The invention is used to fabricate atomically-pre 
cise, multi-atom structures. The present invention has many 
advantages, including the ability to fabricate complex struc 
tures to atomically-precise specifications, the ability to posi 
tion individual atoms or groups of atoms in specific locations 
ona workpiece, the ability to remove specific groups of atoms 
from specific sites on a workpiece, the ability to make atomi 
cally-precise modifications to a workpiece, the ability to 
make specific sites on a workpiece become reactive while the 
rest of the workpiece remains relatively unreactive, and the 
ability to make specific sites on a workpiece become unreac 
tive. 
0226. The particular tools, tips, reactions, build sequence 
and other teachings herein are embodiments of the invention 
and should not be construed to limit the invention to only the 
disclosed embodiments. The teachings herein readily extend 
the invention to a wider range of tools, tips, reactions, ele 
ments, structures and conditions. 

Overview of the Bootstrap Tools and Reactions 
0227. The present invention provides a pathway for the 
creation of a set of mechanosynthetic molecular tools that are 
able to fabricate the self-same set, refresh all tools in the set, 
allow for numerous reactions using many elements, and cre 
ate diverse workpieces, including many-atom, three dimen 
sional structures. Described is a set of mechanosynthetic tools 
that achieves all these objectives, and then described is a 
bootstrap process to build the first set of such tools. 
0228. While some of these mechanosynthetic tools have 
been analyzed in the literature, no complete set of tools has 
been described which are able to fabricate a wide variety of 
complex structures, including themselves, with a bootstrap 
sequence to allow the creation of the first set of tools. 
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0229. The set of mechanosynthetic molecular tools com 
prises: (1) the Hydrogen Abstraction Tool, shown in FIG. 1; 
(2) the Hydrogen Donation Tool, shown in FIG. 2; (3) the 
Germanium Radical Tool, shown in FIG.3; (4) the Methylene 
Tool, shown in FIG. 4; (5) the GermylMethylene Tool, shown 
in FIG. 5; (6) the Germylene Tool, shown in FIG. 6; (7) the 
Hydrogen Transfer Tool, shown in FIG. 7; (8) the Adaman 
tane Radical Tool, shown in FIG. 8; and (9) the Dimer Place 
ment Tool, shown in FIG. 9. 
0230. While this specific set of tools has the ability to 
fabricate and refresh (charge or discharge a tool, as needed) 
all the tools in the toolset as well as the ability to make a range 
of other products (in this case, a wide range of structures 
composed of hydrogen, carbon and germanium), it is pro 
vided as an exemplary embodiment and it should be under 
stood that other sets of mechanosynthetic tools would be 
apparent to one skilled in the art and having the benefit of the 
teachings presented herein. 
0231. In the following description, it is described how, 
given a Sufficient number of each type of molecular tool, one 
can fabricate more molecular tools of any given type, how to 
recharge the molecular tools, and how to use the molecular 
tools to fabricate other molecular structures. 

Tool Details 

0232. The nine principal tools have been listed above. A 
detailed description of these tools follows. For clarity, all 
figures show the active atoms of each tip for a given tool, and 
Some Supporting atoms but do not show the handle structure 
that is attached to each tip to make the complete tool. This is 
because the handle structure can be much larger than the tip 
and the site of mechanosynthetic chemical activity is the tip, 
not the handle. Understand that while a handle may not be 
shown, it is assumed to exist when necessary for positioning 
the tools with atomic precision. 
0233 All atomically-precise tools and mechanosynthetic 
reactions described have been analyzed at high levels of accu 
racy, using Supercomputers and/or parallel processing. Gen 
erally, coarse structure determination was done using 
molecular mechanics methods, and these designs were Sub 
sequently refined using Density Functional Theory (DFT) 
methods. Thousands of tool structures, reactions, and reac 
tion sequences have been examined, using millions of CPU 
hours (where a “CPU is equivalent to a 3 GHz standard 
processor). 
0234. In more detail, the bootstrap tools are: 
0235 (1) The Hydrogen Abstraction Tool. FIG. 1A illus 
trates the active tip of the Hydrogen Abstraction Tool 100 
which is used to selectively abstract a single hydrogen atom 
from a workpiece. Hydrogen Abstraction Tool 100 is shown 
prior to the abstraction of a hydrogenatom. The distal carbon 
atom102 is a radical with a high affinity for hydrogen. Carbon 
atoms 102 and 104 are triply bonded to each other and in this 
and other structures are commonly referred to as “an ethynyl 
radical' or a “dimer.” The ethynyl radical is bonded to carbon 
atom 106, called a “bridgehead' carbonatom. The remainder 
of the adamantane cage consists of 10 carbon atoms and the 
hydrogen atoms which terminate them. 
0236. In general use, the 6 carbon atoms at the base of the 
adamantane cage (i.e., the six carbon atoms in the adaman 
tane cage most distant from carbonatom 106 in FIG. 1A) are 
bonded to a handle structure by which the tool is positioned. 
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0237. The Hydrogen Abstraction Tool is used by position 
ing the tool so that carbonatom102 is in close proximity (e.g., 
one or two angstroms) to a hydrogen atom which is to be 
abstracted. 

0238 When the Hydrogen Abstraction Tool is so posi 
tioned, the selected hydrogenatom will bond more strongly to 
carbonatom102 than to almost any other molecular structure 
and hence will transfer from that other structure to carbon 
atom 102. The Hydrogen Abstraction Tool 100 following a 
hydrogen abstraction will appear as a spent Hydrogen 
Abstraction Tool 110 shown in FIG.1B, where the abstracted 
hydrogen 112 is shown bonded to carbon atom 102. 
0239 (2) The Hydrogen Donation Tool. FIG. 2 illustrates 
the Hydrogen Donation Tool 120. The hydrogen atom 122 is 
bonded to germanium atom 124. Because the bond between 
germanium atom 124 and hydrogenatom 122 is not as strong 
as the bond that can be formed between hydrogen atom 122 
and a carbon radical on a workpiece, the hydrogen atom 122 
will, when positioned close to a carbon radical and with the 
application of mechanical force to overcome reaction barri 
ers, transfer to that carbon radical and so donate a hydrogen to 
it 

0240 (3) The Germanium Radical Tool. FIG. 3 illustrates 
the Germanium Radical Tool 130. The germanium atom 132 
is a radical. The Germanium Radical Tool 130 results from 
the reaction that will occur when the Hydrogen Donation Tool 
120 donates hydrogenatom 122 to a carbon radical. 
0241 (4) The Methylene Tool. FIG. 4 illustrates the Meth 
ylene Tool 140. The Methylene Tool is formed by adding a 
..CH2 group 144 to the Adamantane Radical Tool 180. The 
carbonatom 142 in CH2 group 144 is highly reactive because 
it is a radical. 

0242 (5) The GermylMethylene Tool. FIG. 5 illustrates 
the GermylMethylene Tool 150. Because the bond between 
..CH2 group 144 and germanium atom 152 is relatively weak, 
the GermylMethylene tool can be used to transfer the CH2 
group 144 to a carbon radical site on a growing workpiece. 
0243 (6) The Germylene Tool. FIG. 6 illustrates the Ger 
mylene Tool 160 which can be formed by adding a GeH2 
group 162 to the Adamantane Radical Tool 180. Germylene 
Tool 160 can be used in reaction sequences that add a germa 
nium atom to a workpiece (and in particular, can be used 
during the synthesis of the Germanium Radical Tool 130). 
0244 (7) The Hydrogen Transfer Tool. FIG. 7 illustrates 
the Hydrogen Transfer Tool 170 which can be formed by the 
reaction shown in FIG. 12A. The Hydrogen Transfer Tool is 
particularly useful because the bond between carbon atom 
102 and hydrogenatom 172 is particularly weak, making it an 
excellent hydrogen donation tool. 
0245 (8) The Adamantane Radical Tool. FIG. 8 illustrates 
the Adamantane Radical Tool 180 which can be formed by 
abstracting a hydrogen atom from an exposed adamantane 
cage on any diamond Surface located, e.g., at the terminus of 
a tip, producing a single carbon radical 182. 
0246 (9) The Dimer Placement Tool. FIG.9 illustrates the 
Dimer Placement Tool 190 in which a dimer 192 bonds to a tip 
which has two germanium atoms 194 and 196. The two bonds 
between the dimer 192 and the two germanium atoms 194 and 
196 are highly strained, making the resulting Dimer Place 
ment Tool 190 reactive and suitable for adding a dimer to a 
growing workpiece, particularly when two adjacent radical 
sites are present on the workpiece to which the dimer can 
bond. 
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Use of the Tools 

0247 These nine tools are used in an inert environment 
(e.g., ultra-high vacuum, a pressure of 10-9 Torr (10-12 atm) 
or less) and require that Some Suitable positional device be 
used to position the tools with high accuracy. In addition, 
there must be a source of feedstock to provide the needed 
hydrogen, carbon and germanium atoms and optionally a sink 
for discard atoms if there is excess hydrogen. 
0248 One way to provide hydrogen is from a presentation 
Surface covered by hydrogenatoms (e.g., a bulk produced flat 
hydrogenated diamond Surface). 
0249. One way to provide carbon is in the form of .CH2 
groups distributed on a Suitable presentation Surface (e.g., on 
a bulk produced flat germanium Surface). This also provides 
hydrogen, which may eliminate the need for an independent 
Source for hydrogen. 
One way to provide germanium is in the form of GeH2 
groups distributed on a Suitable presentation Surface (e.g., on 
a bulk produced flat germanium Surface). 
0250) Both carbon and germanium can also enter the sys 
tem when provided as methyl or germyl groups (CH3 or 
GeH3) on a suitable presentation surface. In this case, they 
can be made chemically active by abstracting a hydrogen 
atom and converting them into .CH2 or GeH2 groups respec 
tively. 
0251 Excess hydrogen must be removed if, for example, 
the product structure being built has fewer hydrogen atoms 
than are present in the feedstock, in which case, e.g., the 
excess hydrogenatoms provided by the CH2 groups must be 
disposed of. One way of doing this is to provide a surface to 
which the Hydrogen Donation Tool can donate hydrogen 
atoms. One such surface would be a bulk-produced atomi 
cally flat non-hydrogenated diamond Surface. 
0252. These nine tools are used to carry out the various 
reactions needed to recharge themselves, to fabricate more 
tools, and to make other atomically-precise structures (prod 
ucts). 

Hydrogen Abstraction 
0253 FIG. 10A illustrates the use of the Hydrogen 
Abstraction Tool 100 to selectively abstract hydrogen atom 
202. Hydrogen Abstraction Tool 100 is positioned so that 
radical carbon atom 102 is just above hydrogen atom 202 
which is bonded to diamond surface 204. When Hydrogen 
Abstraction Tool 100 is brought into close proximity to dia 
mond surface 204, the hydrogenatom 202 will bond to carbon 
atom 102, and thus transfer from diamond surface 204 to 
Hydrogen Abstraction Tool 100. 
0254 FIG. 10B illustrates the result of the transfer of the 
hydrogen atom 202 to the Hydrogen Abstraction Tool 100 
which serves to convert the Hydrogen Abstraction Tool 100 
into a spent Hydrogen Abstraction Tool 110. 

