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This paper presents a computational and theoretical investigation of the vacuum mechanosynthesis of di-
amond on the clean C(110) surface from carbon dimer (C,) precursors positionally constrained throughout
the reaction pathway by silicon- or germanium-doped triadamantane derivatives mounted on a scanning
probe tip. Interactions between the dimer placement tools and the bare diamond C(110) surface are inves-
tigated using Density Functional Theory (DFT) with generalized gradient approximation (GGA) by con-
structing the reaction path potential energy profiles and analyzing ab initio molecular dynamics simulations.
Similar methods are applied to study the energetics and kinetics of recharging the tool with acetylene.
Molecular mechanics simulations on extended tool tips are carried out to elucidate the positional uncer-
tainty of the carbon dimer due to thermal fluctuations, and the possibility of intermolecular dimerization and
dehydrogenation of the dimer placement tools is explored.
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1. INTRODUCTION

This paper presents a computational and theoretical investi-
gation of the vacuum mechanosynthesis of diamond on the
clean C(110) surface from carbon dimer (C,) precursors.
Part I' provided a detailed atomic picture of the dimer-medi-
ated surface chemistry during the gas-phase growth of de-
hydrogenated diamond C(110) from C, plasmas, deducing
some of the many possible stabilized defects that can be
formed early in the dimer-mediated diamond growth
process. These results provided information regarding the
outcomes of the misplacement of a carbon dimer and estab-
lished constraints upon the required positional precision
that would be needed to avoid the formation of stable de-
fects during positional dimer placement to achieve diamond
growth, or diamond mechanosynthesis, the subject of Part
II of this paper.

Merkle and Freitas” have proposed the use of silicon and
germanium functionalized derivatives of the hydrocarbon
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cage molecule triadamantane for the fabrication of diamond
nanostructures via the pick-and-place mechanochemistry of
carbon dimers onto an existing diamond seed, cleaved
along the C(110) surface plane. Figure 1 illustrates one
scheme for a cycle of dimer-mediated diamond mech-
anosynthesis. The first step (left) involves the approach of
the dimerized tool tip to the diamond surface, leading to a
tool+substrate complex (bottom). The next step involves
the retraction of the tool tip, leaving behind a deposited car-
bon dimer (right). The tool is then “recharged” with acety-
lene (top), followed by a dehydrogenation step that ulti-
mately leads to a re-dimerized tool (left), allowing the cycle
to be repeated.

Interactions between the dimer placement tools and the
bare diamond C(110) surface are investigated by construct-
ing the reaction path potential energy profiles and analyzing
ab initio molecular dynamics simulations. Similar methods
are applied to study the energetics and kinetics of a simplis-
tic scheme for recharging the tool with acetylene. Since no
specific route to the removal of molecular hydrogen from
the terminal carbon dimer was presented, and because hy-
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drogen abstraction has already received substantial theoret-
ical attention,”® this path was left unstudied. Long-time
molecular mechanics simulations on extended tool tips
were carried out to elucidate the positional uncertainty of
the carbon dimer due to thermal fluctuations. The structural
and chemical stability of the dimerized triadamantane tools,
including high temperature thermal stability and the possi-
bility of intermolecular dimerization and dehydrogenation,
were also explored.

2. COMPUTATIONAL METHODS

The model for the diamond surface required to study the
tool-substrate chemistry must be slightly larger than the
model previously employed in Part I' to study the dimer-
mediated surface growth chemistry. Figure 2 shows a peri-
odic clean diamond C(110) surface slab terminated with

\‘w
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hydrogen atoms below the bottommost carbon plane.
Attempted dimer depositions occur on the topmost carbon
plane. The model consists of 160 carbon atoms and 40 hy-
drogen atoms, for a total of 200 atoms, and is confined to a
periodic box with supercell dimensions of 14.245 A and
12.604 A along the edges surrounding the surface plane.
Table 1 lists the values of the relevant internal coordinates
of the DFT/GGA optimized surface slab. Subsurface car-
bon atoms are simply identified with the label C, while the
exposed surface carbon atoms are labeled as Cj.

Merkle and Freitas® proposed that silane and germanium
derivatives of the diamondoid molecule triadamantane
might be useful end effectors (placement tools) for dia-
mond mechanosynthesis. With a carbon dimer covalently
attached to two terminal Si or Ge atoms, and the triadaman-
tane either attached to a scanning probe or integrated into
an extended diamond lattice, the carbon dimer can be posi-
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Table 1. Internal coordinates for the relaxed clean (dehydrogenated)
diamond C(110) surface.

Clean diamond C(110) surface

Coordinate Value
C,-C, 1.436 A
Cc,-C 1.487 A
c-C 1.536 A
C,—Cy—C, 122.7°
C,-C,-C 109.3°
c,-C-C 100.8°/112.2°

tioned and deposited onto a growing diamond substrate.
The success of this process is based on the premise that a
typical C-Si or C-Ge bond is weaker than a typical C-C
bond and will dissociate first, leaving the carbon dimer co-
valently attached to the diamond surface.