Hydrogen Donation 
0255. In one embodiment, a reaction sequence transfers a 
hydrogenatom from a Hydrogen Donation Tool to a diamond 
Surface, both hydrogenating the radical site on the diamond 
Surface and converting the Hydrogen Donation Tool to a 
Germanium Radical tool. 
0256 FIG. 11A illustrates the use of the Hydrogen Dona 
tion Tool 120 to selectively donate one hydrogen 122 atom to 
carbon radical 212 on diamond surface 204. The Hydrogen 
Donation Tool 120 can be positioned directly above diamond 
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surface 204 proximally close to carbon radical 212. When 
Hydrogen Donation Tool 120 is brought into close proximity 
to diamond surface 204 such that the attractive force between 
hydrogenatom 122 and carbon radical 212 exceeds the attrac 
tive force between the hydrogenatom 122 and the germanium 
atom 124, the hydrogen atom 122 will transfer from the 
germanium atom 124 and bond to the diamond Surface 204 at 
the site of the carbon radical 212. 

0257 FIG. 11B illustrates the result of the transfer of the 
hydrogen atom 122 to carbon atom 212 (now no longer a 
radical), which serves to convert the Hydrogen Donation Tool 
120 into a Germanium Radical Tool 130 now having a ger 
manium radical 132. 

Recharge of Hydrogen Abstraction and Hydrogen Donation 
Tools 

0258. In one embodiment, a reaction sequence refreshes a 
Hydrogen Abstraction Tool by transferring a hydrogen atom 
from a spent Hydrogen Abstraction Tool to a Germanium 
Radical Tool. 

0259 FIG. 12A illustrates a Germanium Radical Tool 130 
and a spent Hydrogen Abstraction Tool 110 with distal carbon 
atom102 bonded to hydrogenatom 112. The spent Hydrogen 
Abstraction Tool is then brought into proximity to the Ger 
manium Radical Tool 130 so that germanium radical 222 
bonds to carbon atom 102 of spent Hydrogen Abstraction 
Tool 110. The result of the reaction is illustrated in FIG.12B. 

0260 FIG. 12B illustrates the germanium radical 222 of 
the Germanium Radical Tool bonded to the distal carbon of 
the spent Hydrogen Abstraction Tool 110 in which hydrogen 
atom 112 is weakly bonded to carbon atom 102, along with a 
second (unbonded) Germanium Radical Tool 224. When the 
second Germanium Radical Tool 224 is positioned in close 
proximity to hydrogen atom 112 the hydrogen atom 112 
debonds from carbon atom 102 and bonds to the germanium 
radical 226 of the second Germanium Radical Tool 224, 
thereby converting the second Germanium Radical Tool 224 
into a Hydrogen Donation Tool. The result of the reaction is 
illustrated in FIG. 12C. 

0261 FIG. 12C illustrates the germanium radical 222 of 
the first Germanium Radical Tool 130 bonded to the distal 
carbon 102 of the Hydrogen Abstraction Tool 100, along with 
the resulting Hydrogen Donation Tool 120. When the first 
Germanium Radical Tool 130 is withdrawn by sufficient 
applied force from the Hydrogen Abstraction Tool 100, the 
bond between germanium atom 222 at the tip of the first 
Germanium Radical Tool 130 and carbon atom 102 at the tip 
of the Hydrogen Abstraction Tool 100 will break. The result 
of this mechanosynthetic reaction is illustrated in FIG. 12D, 
which shows the resulting refreshed Hydrogen Abstraction 
Tool 100 and recovery of the original Germanium Radical 
Tool 130 unchanged. 
0262 During mechanosynthesis, as many hydrogenatoms 
as desired can be added by abstracting hydrogen atoms from 
Some convenient Source (e.g., a hydrogenated diamond Sur 
face) using the Hydrogen Abstraction Tool, and then trans 
ferring the hydrogen atoms so obtained to Hydrogen Dona 
tion Tools from which they can be added to a workpiece. The 
reverse of this process can be used to get rid of excess hydro 
gen atoms by donating them to a convenient sink (e.g., a 
non-hydrogenated diamond surface) using a Hydrogen Dona 
tion Tool. Consequently, the sequence described above can 
accommodate the net addition or removal of hydrogenatoms. 
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Charging the GermylMethylene Tool 
0263. The discharge of a GermylMethylene Tool creates a 
spent GermylMethylene Tool, which is identical to a Germa 
nium Radical Tool. A GermylMethylene Tool can be charged 
by starting with a Germanium Radical Tool and CH2 groups 
distributed on a Suitable presentation Surface (e.g., germa 
nium). The Germanium Radical Tool is touched to a CH2 
group on the presentation Surface, and then withdrawn. 
Although the CH2 group is bonded to a germanium atom on 
the presentation Surface and to a germanium atom on the tip of 
the Germanium Radical Tool, the bond to the germanium 
atom on the tip of the Germanium Radical Tool is stronger 
(the germanium on the tip of the Germanium Radical Tool is 
in a different atomic bonding environment than the germa 
nium on the presentation Surface in particular, it is bonded 
to 3 carbon atoms rather than being bonded to other germa 
nium atoms). 
0264. Upon withdrawal of the tool handle from the pre 
sentation surface, the CH2 group is withdrawn with it, thus 
converting the Germanium Radical Tool back into a Germyl 
Methylene Tool, completing the recharge process. 

Methylation of a Selected Site on a Diamondoid Workpiece 
0265 FIGS. 13 A-E illustrate mechanosynthetic methyla 
tion of a selected atomic site. During fabrication, workpieces 
will frequently be hydrogenated to eliminate dangling bonds 
and to avoid unexpected reconstructions. Some of these 
hydrogenations, particularly when immediately followed by 
hydrogen abstraction, can simply be omitted. Because of this 
general assumption, the first step in the methylation sequence 
is to abstract a hydrogen atom from the specific site to allow 
addition of a CH3 group. When this general assumption is not 
used (i.e., when exposed radical sites are not immediately 
hydrogenated) there might be multiple radical sites available 
on the workpiece that could be methylated without first 
abstracting a hydrogen. In such cases, the step illustrated in 
FIG. 13A in the following sequence could be eliminated, and 
steps illustrated in FIG. 13D and FIG. 13E might also be 
eliminated if there is no immediate need to hydrogenate this 
particular added CH2 group, leaving only steps illustrated in 
FIG. 13B and FIG. 13C as required for this method. The need 
(or lack thereof) for hydrogenation or dehydrogenation in a 
given case will be readily apparent to a practitioner skilled in 
the art. 
0266 FIG. 13A illustrates abstracting the hydrogen atom 
232 that occupies the site where the methyl group is to be 
placed. Hydrogen Abstraction Tool 100 abstracts hydrogen 
atom 232 from adamantane cage 234, which represents a few 
atoms from a larger diamond workpiece. 
0267 FIG. 13B illustrates GermylMethylene Tool 150 
being positioned so that CH2 group 144 is in close proximity 
to radical carbonatom 236. With the application of mechani 
cal force to overcome reaction barriers, the CH2 group 144 
will then bond to radical carbon atom 236 as shown in FIG. 
13C, the next step in the sequence. 
0268 FIG. 13C illustrates the GermylMethylene Tool 150 
bonded to the CH2 group 144. The GermylMethylene Tool 
150 is withdrawn by the application of mechanical force, 
converting GermylMethylene Tool 150 into a Germanium 
Radical Tool (not shown) and the CH2 group is left behind on 
the workpiece 234. 
0269 FIG.13D illustrates a Hydrogen Donation Tool 120 
which is positioned to donate hydrogen atom 238 to the 
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radical site on the CH2 group 240. With the application of 
mechanical force to overcome reaction barriers, hydrogen 
atom 238 is bonded to the CH2 group 240. 
0270 FIG. 13E illustrates the result of the reaction in 
which the hydrogen on the Hydrogen Donation Tool has been 
transferred to the radical site on CH2 group 240, converting 
it to CH3 group 242. The Hydrogen Donation Tool is con 
verted by this process into Germanium Radical Tool 130. 
0271 This reaction sequence provides a specific example 
of a more general method. This method can be applied to add 
a methyl group to virtually any exposed carbon radical on any 
hydrocarbon structure. It can also be used to add a methyl 
group to a wide range of other possible target structures. 

Ring Closure on a Diamondoid Workpiece 
0272. The addition of individual methyl groups is a versa 

tile technique, and in conjunction with the ability to close a 
ring, provides a mechanism for fabricating a wide range of 
diamondoid structures. 

0273 FIG. 14A illustrates a structure to which three CH2 
groups have already been added. The first CH2 group 246 is 
attached to a sidewall site on adamantane cage 244, a cage 
that represents a few atoms from a larger diamond workpiece. 
The second CH2 group 248 is added to the first CH2 group 
246, and the third CH2 group 250 is added to the second CH2 
group 248. The GermylMethylene Tool 150 that is used to add 
the third CH2 group 250 (thus incorporating the final carbon 
atom 252 in the chain) is not withdrawn, but instead is left 
attached so that this tool can be used to re-position carbon 
atom 252. For purposes of brevity of illustration only, the 
GermylMethylene Tool 150 is represented by a single germa 
nium atom 254 and 3 attached hydrogen atoms 256, rather 
than the full adamantane cage structure of the GermylMeth 
ylene Tool 150 as shown in FIG. 5. 
0274 FIG. 14B illustrates the structure that results after 
CH2 group 250 has been rotated from the trans to the cis 
configuration relative to CH2 group 248, which is accom 
plished by the application of lateral forces transmitted 
through the handle of the attached GermylMethylene Tool 
150. 

0275 FIG. 14C illustrates the structure that results after 
CH2 group 248 has been further rotated relative to CH2 group 
246 such that the three CH2 groups 246, 248 and 250 are 
re-oriented into a cage-like configuration relative to the work 
piece; this re-orientation is accomplished by the application 
of lateral forces transmitted through the handle of the 
attached GermylMethylene Tool 150. FIG. 14C also shows 
the location of hydrogen atom 132 that will be abstracted in 
the next reaction step, and the location of hydrogenatom 112 
that will be abstracted in the next reaction step after that. 
(0276 FIG. 14D illustrates the workpiece 244 after the 
abstraction of hydrogen atom 132 from carbon atom 258. 
FIG. 14D also shows the location of hydrogen atom 112 that 
will be abstracted in the next reaction step. 
(0277 FIG. 14E illustrates the workpiece 244 after the 
abstraction of a second hydrogen atom 112 from the same 
carbon atom 258, which becomes a carbene diradical. The 
two hydrogen abstractions that occur in FIG. 14D and FIG. 
14E are not shown explicitly but require the use of two Hydro 
gen Abstraction Tools in the abstraction process. 
(0278 FIG. 14F illustrates GermylMethylene Tool 150 
being positioned so that carbene 258 inserts into the CH bond 
between carbon atom 252 and one of its attached hydrogen 
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atoms with the application of mechanical force. Following 
this insertion reaction, carbon atom 252 will bond to carbon 
atom 258 via bond 260. 
(0279 FIG. 14G illustrates the workpiece after the Germyl 
Methylene Tool 150 is withdrawn, leaving carbon atom 252 
attached to carbon atom 258. Carbon atom 252 is now, 
because of the withdrawal of GermylMethylene Tool 150, a 
radical. 
0280 FIG. 14H illustrates the state after the final step in 
the mechanosynthetic reaction sequence which is to hydro 
genate the radical site at carbon atom 252 using a Hydrogen 
Donation Tool 120 (not shown). The donation reaction, which 
requires the application of mechanical force to overcome a 
reaction barrier, is not shown explicitly but requires the use of 
a Hydrogen Donation Tool. Following this hydrogenation, 
carbon atom 252 has four bonds, two bonds to adjacent car 
bonatoms and two bonds to hydrogenatoms. This mechano 
synthetic reaction sequence results in a closed chain of 3 
carbon atoms (derived from CH2 groups 246, 248 and 250) 
being added to workpiece 244. 
(0281 GermylMethylene Tool 150 must be positionally 
rotated during this sequence. An alternative method of chang 
ing the orientation of GermylMethylene Tool 150 is to per 
form a handle exchange, Substituting a new tool in a new 
orientation for the existing GermylMethylene Tool 150. In 
this alternative method, a hydrogen atom is first abstracted 
from CH2 group 250 at the tip of the attached GermylMeth 
ylene Tool 150, creating a radical site at carbon atom 252 to 
which a new Germanium Radical Tool which is already in the 
desired new orientation (and precisely positioned in X,Y and 
Z) can next be bonded. Following this bonding, withdrawal of 
the GermylMethylene Tool 150 leaves the carbon atom 252 
bonded to the new Germanium Radical Tool (not shown in 
this figure). The radical carbon atom 252 is then hydroge 
nated with an additional Hydrogen Donation Tool (not shown 
in this figure). This process effectively performs a handle 
exchange, with the new handle in a different orientation. This 
avoids the need to manipulate a single handle and change its 
orientation while it is attached to the workpiece, simplifying 
the positioning required during the ring-closing reaction 
sequence described above. 
0282 While the above described method of creating a ring 

is often useful due to its versatility, it is possible to fabricate 
diamond using simpler methods in some cases. In particular, 
in the case of mechanosynthetic manufacture of the C(110) 
diamond Surface, methyl groups can be added on top of the 
troughs on the C(110) surface and then cross-bonded. This 
process described in more detail below (and illustrated in 
FIG. 19) in the context of fabricating a simple handle struc 
ture during a bootstrap process. 
Building Tool Handles 
0283. Once the ability to fabricate diamond and similar 
hydrocarbons is achieved (using the ring closure reaction as 
described above, or using methylation of a C(110) diamond 
Surface as described below, or using other reactions that 
would readily be apparent to someone skilled in the art and 
having the benefit of the teachings presented herein), atomi 
cally-precise handle structures can be fabricated that will be 
suitable for supporting the various tips illustrated in FIGS. 
1-9. 

Building Specific Tools 
0284. Given a sufficient number of each type of the boot 
strap tools, it is possible to build more of any of the nine tools. 
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Once having built a suitable handle structure, the specific tip 
can be added. Reviewing the tools in order: 
0285 (1) Hydrogen Abstraction Tool. Having built the 
handle and the adamantane cage at the end of the handle, we 
then add a methyl group at the apex, followed by adding a 
second methyl group to the first methyl group. All but one of 
the hydrogen atoms on these two methyl groups are then 
abstracted using other Hydrogen Abstraction Tools, creating 
the Hydrogen Abstraction Tool in its spent version (as shown 
in FIG. 1B). This structure is then refreshed using the Hydro 
gen Abstraction Tool recharge sequence shown in FIG. 12. 
0286 (2) Hydrogen Donation Tool. We use a Germanium 
Radical Tool in the Hydrogen Abstraction Tool recharge 
sequence shown in FIG. 12 to convert the Germanium Radi 
cal Tool to a Hydrogen Donation Tool. 
0287 (3) Germanium Radical Tool. Having built the 
handle, we use the Germylene Tool to add the single germa 
nium atom needed at the tip of this tool. 
0288 (4) Methylene Tool. Starting with the Adamantane 
Radical Tool, we bond the Adamantane Radical Tool to a 
..CH2 group on a suitable presentation Surface (e.g., germa 
nium) and retract the tool producing a Methylene Tool. 
(0289 (5) GermylMethylene Tool. Starting with the Ger 
manium Radical Tool, we bond the Germanium Radical Tool 
to a GeH2 group on a suitable presentation Surface (e.g., 
germanium). The reaction energetics favor transfer of the 
GeH2 group to the tool from a germanium presentation Sur 
face. We then retract the tool, producing a GermylMethylene 
Tool. 

0290 (6) Germylene Tool. Starting with the Adamantane 
Radical tool, we bond the Adamantane Radical Tool to a 
GeH2 on a Suitable presentation Surface (e.g., germanium) 
and retract the tool, producing a Germylene Tool. 
0291 (7) Hydrogen Transfer Tool. Starting with a spent 
Hydrogen Abstraction Tool and a Germanium RadicalTool as 
shown in FIG. 15A, Germanium Radical Tool 130 is bonded 
to the distal carbonatom 102 of the spent Hydrogen Abstrac 
tion Tool 110 yielding Hydrogen Transfer Tool 170 as shown 
in FIG. 15B. 

0292 (8) Dimer Placement Tool. After fabricating a first 
Germanium Radical Tool, a second Germanium RadicalTool 
is constructed in a lonsdaleite polytype configuration on the 
side of the first Germanium Radical Tool, yielding a dis 
charged Dimer Placement Tool which is then recharged with 
C2 dimer by the addition of two carbon atoms using two 
GermylMethylene Tools, followed by the abstraction of four 
hydrogen atoms using four applications of Hydrogen 
Abstraction Tools. 

0293 (9) Adamantane Radical Tool. Using the Hydrogen 
Abstraction, Hydrogen Donation and GermylMethylene 
Tools, we can build the handle structure for the Adamantane 
Radical Tool and the Adamantane Radical Tool itself. 

0294 Given enough Hydrogen Abstraction Tools and 
Hydrogen Donation Tools, we can build a limited number of 
Germanium Radical Tools (limited by the number of Hydro 
gen Donation Tools) by using the Hydrogen Donation Tools 
to donate hydrogen atoms to a hydrogen dump (e.g., a non 
hydrogenated diamond surface). With these Germanium 
Radical Tools we can build and recharge GermylMethylene 
Tools (given the availability of a suitable presentation surface 
for .CH2 groups). Using these tools, and recharging the tools 
as needed, we can then build as many Hydrogen Abstraction 
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Tools and as many Adamantane Radical Tools as desired 
(these tools are made from carbon and hydrogen only, and 
have no germanium). 
0295 With the availability of a suitable presentation sur 
face for CH2 groups, the Adamantane Radical Tools can be 
charged with .CH2 groups, producing as many Methylene 
Tools as desired. And, with the availability of a suitable pre 
sentation Surface for GeH2 groups, the Adamantane Radical 
Tools can be charged with GeH2 groups, producing as many 
Germylene Tools as desired. 
0296. The Germylene Tools, along with the previously 
available tools, allows the fabrication of as many Germanium 
Radical Tools as desired, which in turn allows the fabrication 
of as many GermylMethylene Tools and as many Hydrogen 
Donation Tools as desired. Combining spent Hydrogen 
Abstraction Tools and Germanium Radical Tools allows the 
fabrication of as many Hydrogen Transfer Tools as desired. 
Finally, as many Dimer Placement Tools as desired can be 
fabricated using the previous tools. 
0297 Although various embodiments have been 
described in considerable detail above, many other embodi 
ments are possible. For example, having fabricated a Suffi 
cient number of rechargeable atomically-precise tools, it will 
be apparent that other build sequences would allow the fab 
rication of a wide range of atomically-precise structures, and 
that other tools designs are readily created using the teachings 
herein, as are reactions to include many other elements and 
molecules. 

Bootstrap Process 
0298. Once the first atomically-precise tools exist, they 
can be used to fabricate more of the self-same tools. But the 
first set of atomically-precise tools must be manufactured 
using only currently available atomically imprecise tools, or 
proto-tools, a process called bootstrapping. Numerous 
approaches exist for bootstrapping the first atomically-pre 
cise tools from proto-tools. 
0299. One approach is to synthesize appropriate mol 
ecules and then attach these (or similar molecules that have 
appropriate tip structure) to the tip structure of an SPM-like 
device to create the first proto-tools via tip functionalization; 
a wide range of molecular structures having the desired func 
tionality similar to atomically-precise tools are feasible. AFM 
tip functionalization is well-known in the prior art. Wong, S., 
Woolley, A., et al. (1999) “Functionalization of carbon nano 
tube AFM probes using tip-activated gases.” Chemical Phys 
ics Letters(306): 219-225. See also, Grandbois, M., Dett 
mann, W., et al. (2000) “Affinity Imaging of Red Blood Cells 
Using an Atomic Force Microscope.” Journal of Histochem 
istry & Cytochemistry(48): 719-724. See also, Hafner, J., 
Cheung, C., et al. (2001). "Structural and Functional Imaging 
with Carbon Nanotube AFM Probes.” Progress in Biophysics 
& Molecular Biology 1 (77): 73-110. 
0300 Another approach is to use commercially available 
SPM ultra-sharp tips. This approach is described in detail 
below. 
0301 The present invention describes a set of nine 
molecular tools sufficient to make additional sets of the self 
same tools (the “minimal toolset') as described above. These 
tools are illustrated in FIGS. 1-9. Given an adequate initial 
number of each of these nine tools, with the tools being 
positionally controlled by suitable positional devices and 
given Suitable presentation Surfaces for feedstock, it is pos 
sible to build additional sets of the self-same tools. 
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0302. The first toolset, however, must be built without the 
benefit of a previously existing toolset. Thus, this first toolset 
must be fabricated from simpler proto-tools using methods 
that are experimentally accessible. Once Such a bootstrap 
process has been executed, yielding a first set of tools in Small 
but adequate numbers, the bootstrap process need not be 
repeated again. 
0303 Hence, each reaction sequence comprising the boot 
strap process need only be carried out a small number of 
times. As a consequence, any methods (even those that would 
be too expensive or unreliable for continued use) of building 
the first set of tools are sufficient to enable the fabrication of 
more tools. These methods can be carried out at low tempera 
ture (e.g., 77K-80 K is readily available using liquid nitrogen, 
or 4 K using liquid helium) and by the use of proto-tools 
having only modest reliability. Reducing the temperature dra 
matically increases the number of reliable operations that are 
available for use during the bootstrap sequence using proto 
tools, even if the resulting more Sophisticated final toolset 
(which is fabricated by the proto-tools) is intended for use at 
higher temperatures. 
0304. It is possible to make the complete set of nine tools 
given only the Hydrogen Abstraction and Hydrogen Dona 
tion Tools. With a small but adequate initial supply of these 
two tools, when operated with appropriate positional control 
in an inert environment, and when provided with a source of 
feedstock (e.g., CH2, GeH2 and H distributed on appropri 
ate presentation Surfaces) and a hydrogen dump (a Surface 
with a high affinity for hydrogen on which excess hydrogen 
would be placed, e.g., bulk-produced atomically flat clean 
diamond), it is possible to manufacture all nine tools. There 
fore, in one embodiment of a representative bootstrap pro 
cess, proto-tools are fabricated that are the functional equiva 
lent of the Hydrogen Abstraction and Hydrogen Donation 
Tools. 

0305 There are many possible bootstrap sequences 
depending on the toolset, on the particular method of select 
ing an initial Subset of the tools, and on the particular method 
of creating functional equivalents of those initial tools using 
existing technology. One approach is to synthesize appropri 
ate molecules and then attach these (or similar molecules that 
have appropriate tip structure) to the tip structure of an SPM 
like device to create the first proto-tools via tip functionaliza 
tion. Another approach is using commercially available SPM 
ultra-sharp tips. The particular sequence described here 
employs existing ultrasharp silicon and diamond SPM tips. 
0306 Current ultrasharp scanning probe tips having 
nanometer or Sub-nanometer radius of curvature, when oper 
ated at low temperature, are sufficient for the modest reliabil 
ity requirements of a bootstrap sequence. Such ultrasharp 
scanning probe tips are commercially available, e.g., silicon 
tips with tip radii of 2 nm or less, and diamond-like carbon 
(DLC) Spike-probe tips having a sub-nanometer asperity that 
is only a few carbon atoms wide at its distal terminus. 
0307 Bootstrap processes are simplified by following the 
general principle that feedstock is moved downhill in energy 
or bonding force as it is transferred, for example, from the 
feedstock presentation Surface, to the tip, and finally to the 
workpiece. While other sequences are possible (e.g., when 
removing atoms from a workpiece) the principle is the same: 
design the combination of feedstock, tip, and workpiece so 
that the desired reactions are favored by the net energy change 
or binding force differences. 
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0308 Implementing this general principle proceeds in the 
following stages: 
0309 (1) Distribute desired feedstock onto a presentation 
surface. While the feedstock bonds more weakly to the sur 
face than to the tip (making it easy to acquire the feedstock 
with the tip), the feedstock bonds strongly enough to prevent 
problematic migration or departure from the presentation 
Surface at the designated operating temperature. 
0310 (2) If necessary, activate the feedstock (e.g., by 
abstracting a hydrogen atom and making it reactive, once the 
first hydrogen abstraction tool is available). 
0311 (3) Bring a tip (positioned by an SPM-like apparatus 
or some other positional device) into contact with the acti 
vated feedstock, and bond to it with the tip, possibly requiring 
the application of mechanical force to overcome reaction 
barriers. The resulting newly formed bond is stronger than the 
bond that holds the feedstock to the presentation surface. 
0312 (4) Withdraw the tip, and with it withdraw the trans 
ferred feedstock from the presentation surface. 
0313 (5) Use the SPM tip to position the transferred mol 
ecule next to a workpiece, and form a bond with the feedstock 
and the workpiece, possibly requiring the application of 
mechanical force to overcome reaction barriers. For an appro 
priately selected workpiece and feedstock, the bond that 
forms between the workpiece and the cluster will be stronger 
than the bond between the cluster and tip. 
0314 (6) Withdraw the tip, leaving the transferred feed 
stock behind on the workpiece. 
0315. If the presentation surface is germanium (which 
forms relatively weak bonds) and the feedstock is .CH2, 
GeH2 or even more simply just a single hydrogen atom H. 
then a silicon tip will bond to the feedstock more strongly than 
the germanium surface bonds to the feedstock. If the work 
piece is a stiff hydrocarbon structure, the feedstock (e.g., H. 
..CH2, or GeH2) will bond more strongly to a radical carbon 
site on the workpiece than to the silicon tip, and so can be 
transferred to the workpiece at a desired location. That is, the 
feedstock's net energy decreases, or bonding force increases, 
as it transfers from the presentation Surface, to the tip, and 
finally to the workpiece. 
0316 Even when the bond strengths or energies between 
the feedstock, the presentation surface, the SPM tip and the 
workpiece are very similar, test-and-repeat steps, or other 
techniques can be used to obtain adequately reliable results. 
Such procedures are discussed in more detail herein. 
0317 Lowering the temperature can also be used to reduce 
the randomizing effect of thermal noise. At a sufficiently low 
temperature for a given reaction, thermal noise will no longer 
significantly disturb the outcome and the reliability of the 
operations is then limited by other factors. 

Starting a Bootstrap Sequence: 
Abstraction Tip 
0318 FIG. 16A illustrates how a bootstrap sequence may 
start with the fabrication of a proto-Hydrogen Abstraction tip. 
The proto-Hydrogen Abstraction tip 270 shown in FIG. 16B 
differs from the Hydrogen Abstraction Tool 100 shown in 
FIG. 1 in that the proto-Hydrogen Abstraction tip does not 
necessarily have an atomically-precise adamantane cage at 
the base of the ethynyl radical. It should be understood that 
the particular proto-Hydrogen Abstraction tip 270 is but one 
instance of an entire class of structures that incorporates some 
degree of randomness in the fabrication process but which 

The Proto-Hydrogen 

Jul. 11, 2013 

still has the requisite properties. For the proto-Hydrogen 
Abstraction tip it is sufficient that the ethynyl radical is in 
place and functions. 
0319. One method of preparing the first proto-Hydrogen 
Abstraction tip is by the following five-step sequence. 
0320 (1) C2 dimers are chemisorbed onto an appropriate 
presentation surface. As illustrated in FIG.16A, the prepara 
tion may begin with the direct adsorption of C2 dimers 262 
onto a depassivated Surface 264 (or into a matrix) which may 
be, among other possibilities, copper, frozen noble gases (or 
similarly unreactive compounds), germanium, germanium 
carbide, graphene, silicon carbide, or platinum. 
0321 (2) Continuing with FIG. 16A, having once 
obtained a suitable presentation surface with C2 dimers dis 
tributed on it, a sub-nanometer radius diamond tip 266 is at 
least partially depassivated by any of several methods, which 
might include: (A) heating to an appropriate temperature 
(e.g., 700-800 K for diamond C(111) and C(100) surfaces), 
(B) contacting the tip to an already depassivated Surface (e.g., 
a Surface with an equal or higher affinity for hydrogen), or (C) 
by the standard practice of applying a suitable Voltage pulse to 
cause removal of one or more hydrogen atoms from the tip. 
This produces at least one radical site 268 on the tip. 
0322 (3) Continuing with FIG.16A, the tip 266 is brought 
into contact with one end of a chemisorbed dimer 262, result 
ing in the dimer bonding to the tip, possibly requiring the 
application of mechanical force to overcome reaction barri 
CS. 

0323 (4) Turning now to FIG. 16B, the tip is then with 
drawn from the presentation Surface, producing the desired 
proto-Hydrogen Abstraction tip 270. 
0324 (5) A “test and repeat' step may be employed to 
ensure that the resulting proto-Hydrogen Abstraction tip has 
been made successfully, if increased reliability is desired. 
0325 The resulting proto-Hydrogen Abstraction tip can 
then be used to selectively abstract hydrogen in Subsequent 
mechanosynthetic steps. In addition, the minimal toolset (as 
described in Freitas and Merkle (2008)) reactions normally 
required in the recharge sequence for the proto-Hydrogen 
Abstraction tip are avoided during the bootstrap sequence by 
discarding the proto-Hydrogen Abstraction tip after a single 
use and making additional proto-Hydrogen Abstraction tips 
as needed to abstract additional hydrogen atoms. While inef 
ficient, the above steps serve to produce a sufficient number of 
proto-Hydrogen Abstraction tips during the bootstrap pro 
CCSS, 

The Proto-Silicon Hydrogen Donation Tip 
0326. After creation of a proto-Hydrogen Abstraction tip, 

it is necessary to produce a proto-Hydrogen Donation tip. A 
proto-Hydrogen Donation tip will be effective at donating 
hydrogen atom to a carbon radical on a diamond workpiece. 
0327. The most direct method for obtaining a proto-Hy 
drogen Donation tip is to create an ultrasharp hydrogenated 
germanium tip with <2 nm radius of curvature. Ultrasharp 
germanium tips are not yet commercially available, but 
ultrasharp silicon tips are commercially available and can 
also be used. The hydrogenated ultrasharp silicon tip is des 
ignated as a proto-Silicon Hydrogen Donation tip. A func 
tionally equivalent tool may substitute a silicon atom in place 
of germanium atom 124 in the Hydrogen Donation Tool illus 
trated in FIG. 2. 
0328. The primary reason for using germanium in the 
toolset rather than silicon is the higher reliability of operation 
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with germanium. The Substitution of a silicon tip for a ger 
manium tip also works as required for the reactions needed 
during the bootstrap sequence. Silicon, being one row closer 
than germanium to carbon, has bond strengths to carbon 
atoms that are intermediate in strength between C C bonds 
and C Ge bonds. As a result the critical reactions used 
during the bootstrap sequence will work with silicon Substi 
tuted for germanium but will have lower reliability at any 
given operating temperature. Lowering the temperature of 
operation recovers much of the foregone reliability. Thus the 
use of commercially available silicon tips with <2 nm radii 
will suffice because lower temperature operation during the 
bootstrap sequence is readily available, and because lower 
reliability processes are tolerable during bootstrapping. 
0329 Proto-Hydrogen Abstraction tips and proto-Silicon 
Hydrogen Donation tips are then used to fabricate the rest of 
the tips in the bootstrap process, followed by all the tools in 
the minimal toolset as described below. 

The Proto-Silicon Radical Tip 

0330 By touching the proto-Silicon Hydrogen Donation 
tip to the hydrogen dump (which, among other possibilities, 
can be a dehydrogenated atomically flat diamond Surface) a 
hydrogen atom is donated from the proto-Silicon Hydrogen 
Donation tip to the diamond Surface, thus creating a radical 
site on the tip. The resulting tip is designated as a proto 
Silicon Radical tip. This provides the functionality of the 
Germanium Radical Tool for some or all of the bootstrap 
Sequence. 

0331. The proto-Silicon Radical tip also may be fabricated 
by abstracting a hydrogen atom from the proto-Silicon 
Hydrogen Donation tip using the proto-Hydrogen Abstrac 
tion tip. 
0332 More generally, a wide range of possible proto 
radical tips may be used, and there are many methods of 
manufacturing any particular tip, as for example: (1) heating 
a workpiece diamond, silicon or germanium tip to a tempera 
ture sufficient to drive off some of the hydrogenatoms on the 
tip (e.g., 700-800 K for diamond C(111) and C(100) Sur 
faces), (2) employing the standard practice of applying a 
Voltage pulse of appropriate magnitude and duration at the 
workpiece tip to remove one or more hydrogen atoms, or (3) 
applying a proto-Hydrogen Abstraction tip or Hydrogen 
Abstraction Tool to the workpiece tip. 
0333 FIG. 17A illustrates the proto-Silicon Radical tip 
272 being converted to the proto-Silicon Hydrogen Donation 
tip 278 illustrated in FIG. 17B by touching tip 272 to a 
hydrogenatom 274 on a suitable presentation surface 276. Of 
the many possible Such presentation Surfaces that would be 
Suitable, an obvious choice is a hydrogenated germanium 
Surface. This Surface, upon contact by proto-Silicon Radical 
tip 272, transfers hydrogen atom 274 from the germanium 
surface 276 (where the hydrogen is more weakly bound to a 
germanium) to the proto-Silicon Radical tip 272 (where the 
hydrogen is more strongly bound to a silicon atom). The 
resulting proto-Silicon Hydrogen Donation tip 278 makes a 
Suitable hydrogen donation tool. 

The Proto-Silicon Methylene Tip 

0334. Once fabricated, the proto-Silicon Radical tip is 
touched to a CH2 group on a suitable presentation Surface to 
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create the functional equivalent of a GermylMethylene Tool. 
This functional equivalent may be called a proto-Silicon 
Methylene tip. 
0335 More generally, any radical tip, including the proto 
Silicon Radical tip, can be charged by using many possible 
methods, as exemplified by the following series of steps illus 
trated by FIG. 18A: 

0336 (1) CH3 groups are distributed on a suitable pre 
sentation Surface 264. 

0337 (2) A proto-Hydrogen Abstraction tip removes a 
Selected hydrogen from a specific CH3 group chemi 
Sorbed to the presentation Surface, leaving .CH2 group 
282 chemisorbed to presentation surface 264. 

0338 (3) Proto-Silicon Radical tip 266 approaches 
..CH2 group 282 (chemisorbed to presentation surface 
264). 

0339 (4) The radical site 268 on proto-Silicon Radical 
tip 266 bonds with .CH2 group 282 on presentation 
surface 264. 

(0340 (5) In FIG. 18B, the proto-Silicon Methylene tip 
284 is withdrawn from presentation surface 264 by the 
application of mechanical force, taking CH2 group 282 
with it, resulting in the fabrication of proto-Silicon 
Methylene tip 284 from proto-Silicon Radical tip 266. 
Because of the relatively low reliability and the possi 
bility of positioning errors while using these early tips, it 
may be necessary to test the tip after the fifth step to 
determine if CH2 group 282 has in fact attached to 
proto-Silicon Radical tip 284 upon its withdrawal. 

0341 This completes the fabrication of the proto-tools. 
The fabrication of the tools of the minimal toolset using the 
above-described set of proto-tools can now begin. While 
many of the mechanosynthesis reactions herein are generally 
directed towards the production of diverse, atomically-pre 
cise structures, while using the proto-tools during the boot 
strap process some simplifications can be made because the 
objective during the bootstrap process is to manufacture a 
more limited set of structures; in particular, an initial set of 
atomically-precise tools. 

Tools and Handles 

0342 Tools generally have a tip and a handle, the handle 
being a mounting point for the tip. In one embodiment, a 
suitable handle can be fabricated by starting with a small 
bulk-produced diamond surface. While various diamond sur 
faces can be used, the ring closure reactions are particularly 
simple when the diamond C(110) surface is used. 
0343 FIG. 19A illustrates this surface consisting of stag 
gered rows of atomic-scale troughs. Fabrication of additional 
C(110) Surface takes place when a Zig-Zag chain of carbon 
atoms is emplaced Straddling the length of an existing trough. 
Two Zig-Zag chains added in adjacent troughs form a new 
trough between them, atop which an additional chain of car 
bon atoms can be added. Construction of a single Zig-Zag 
chain can proceed by adding single carbonatoms to the end of 
the chain. 
0344) Fabrication of a suitable handle using the proto 
tools starting with a hydrogenated diamond C(110) Surface 
begins as follows: (1) abstract a single hydrogen from the 
Surface using a proto-Hydrogen Abstraction tip, creating a 
radical site; (2) add a CH2 group at the radical site using a 
proto-Silicon Methylene tip; and (3) add a hydrogenatom to 
the added...CH2 group using a proto-Silicon Hydrogen Dona 
tion tip. FIG. 19B illustrates how this three-step reaction 
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sequence adds a CH3 group containing carbon atom 292 to 
the left hand side of a trough on the C(110) surface. 
(0345 FIG. 19C illustrates how an additional CH3 group 
containing carbon atom 294 is added by the same method on 
the right side of the trough. After two methyl groups have 
been added on opposite sides of the same trough, two proto 
Hydrogen Abstraction tips are applied, one to each methyl 
group, yielding two CH2 groups in which both carbon 292 
and carbon 294 are radicals, which then bond via radical 
coupling to form a single CH2CH2 group, constituting one 
'Zig of a Zig-Zag chain on the C(110) Surface, as illustrated 
in FIG. 19D. A “Zag' is then added by bonding in similar 
manner a third methyl group on the left hand side of the 
trough next to the attachment site of the first methyl group, 
across the trough from the attachment site of the second 
methyl group. A sequential application of two more proto 
Hydrogen Abstraction tips to the second CH2 group and the 
third methyl group yields two new radical sites which then 
bond via radical coupling, now forming a three-carbon 
CH2CHCH2 “Zig-zag sequence straddling the trough of the 
C(110) surface. This process is continued to produce the first 
Zig-Zag chain of desired length in the lowest (most founda 
tional) layer of the tool handle. Following the addition of this 
Zig-Zag chain, a second, third, and following chains are added 
in adjacent troughs on the initial C(110) surface. 
0346. This method is used to fabricate a new layer of the 
C(110) Surface, on top of the original Surface, of some spe 
cific desired size. The process is then repeated, building up a 
second new layer that is slightly smaller in both lateral dimen 
sions than the first. A third layer, similarly slightly smaller 
than the second layer, continues this process. Additional new 
layers decreasing in lateral extent are fabricated until the apex 
of the resulting pyramid is Small enough (e.g., the width of a 
single adamantane cage) to provide a Suitable base for the 
intended tool whose handle is being manufactured. 

The Adamantane Radical Tool 

0347 The proto-tools including the proto-Hydrogen 
Abstraction tip, the proto-Silicon Hydrogen Donation tip, the 
proto-Silicon Radical tip, and the proto-Silicon Methylene tip 
can be used in Subsequent reactions to make the first Ada 
mantane Radical Tool. In these reactions the proto-Hydrogen 
Abstraction tip would be used in place of the Hydrogen 
Abstraction Tool, the proto-Silicon Radical tip would be used 
in place of the Germanium Radical Tool, the proto-Silicon 
Methylene tip would be used in place of the GermylMethyl 
eneTool, and the proto-Silicon Hydrogen Donation tip would 
be used in place of the Hydrogen Donation Tool. 
0348. In the case of the Adamantane Radical Tool, the tip 
culminates in a single bridgehead carbon atom at the apex of 
a pyramid structure constructed as described above. The 
bridgehead carbon atom apex is either manufactured in an 
unhydrogenated State or is dehydrogenated after manufacture 
using a proto-Hydrogen Abstraction tip or Hydrogen Abstrac 
tion Tool. This sequence of reactions for building the Ada 
mantane Radical Tool is very simple because it requires only 
the application of a single tool or tip at a time to build the 
necessary handle structure. Since the handle is built layer by 
layer, the aspect ratio of the initial bootstrapped tips that are 
used during the fabrication process can be quite poor because 
the workpiece is geometrically accessible and all multi-tip 
operations are eliminated. The aspect ratio of the manufac 
tured tools is improved during Successive tool-building itera 
tions. 
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0349 Other tools are constructed by a similar sequence, 
but with the final apex structures and modifications thereto 
fabricated using a slightly different sequence of reactions. For 
example, the Hydrogen Abstraction Tool can be directly fab 
ricated from the Adamantane Radical Tool, as can the Ger 
mylene Tool. It is also possible to use alternative tools, tips 
and processes that are less reliable at higher temperatures but 
which, when operated at a sufficiently low temperature, 
become reliable enough for use during the bootstrap pro 
cess—as for example a proto-Silicon Carbene tip (which is 
not employed in the bootstrap process described above but 
could be used in an alternative process to inserta third carbon 
atom between two previously bonded carbon atoms in a 
growing diamond Surface). 

The Hydrogen Abstraction Tool 
0350. The Hydrogen Abstraction Tool is fabricated by 
touching the radical at the tip of the Adamantane RadicalTool 
to a C2 dimer on a Suitable presentation Surface. 

The Methylene Tool 
0351. The Adamantane Radical Tool is also used to make 
the Methylene Tool by touching the radical tip of the Ada 
mantane Radical Tool to a CH2 group on a suitable presen 
tation Surface, in a method analogous to that used during the 
bootstrap procedure to fabricate the proto-Silicon Methylene 

The Germylene Tool and the Proto-Silicon Germanium tip 
0352 Next, the Adamantane Radical Tool is used to make 
a Germylene Tool or the proto-Silicon Radical tip is used to 
make a proto-Silicon Germanium tip. The Germylene Tool 
and the proto-Silicon Germanium tip have similar function 
ality, so the choice about which one to use during the boot 
strap sequence depends on specific issues of implementation 
convenience that will be evident to practitioners skilled in the 
art. 

0353. The Germylene Tool (or the proto-Silicon Germa 
nium tip if fabricated) can be fabricated by touching an Ada 
mantane Radical Tool or a proto-Silicon Radical tip (respec 
tively) to a GeH2 group on a germanium presentation Surface, 
in a fashion similar to the proto-Silicon Methylene tip fabri 
cation sequence illustrated in FIG. 18 but with the CH2 group 
282 replaced by a GeH2 group. 

The Germanium Radical Tool 

0354 Either the Germylene Tool or the proto-Silicon Ger 
manium tip can then be used during fabrication of the first 
Germanium Radical Tool. As the Si-Gebond is weaker than 
the C. Ge bond, the reaction sequence used with the proto 
Silicon Germanium tip is simpler than the reaction sequence 
used with the Methylene Tool. 
0355 Alternatively, the Germanium Radical Tool can be 
fabricated by a sequence of reactions similar to those 
described for the Adamantane Radical Tool and illustrated in 
FIG. 19, with but one exception. The single use of the proto 
Silicon Methylene tip that adds the carbonatom destined to be 
the radical carbon at the tip of the Adamantane Radical Tool 
is replaced by a single use of either (1) the Germylene Tool or 
(2) the proto-Silicon Germanium tip, as is convenient. The 
remaining reactions in the sequence continue as before. As 
the single use of the Germylene Tool or the proto-Silicon 
Germanium tip is the only use of either one of these items in 
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the entire reaction sequence required for the fabrication of the 
Germanium Radical Tool, the reaction reliability for this 
single tool application need not be high. 

The GermylMethylene and Hydrogen Donation Tools 

0356. Once fabricated, the Germanium Radical Tool can 
be charged by touching it to a CH2 on a Suitable presentation 
Surface, analogous to the previously described methods, pro 
ducing the first GermylMethylene Tool. 
0357 The Germanium Radical Tool can also be used to 
make the Hydrogen Donation Tool by using the Hydrogen 
Abstraction recharge reaction illustrated in FIG. 12. The 
Hydrogen Abstraction Tool must first be used to abstract a 
hydrogen atom, creating a spent Hydrogen Abstraction Tool 
110 requiring recharge. Then the Germanium Radical Tool 
130 will bond to the spent Hydrogen Abstraction Tool 110 at 
the distal carbon atom 102. A second Germanium Radical 
Tool 224 then abstracts hydrogen 112 from the tip of the spent 
Hydrogen Abstraction Tool 110 to produce a new Hydrogen 
Donation Tool 120. The bonded Hydrogen Abstraction Tool 
100 and the first Germanium Radical Tool 130 are then sepa 
rated, regenerating both. 

The Hydrogen Transfer and Dimer Placement Tools 

0358. As illustrated in FIG. 15, the Hydrogen Transfer 
Tool is fabricated by bonding a Germanium RadicalTool 130 
to a spent Hydrogen Abstraction Tool 110. The Dimer Place 
ment Tool can be made using the previous tools. The entire 
nine-tool minimal toolset has now been fabricated. 

Summary of Bootstrap Process 

0359 The particular sequence of bootstrap operations 
described here is: (1) Proto-Hydrogen Abstraction tip, (2) 
Proto-Silicon Hydrogen Donation tip, (3) Proto-Silicon Radi 
cal tip, (4) Proto-Silicon Methylene tip, (5) Adamantane 
Radical Tool, (6) Hydrogen Abstraction Tool, (7) Methylene 
Tool, (8) Germylene Tool, (9) Proto-Silicon Germanium tip 
(optional), (10) Germanium Radical Tool, (11) GermylMeth 
ylene Tool, (12) Hydrogen Donation Tool, (13) Hydrogen 
Transfer Tool, and (14) Dimer Placement Tool. Other 
sequences will be apparent to practitioners skilled in the art 
and having the benefit of the teachings presented herein. 
0360 Bootstrapping a set of mechanosynthetic tools 
requires careful consideration of the reactions involved. It can 
be simplified by the use of additional reactions, elements, 
conditions, or mechanisms that are used primarily or only 
during the bootstrap sequence. For example, if reactions are 
carried out at low temperature, then reliability problems 
which are exacerbated by thermal noise and thermally 
induced errors can be reduced. Low temperature operation 
also allows the use of alternative reactions that might have 
unacceptably low reliability at higher temperatures. Auxil 
iary tips and processes can be introduced to simplify the steps 
in the bootstrap sequence. The mechanisms for providing 
feedstock and for disposing of excess atoms can also be 
chosen to simplify the bootstrap process. 
0361 Although critical in the early stages of the develop 
ment of mechanosynthesis, the bootstrap process is likely to 
become almost immediately obsolete. Once the bootstrap 
proto-tools have fabricated any reasonably complete set of 
atomically-precise mechanosynthetic tools, this complete set 
of more sophisticated tools can be employed thereafter. 
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Energy Barriers, Tips and Reaction Design 
0362. The foregoing material has described a bootstrap 
process by which atomically-precise tips can be created from 
non-atomically-precise tips. In designing other Such boot 
strap processes, reactions, or tips. Some useful guidelines 
include: use of a rigid tip geometry so that the bonds between 
the apical atom and the other tip atoms do not deform exces 
sively or break as a feedstock atom is transferred; use of a tip 
shape and aspect ratio which allows the tip to approach a 
workpiece and perform the desired reaction without steric 
hindrance; and use of tip to feedstock bond strengths that 
facilitate pickup of feedstock from a feedstock depot while 
not making donation of feedstock to a workpiece problem 
atic. 
0363 With regards to a rigid tip geometry, a tetrahedral 
structure with respect to the apical atom can be useful as, with 
a feedstockatom bound to one leg of the tetrahedron, the other 
three bonds serve to stabilize the apical atom when force is 
applied during a reaction. However, other geometries are 
possible. For example, in addition to AX4 (tetrahedral), AX5 
AX8 hybridizations can also provide the necessary free elec 
trons to bond a feedstock atom while having the ability to 
form at least three other bonds to create a rigid tip structure. 
The primary concern is simply whether or not a given tip will 
reliably perform the intended reaction. 
0364 To facilitate the design of new tips and reactions by 
example, and to provide a library of existing reactions, we 
have designed and tested hundreds of different tips and reac 
tions at a high degree of simulation precision. The table below 
describes a large set of tips, capable of transferring many 
different atoms. The calculations were carried out at the 
B3LYP/6-311G(d,p) level of theory using the Gausian09 
Software package with default DFT grid size and convergence 
criteria. The data include net energy changes and reaction 
barriers to transferring many different atoms between various 
adamantane sidewall and bridgehead structures. These ada 
mantine structures are used as representative tip and work 
piece structures to demonstrate specific exemplary reactions 
that have been vetted at a high level of detail. These are 
certainly not the only structures and reactions that would be 
obvious given the teachings presented herein, but the reac 
tions listed demonstrate transferring feedstock atoms includ 
ing: Al, B, Be, Br, C, C1, F, Ge, H, Ir, Li, Mg., N, Na, O, P, S, 
and Si. 
0365. With respect to the reactions in Table 1, the tip 
always approached the workpiece coaxially. The coaxial tra 
jectory has been found to be widely-applicable and robust. 
This fact, along with the extensive data provided, should 
enable the facile design of a vast number of related reactions. 
Also, Tarasov, Akberova et al. (2010) teaches a process that 
may be used to determine other trajectories, and those teach 
ings will complement the teachings present herein. 
0366. In the table below, “Tip” is the donating structure, 
“FS (feedstock) is the atom being transferred, “Workpiece' 
is the structure to which the feedstock is transferred, "Delta 
(eV) indicates the change in energy for the reaction, and 
“Barrier (eV) indicates the reaction barrier. 
0367 “300K is the probability of reaction failure at 300 
Kelvin (room temperature), while “77K is the probability at 
77 Kelvin (liquid nitrogen temperature). Scientific notation is 
used due to the very small numbers. These calculations were 
performed using the formulas disclosed in Code Listing 1. 
300K and 77K are representative temperatures only. Any 
temperature at which the reactions are reliable enough for a 
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TABLE 1-continued 

21 

Element Transfers with Energy Calculations and Reliabilities at Various Temperatures 
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Delta Barrier 
Tip FS Workpiece (eV) (eV) 77K 3OOK 

C9H1 SS B CC9H15 -1.12 O.14 4.39E-74 148E-19 
C9H1 SS Bir BC9H14 -0.49 O43 113E-32 6.31E-09 
C9H1 SS H BC9H14 -0.56 O.27 4.6SE-37 4.73E-10 
C9H1SS Li NC9H14 -0.57 O.OO 5.33E-38 2.71E-10 
C9H1 SS P BC9H14 -0.54 O.16 4.44E-36 8.44E-10 
C9H1 SS S BC9H14 -1.14 O.OO 2.44E-75 7.07E-2O 
C9H1 SS S CC9H15 -0.11 O.OO 6.11E-08 1.41E-02 
C9H1 SS Ge CC9H15 -0.08 O.OO 5.83E-06 4.53E-O2 
C9H1SGe. Ir CC9H15 -0.04 O.OO 1.97E-03 2O2E-O1 
C9H1SGe. Ir SC9H15 -0.33 O.OO 1.82E-22 2.63E-06 
C9H1SC Ir SC9H15 -0.29 O.OO 9.36E-2O 1.31E-OS 
C9H1SC Ir BC9H14 -1.07 O.OO 6.78E-71 9.77E-19 

0369. Note that it is possible for the change in energy (eV) Exemplary Workpiece Specification and Build Sequence 
to be positive. This is due to the fact that energy and force are 
not equivalent. A mechanosynthetic tip may exert force over 
a distance that results in a net change in energy which is 
positive, even if the reaction product resides in a local energy 
minima. 

Workpiece Specification and Build Sequences 
0370. The ability to create atomically-precise tips from 
non-atomically-precise tips via a bootstrap process has been 
described in detail herein. And, reaction energetics and reli 
abilities from detailed simulations have been reported which, 
when coupled with the teachings presented herein, would 
enable one skilled in the art to make many tips sufficient for 
carrying out many reactions. With those tips and reactions 
available, to facilitate building a workpiece, once must define 
the workpiece in an atomically-precise manner, and then 
create a build sequence for assembling the workpiece. 
0371. One defines a workpiece for mechanosynthesis by 
specifying each atom in the workpiece and its atomic coor 
dinates, directly or indirectly (for example, via an algorithm 
which generates the desired structure). Many computational 
chemistry programs allow the creation of models based on 
atomic coordinates, or algorithms to generate Such coordi 
nates. 

0372. Once the atomic coordinates have been specified, a 
build sequence can be created that specifies the order in which 
each atom is to be added to, or removed from, the workpiece. 
Reactions that do not add or remove atoms are also possible, 
Such as those that change the bonding structure of the work 
piece. For each reaction, the reaction parameters, including 
the tip, tip trajectory, feedstock, reaction temperature, and 
possible reaction pathologies are determined. These topics 
are addressed herein. Where additional reactions are desired 
beyond those that we present, it will be obvious to one skilled 
in the art how to determine new reactions using the teachings 
and data herein as a guide. 

0373 The following illustrates the use of a build sequence 
for the manufacture of a pyramidal diamondoid structure in 
two forms (FIG. 32, which is capped with C, and FIG. 30. 
which is capped with Ge). This structure has multiple uses. 
With the apical Geatom, it can serve as a Germanium Radical 
tool. Terminated with a carbon ring-closure reaction, omit 
ting the Ge, the structure can serve as an Adamantane Radical 
tool. And, given the size and stepped nature of the walls, such 
a structure (or multiple Such structures built a known distance 
apart) could serve as calibration standards for SFM or AFM 
based metrology. 
0374. This build sequence was computed using the repre 
sentative density functional method with the B3LYP/6- 
311G** basis set, which typically provides a good tradeoff 
between accuracy and computational expense. Higher reac 
tion accuracies could be obtained using more computation 
ally-demanding techniques such as coupled clusters. Lee, 
Lee, T. J., Scuseria, G. E., et al. (1995) Achieving Chemical 
Accuracy with Coupled-Cluster Theory. Quantum Mechani 
cal Electronic Structure Calculations with Chemical Accu 
racy. Langhoff, Kluwer Academic Publisher: 47-108. 4 
degrees Kelvin was assumed for this sequence (readily acces 
sible with liquid helium) although the reactions would likely 
prove reliable at higher temperatures. 

Workpiece Specification 

0375. A partial list of the atomic coordinates for the pyra 
mid structure (in the Ge-capped variant) follows, though this 
data could take many forms. This is an excerpt of a hin file, 
which may be read with, among other molecular modeling 
programs, Jmol. A CD containing data for molecular models 
in hinformat, containing 33 files totaling 814 KB, represent 
ing the molecular models shown in FIGS. 24-56, has been 
included with this application and is incorporated herein by 
reference. 
0376 Sample hin code listing, abbreviated: 

forcefield mm 
sys 001 
seed -1111 
mol1 
aton 1 - C ** - O -7.O3S743.296.51 -0.13454 2S35s 187s S15 s 
atom 2 - C** - 0-7.984.07 2.0312-0.13941 S12 S36 S 526S 
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-continued 

atom 3 - C** - 0-8.011362.01224-2.637034 12S 32s 38 S509S 
atom 4 - C** - 0-9.91319-1.78661 -1.41303 45s 20 S 42S 43S 
atom 5 - C** - 0-8.97637-0.52125-1417574 4s 18 S 28S 34s 
atom 6 - C** - 0-2.414893.23247-145796 411 S 26 S39S 216S 
atom 7 - C** - 0-2.44921 0.6718-147.024.13 s 23 S 39S 40s 
... lines removed... 
aton 1392 - H** - O 2.041SS 1.281.93 11.05721 1393s 
aton 1393 - C ** - O 146283 O.SO8671 10.50734 1391 is 1392S 1382S 1397 is 
aton 1394 - H** - O -2.39766-O.S1SO24 11.0477 11396S 
atom 1395 - H** - O -1.10132-1.613510.654111396 S 
atom 1396 - C** - 0-1.49431 -0.602855 10.405 4 1394 S 1395 S 1375 S 1397 S 
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aton 1397 - Ge** -O-O.338415 0.785752 11.0787 4 1396 s 1389 s 1393 s 1398s 
aton 1398 - H** - O -0.446.381 0.997928 12.589S 11397s 

endmol1 

Required Tools 
0377 The tools used in this build sequence are described 
in detail elsewhere herein. They are: the Hydrogen Abstrac 
tion tool (HAbst), the Hydrogen Donation tool (HDon), the 
Germanium Radical tool (GeRad), and the GermylMethylene 
tool (GM). 

Required Reactions 
0378. The following reactions are used, along with the 
specified tools, in the building of this workpiece. In the reac 
tion names, a reaction starting with “C” indicates a “Capping 

reaction, an “M” indicates a methylating reaction, and an “R” 
indicates a “Row Building reaction. Note that, since these 
reactions are used in sequence with each other to build the 
structure, the ending structure for one reaction is frequently 
the starting structure for another reaction. 
0379 The related figures for each reaction show only the 
atoms proximate to the reaction, rather than the entire work 
piece. Recharge reactions are not included, but are presumed 
to be used as needed, as described in detail elsewhere herein. 
Tips are not shown as part of the reaction structures, but are 
listed with each reaction in the text. 

TABLE 2 

Reaction Description 

COO2 

COO4 

COO6 

COO8 

MOO2 

MOO4 

MOO6 

MOO8 

Following three methylation steps, this is 
the initial step in capping the C110 pyramid 
with a GeRad tip, via donating a radical 
GeH2 group to a radical methyl group on a 
non-Outer edge carbon site with the GeRad 
tool, for Subsequent ring closure. 
The second step in capping the C110 
pyramid with a GeRad tip, via abstracting a 
hydrogen from a methyl group on a non 
outer edge carbon site with the HAbst tool, 
allowing for radical-radical coupling to 
close a 7-member ring on the C110 ridge. 
The third step in capping the C110 pyramid 
with a GeRad tip, via abstracting a 
hydrogen from the third methyl group on a 
non-Outer edge carbon site adjacent to the 7 
member ring spanning the C110 ridge with 
he HAbst tool, for Subsequent cage closure. 
The final step in capping the C110 pyramid 
with a GeRad tip, via abstracting a 
hydrogen from the germanium of the 7 
member ring spanning the C110 ridge via 
he HAbst tool, allowing for radical-radical 
coupling to close the ring. 
The initial step in methylating a non-outer 
edge carbon site, via abstracting the 
hydrogen from the carbon with the HAbst 
ool, for the Subsequent addition of a radical 
methyl group. 
The second step in methylating a non-Outer 
edge carbon site, via donating the radical 
methyl group to the radical carbon site with 
he GM tool, for Subsequent hydrogenation. 
The final step in methylating a non-Outer 
edge carbon site, via donating a hydrogen to 
he radical methyl group with the HDon 
ool. 
The initial step in methylating an outer edge 
carbon site adjacent to a methylated non 

Tool(s) 
Required 

GeRad 

HAbst 

HAbst 

HAbst 

HAbst 

GM 

HDon 

HAbst 

Starting 
Structure 

FIG. 33 

FIG. 34 

FIG.35 

FIG. 36 

FIG. 38 

FIG. 39 

FIG. 40 

FIG. 41 

Ending 
Structure 

FIG. 34 

FIG.35 

FIG. 36 

FIG. 37 

FIG. 39 

FIG. 40 

FIG. 41 

FIG. 42 
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TABLE 2-continued 

Tool(s) 
Required 

Starting 
Reaction Description Structure 

Outer edge carbon site, via abstracting the 
hydrogen from the carbon with the HAbst 
tool, for the Subsequent addition of a radical 
methyl group. 
The initial step in methylating a non-outer 
edge carbon site adjacent to a methylated 
non-Outer edge carbon site, via abstracting 
the hydrogen from the carbon with the 
HAbst tool, for the Subsequent addition of a 
radical methyl group. 
The second step in methylating an outer 
edge carbon site adjacent to a methylated 
non-Outer edge carbon site, via donating a 
radical methyl group to the radical carbon 
site with the GM tool, for subsequen 
hydrogenation. 

step in methylating a non-Outer 
edge carbon site adjacent to a methylated 
non-Outer edge carbon site, via donating a 
radical methyl group to the radical carbon 
site with the GM tool, for subsequen 
hydrogenation. 
The final step in methylating an outer edge 
carbon site adjacent to a methylated non 
Outer edge carbon site, via donating a 
hydrogen to the radical methyl group with 
the HDon tool. 
Ring closure step between radical methyl 
group on a non-Outer edge carbon site and a 
methyl group on a non-Outer edge carbon 
site, via abstracting a hydrogen from the 
methyl group with the HAbst tool, allowing 
radical-radical coupling to form a 6-member 
ring. 
The initial step in extending a C110 row, 
via abstracting a hydrogen from non-Outer 
edge carbon with the HAbst tool, for the 
Subsequent addition of a radical methyl 
group. 
The second step in extending a C110 row, 
via donating a radical methyl group to the 
radical carbon site with the GM tool, for the 
Subsequent ring closure step. 
The final step in extending a C110 row, via 
abstracting a hydrogen from the existing 
adjacent 6-member ring with the HAbst 
tool, allowing for radical-radical coupling to 
close another 6-member ring. 

MOO9 HAbst FIG. 43 

MO11 GM FIG. 45 

MO12 GM FIG. 47 

MO14 HDon FIG. 49 

ROO3 HAbst FIG.S1 

R004 HAbst FIG. 53 

ROOS GM FIG. S4 

ROO6 HAbst FIG.55 

Order of Reactions 

0380. These reactions listed above are used in specific, 
often iterated, sequences, to build the pyramid. FIGS. 24-32 
illustrate the process, and are described in detail below. 
0381 FIG.24 illustrates a starting surface of C110 carbon. 
To start building the pyramid structure, new rows are added to 
the Surface beginning with the following reaction sequence: 

0382 M002->MOO4->MO06->MO09->MO12->R003 
>ROO4->ROO5->ROO6 

0383. Once a new row is started, this row is extended by 
repeating this sequence as many times as needed: 

0384 R004->R005->R006 
0385 Successive applications of these sequences result in 
the structures shown in FIG. 25, FIG. 26, FIG. 27, FIG. 28, 
and FIG. 29, which show the structure at progressive states of 
completion. 
0386 The final set of reactions differs depending on 
whether Carbon or Germanium is desired as the apical atom. 
We illustrate both for diversity, and because this allows the 
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Ending 
Structure 

FIG. 44 

FIG. 46 

FIG. 48 

FIG. SO 

FIG.S2 

FIG. S4 

FIG. 55 

FIG.S6 

creation of two different tools. Capping the pyramid with 
Carbon is illustrated in FIGS. 29 and 30, and is accomplished 
with the following sequence: 

0388 Capping the pyramid with Germanium is illustrated 
in FIGS. 31 and 32, and is accomplished with the following 
Sequence: 

Workpiece Specification and Build Sequence Summary 

0390 The foregoing material describes how a workpiece 
is specified, and provides a pyramidal structure as an exem 
plary workpiece. The tools which would be required to build 
this workpiece are listed, as are all the individual reactions, 
and the order in which these reactions are used to build the 
pyramid, in two different variants. 



US 2013/0178627 A1 

0391 Subsequently, we describe these and other pro 
cesses at a higher level of abstraction to aid the reader in 
understanding the general strategy of specifying and building 
any workpiece. 

Process Overview 

0392 To aid in the understanding of the general process of 
creating a workpiece, FIGS. 20 through 23 provide flow 
charts of various processes relating to the invention. Note that 
these flow charts provide only an exemplary embodiment and 
are in no way intended to limit the invention. Many variations 
on these processes are possible, and even without changing 
the steps involved, one might change the decision logic or 
loop through some processes more than once. For example, to 
optimally design a workpiece for manufacturability (20-2) 
may require an iterative process where the workpiece design 
is revised based on the outcome of Subsequent steps or pro 
cesses. Such as the reaction design process described in FIG. 
21. 
0393. The process starts in FIG. 20 at step (20-1), “Create 
Workpiece Functional Specifications.” This step is similar to 
that for any traditionally-manufactured product in that prod 
uct requirements must be defined before the product can be 
designed from an engineering perspective. 
0394 Step (20-2), “Design Workpiece for Manufactur 
ability also has an analog in traditional manufacturing. The 
product must be designed with the limitations of the manu 
facturing process in mind. In the case of mechanosynthesis, 
this means that a device should be designed with elements and 
geometries whose properties are understood, and for which 
tips and reaction sequences have been, or can be, designed. 
0395. Once the device has been designed, step (20-3) is to 
“Specify Atomic Coordinates of Workpiece.” That is, define 
each atom type and its position within the structure. This step 
may also include determining bonding structure, as this step 
can be informative although technically redundant since the 
bonding structure may be fully specified via the atomic coor 
dinates. This may be done in any molecular modeling or 
computational chemistry Software with the appropriate capa 
bilities, such as GROMACS, LAMMPS or NAMD. 
0396 Step (20-4) “Determine Reaction Reliability 
Requirements' involves performing an impact analysis of 
potential defects and the resultant establishment of reaction 
reliability requirements. Although the goal of mechanosyn 
thesis is the production of atomically-precise products, unin 
tended reactions can occur at frequencies which depend on 
factors including the chemical reactions being used, the tip 
design, the reaction trajectory, equipment capabilities and 
temperature. For each reaction one could analyze the most 
likely pathological side reactions that might occur and their 
impact upon the finished workpiece. For example, one could 
determine the impact of a feedstockatom failing to transfer, a 
feedstock atom bonding to a workpiece atom adjacent to the 
intended position, or the workpiece undergoing an unin 
tended rearrangement. The workpiece could be simulated 
with each potential defect, or more general heuristics or func 
tional testing could be used to determine the likely impact of 
possible errors in the workpiece. 
0397 As an example of how a defect could be insignificant 
in one context but not in another, consider a simple structural 
part such as a diamondoid beam: A Small number of mistakes 
may not substantially affect the properties of the finished part. 
In Such reactions, one might decide that defects under a 
certain number were tolerable and therefore require relatively 
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low reaction reliability. On the other hand, if the workpiece 
being constructed were, for example, a single-molecule tran 
sistor that would not function correctly if crucial atoms were 
misplaced, one might require that such crucial reactions have 
high reliability. 
0398 Another option to defect impact analysis is simply 
to require that each reaction be reliable enough that it is 
statistically unlikely that the final workpiece contains any 
errors. This is quite feasible, as will be seen from the reaction 
reliability calculations presented herein. Also, the ability to 
correct errors may have an impact on reaction reliability 
requirements. If errors can be fixed, one might decide to 
reduce reliability requirements and simply fix errors as they 
OCCU. 

0399 FIG. 21 begins with step (21-1) “Determine Order 
of Reactions, Reaction Conditions and Trajectories. Each 
atom, as specified in the atomic coordinates of the workpiece, 
generally (but not necessarily since, for example, one could 
use dimers or larger molecules as feedstock) requires that a 
particular reaction be performed on the workpiece to deposit 
that atom. Abstraction reactions may also be required, as may 
be reactions which alter the bonding structure of the work 
piece without adding or Subtracting any atoms. 
0400. There may be many different reaction sequences 
that would permit the construction of a particular workpiece. 
Steric constraints will be the primary determinant of the order 
in which atoms are added, as a three-dimensional workpiece 
requires adding atoms in an order which permits access by the 
necessary tools to later reactions. After steric constraints have 
been met, the stability of the intermediate structures should be 
considered. For example, certain atoms, when left as radicals, 
might rearrange, forming undesired bonds with adjacent 
atoms. In addition to a logical order to the addition of atoms, 
other techniques can be employed to prevent undesired rear 
rangement. For example, hydrogen atoms can be added to 
radical sites to temporarily satisfy empty valances. 
04.01. When a presumptive build order has been estab 
lished, the reaction sequence may be simulated to determine 
if it works correctly (21-2). The same simulations can test 
reaction parameters including which tip to use, whattempera 
ture is required, and what trajectory a tip will follow. AS has 
been previously noted, lower temperatures will favor accu 
racy, and unless steric issues make it obvious that a different 
approach is required, frequently the coaxial trajectory will 
enable successful reaction completion. 
0402. Note that, given that rearrangement and abstraction 
reactions may be required in a build sequence, workpieces 
may require more reactions than the number of atoms in the 
finished workpiece. Therefore, if the reactions are being 
implemented manually, for a workpiece with a high number 
of atoms, this obviously leads to a substantial requirement for 
labor. Automating the reaction steps may therefore be desir 
able. CAD programs can be used to specify AFM trajectories. 
Chen, H. (2006) “CAD-guided automated nanoassembly 
using atomic force microscopy-based nonrobotics.” IEEE 
Transactions on Automation Science and Engineering 3(3): 
208-217. See also, Johannes, M.S. (2006)“Automated CAD/ 
CAM-based nanolithography using a custom atomic force 
microscope.” IEEE Transactions on Automation Science and 
Engineering 3(3): 236-239. Additionally, atomic force micro 
Scopes that are programmable are commercially available, for 
example using LabVIEW software for control. 
0403 Based on the outcome of the simulations, a decision 
is reached as to whether the reactions as specified are correct 
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(21-3). If not, the sequence is revised. If so, the process 
proceeds to (21-4) where a decision is made as to whether any 
of the calculated reactions may pose reliability concerns, for 
example, based on rearrangements or incorrect reactions that 
were seen during simulation in (21-2). 
04.04. In (21-5) the reaction reliabilities can be calculated 
(for example, by energy barrier calculations or Monte Carlo 
simulations). (21-6) is a determination as to whether the 
proposed reaction reliabilities meet production quality needs, 
and, if the answer to (21-6) is no, (21-7) where requirements 
are reviewed to see if the build sequence restrictions can be 
relaxed since they were not met. From (21-7) if the answer is 
yes, a new iteration is started at (20-4) to determine revised 
reaction reliability requirements. If the answer to (21-7) is no, 
alternate reactions, reaction order, reaction trajectories, or 
reaction conditions can be simulated (21-1) to find a revised 
build sequence that meets the reaction reliability require 
ments. If the answer to (21-6) is yes, the process continues in 
FIG. 22, step (22-1). 
04.05 FIG. 22 is the Mechanosynthetic Reaction Process. 
Starting at (22-1) “Perform Mechanosynthetic Reactions.” 
the reactions determined in the build sequence are carried out 
using SPM/AFM-like equipment, or other suitable equip 
ment. This step involves, whether manually or in a computer 
controlled manner, using a positionally-controlled tip to per 
form each mechanosynthetic reaction in the build sequence. 
This means picking up a feedstock atom from a presentation 
Surface (or potentially a gaseous or liquid source of feed 
stock) and bonding it to the workpiece, or removing an atom 
from the workpiece, or changing the bonding structure of the 
workpiece without adding or removing an atom. This step 
would also encompass other reactions, including reactions 
not involving the workpiece. Such as tip refresh or pre-reac 
tion feedstock manipulation as may be necessary. 
0406 Step (22-2) is a decision point. If testing is not 
required, a decision point is reached (22-3) which depends on 
whether all reactions in the build sequence have been com 
pleted. If not, reactions are repeated until the answer is yes, at 
which point the workpiece is complete. If testing is required, 
the process continues in FIG. 23, starting with step (23-1). 
0407. In FIG. 23, testing may done by, for example, scan 
ning the surface of a workpiece using AFM or SPM-like 
techniques and checking to see that the expected structure is 
present. If no errors are found in (23-2), the process continues 
at (22-3). If an error is present at (23-2), a decision must be 
made in (23-3) as to whether the erroris ignorable (e.g., not an 
error that would prevent the workpiece from functioning). If 
it is ignorable, the process again continues with (22-3), 
although the build sequence may require adjustment if key 
atoms were moved as a result of the error (not depicted). If the 
error is not ignorable, it must be determined if the error can be 
fixed (23-4). This is largely a question of whether the tools 
exist to reverse the reaction which caused the error so that the 
proper reaction can be tried again, although there could be 
other ways offixing errors rather than reversing the reaction. 
If the error can be fixed, this is done in (23-6) and the process 
continues with (22-3). If the error cannot be fixed, given that 
it was previously determined to be a crucial error, the build 
sequence must be started over (23-5). 
0408. The embodiment of the process shown in FIG. 23 
assumes the ability to fix errors (23–6). This is not necessarily 
the case, and this flow chart represents only one possible 
process of implementing mechanosynthesis. For example, it 
is possible to desire testing without the ability to fix errors, or 

Jul. 11, 2013 

at least not all errors, if only to know that the workpiece must 
be discarded and the process started anew, as in (23-5). Prod 
uct requirements and process capabilities, among other con 
siderations, will determine which steps are actually used, and 
in what order. 

Generalizing the Exemplary Embodiments 
04.09 We have described how one uses a bootstrap process 
to go from ultra-sharp, but atomically imprecise, tips to 
atomically-precise tips for the purpose of facilitating robust 
mechanosynthesis reactions. We note that this initial set of 
atomically-precise tips is capable of replicating itself. 
enabling the continued use of atomically-precise tips after the 
initial use of the bootstrap process. We have also described the 
use of computational chemistry techniques to design other 
reactions, tips that perform those reactions, and the desirable 
characteristics of those tips. 
0410 Additionally, we have described how one specifies a 
workpiece using atomic coordinates, determines a build 
sequence of known reliability using simulated reactions and 
reaction conditions, and then builds that workpiece using the 
reactions, tips and positional means Such as an atomic force 
microscope, which may be computer-controlled to automate 
the reaction sequence process. 
0411. During the course of these descriptions, we have 
presented embodiments which include numerous tips (both 
atomically-precise and not atomically-precise) and reaction 
data for dozens of sets of tip/feedstock/workpiece combina 
tions. The list of atoms for which exemplary transferreactions 
have been computed spans much of the periodic table, includ 
ing Al, B, Be, Br, C, Cl, F, Ge. H. Ir, Li, Mg, N, O, Na, P.S., and 
Si. The tip structures which are used in these transfer reac 
tions use apical atoms including Al, B, C, Ge, N., P and Si. 
0412. There has also been presented herein a description 
of the reactions and build sequences used to create an exem 
plary complex, three-dimensional pyramidal workpiece 
which can serve as the basis for a Germanium Radical tool or 
an Adamantane Radical tool, among other uses. 
0413. It has been noted herein that the coaxial trajectory is 
frequently a robust way of performing mechanosynthetic 
reactions, but that other trajectories are possible and that 
varied angles can be useful to avoid steric problems when 
performing reactions. 
0414. It will be obvious that, due to the number of ele 
ments in the periodic table and the number of ways that such 
elements could be arranged, it is impossible to explicitly 
describe every way in which the invention could be applied or 
to describe every product that could be created. However, 
most arrangements of atoms where the reactions and struc 
tures are amenable to computational analysis could be built 
using the invention described. Along with the description and 
theory presented herein, these embodiments, data, reactions 
and build sequences demonstrate the wide applicability of the 
invention and provide Substantial guidance on how to apply 
the concepts of the invention to cases beyond the specific 
embodiments presented herein. In total, the teachings herein 
will provide the ability to manufacture products via mecha 
nosynthesis, means to modify a workpiece by adding or 
removing atoms at a specific location, bootstrap means to 
facilitate the creation of atomically-precise mechanosyn 
thetic tips using non-atomically-precise tips, means of pro 
viding feedstock for reactions, methods to design mechano 
synthetic reactions and reaction sequences, methods of 
computing reaction energetics data for designing mechano 
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synthetic reactions and reaction sequences, and procedures 
facilitating the design of workpieces, among other uses. 
0415. It should be further understood that the examples 
and embodiments pertaining to the systems and methods 
disclosed herein are not meant to limit the possible imple 
mentations of the present technology. Further, although the 
Subject matter has been described in a language specific to 
structural features and/or methodological acts, it is to be 
understood that the subject matter defined in the appended 
claims is not necessarily limited to the specific features or acts 
described above. Rather, the specific features and acts 
described above are disclosed as example forms of imple 
menting the Claims. 
0416) Since other modifications and changes varied to fit 
particular operating requirements and environments will be 
apparent to those skilled in the art, the invention is not con 
sidered limited to the example chosen for purposes of disclo 
Sure, and covers all changes and modifications which do not 
constitute departures from the true spirit and scope of this 
invention. 
What is claimed is: 
1. A method for building a workpiece comprising: 
building a three-dimensional, atomically-precise work 

piece using a plurality of mechanosynthetic reactions. 
2. The method of claim 1 wherein said plurality of mecha 

nosynthetic reactions use feedstock atoms selected from the 
group consisting of stable elements other than the noble 
gases and transuranic elements. 

3. The method of claim 1 wherein said plurality of mecha 
nosynthetic reactions use atoms selected from the group con 
sisting of Al, B, Be, Br, C, C1, F, Ge, H, Ir, Li, Mg, N, O, Na, 
P, S, and Si. 

4. The method of claim 3 wherein at least 10 mechanosyn 
thetic reactions are performed to build said workpiece. 

5. The method of claim 4 wherein said at least 10 mecha 
nosynthetic reactions are chemically or structurally different 
from one another. 

6. The method of claim 3 wherein at least 100 mechano 
synthetic reactions are performed to build said workpiece. 

7. The method of claim 3 wherein a testing step is carried 
out after one or more of the plurality of mechanosynthetic 
reactions. 
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8. The method of claim3 wherein said plurality of mecha 
nosynthetic reactions are carried out at a temperature Suitable 
for the desired reliability of said plurality of mechanosyn 
thetic reactions. 

9. The method of claim3 wherein said plurality of mecha 
nosynthetic reactions are carried out using an atomically 
precise tip. 

10. The method of claim 9 wherein at least 10 mechano 
synthetic reactions are performed to build said workpiece. 

11. The method of claim 10 wherein said at least 10 mecha 
nosynthetic reactions are chemically or structurally different 
from one another. 

12. The method of claim 9 wherein at least 100 mechano 
synthetic reactions are performed to build said workpiece. 

13. The method of claim 12 further comprising: defining 
atomic coordinates for said three-dimensional atomically 
precise workpiece; and calculating a reaction sequence to 
build said workpiece. 

14. A system for building a workpiece comprising: 
a specification for a three-dimensional, atomically-precise 

workpiece; 
a build sequence for building said workpiece with a desired 

level of reliability; 
a means of providing feedstock; 
a means to position said feedstock; and 
a means to cause chemical reactions with said feedstock, to 

create said workpiece. 
15. The system of claim 14 further comprising a means for 

scanning said workpiece to determine if errors are present in 
the atomic structure of said workpiece. 

16. A three-dimensional, atomically-precise workpiece 
which can only be synthesized via mechanosynthetic reac 
tions. 

17. The workpiece of claim 16 requiring at least 10 mecha 
nosynthesis reactions to synthesize. 

18. The workpiece of claim 17 wherein said workpiece 
consists of at least 10 atoms. 

19. The workpiece of claim 17 wherein said workpiece 
consists of at least 100 atoms. 

20. The workpiece of claim 19 wherein said workpiece 
contains atoms selected from the group consisting of Al, B, 
Be, Br, C, C1, F, Ge, H, Ir, Li, Mg, N, O, Na, P, S, and Si. 

k k k k k 