Figure 3 shows DFT/GGA-optimized structures of the
Si-triadamantane and Ge-triadamantane molecules, each
containing a carbon dimer attached at the terminal end. The
1.276 A bond length of the attached carbon dimers and the
approximate bond order of three are characteristic of a
C=C triple bond found in alkynes and terminal acetylenes.
For clarity, the carbon atoms of the terminal carbon dimer
are labeled as C,q, those in the remaining portion of the tri-
adamantane tool as C,, and those on the diamond surface as
C,. The relevant internal coordinates for the Si- and Ge-tri-
adamantane tools are summarized in Table 2. Consistent
with a bond-energy bond-order (BEBO) model, the shorter
Si-C,q bond, compared with the two bonds to the adaman-
tane carbons, is indicative of a stronger bond. That is, the
carbon atoms in the C, dimer are covalently bound more
strongly to the Si atoms than with the adamantane carbon
atoms. The same applies to the Ge-triadamantane molecule.

A set of additional simulations was carried out to predict
the positional uncertainty of the carbon atoms in the C,
dimer. There are two ways in which the triadamantane tool

could be attached at the end of a probe: either noncovalently
affixed to the scanning probe tip, or covalently integrated
into the scanning probe tip. In the former case, the tool piece
would be prone to diffusion and rotation along the surface of
the probe tip. These undesirable effects are eliminated in the
latter case. The most ideal probe—one that is least subject to
distortion due to lateral vibrations—would be a rigid rod,
such as one fabricated from diamond. Figure 4 shows a sim-
plified model of an extended diamondoid scanning probe
composed of two Ge atoms protruding from the tip.

Application of the most sophisticated atomistic modeling
methods available are required to achieve the highest accu-
racy in predictions of the chemical stability of the proposed
dimer placement tools, tool-substrate chemical affinity and
reactivity, and the acetylene recharging of the end effectors.
Traditional local-orbital-based electronic structure theo-
ries—such as Hartree-Fock, perturbation theory, configura-
tion interaction, coupled cluster theory, etc.—are only ap-
plicable for systems ranging in size from a few atoms to a
little more than 100 atoms. Density Functional Theory
(DFT), coupled with non-local plane-wave basis functions,
has allowed the study of systems exceeding a few hundred
atoms with unprecedented accuracy. Given the large size of
the model required to study the tool-substrate chemistry
(~250 atoms), the vast majority of the calculations per-
formed during this study made use of plane-wave-based
DFT.

All of the electronic structure calculations reported in this
section were carried out using the Vienna Ab initio
Simulation Package (VASP).? The wavefunctions are ex-
panded in a basis consisting of plane waves with norm-con-
serving Vanderbilt ultra-soft pseudopotentials for the inner
core electrons. The generalized gradient approximation
(GGA) is used throughout. Stationary point calculations and
ab initio molecular dynamics (AIMD) simulations were run
in parallel on an in-house built PC cluster using MPI (mes-
sage passing interface) for inter-node communication.
Typical structural optimizations took approximately one day

Si-triadamantane dimer placement tool

Ge-triadamantane dimer placement tool

Figure 3. DFT/GGA optimized structures of the Si-triadamantane and Ge-triadamantane molecules, each containing a carbon dimer attached at the ter-

minal end.
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Table 2. Internal coordinates for optimized Si/Ge-triadamantane dimer
placement tools.

Si placement tool Ge placement tool

Coordinate Value Coordinate Value
Caa—Cuq 1.276 A Caa— Cad 1275 A
C,i—Si 1.828 A C,a—Ge 1.904 A
C, - Si(4) 1.907 A C, - Ge(4) 2.002 A
C,-Si(2) 1.860 A C, - Ge(2) 1.941 A
Coq—Caa—Si 119.2° Caq— Caa— Ge 119.4°
Coa—Si—Cy(4) 106.0° Coa—Ge — C(4) 106.4°
Coa— Si—Cy(2) 127.2° Coi — Ge — C(2) 128.2°

to run on eight nodes, with transition state calculations in-
volving between 10 and 20 constrained structural optimiza-
tions each. AIMD simulations were performed for a total
time of 1 ps using an integration time-step of 1 fs. The hun-
dreds of ab initio calculations and simulations presented in
this study accounted for more than 50,000 CPU hours, or
5.7 CPU years (computer time) on the in-house PC cluster.
In addition to the electronic structure calculations described
above, a few long-time molecular dynamics (MD) simula-
tions were performed on extended diamond tool tips to
deduce the thermal fluctuations in the normal modes of the
attached carbon dimer, and their resulting positional un-
certainties as projected onto the plane of the diamond sur-
face. These simulations were carried out at room tempera-
ture (298 K) for 1 ns using the MM3 empirical force field.

3. RESULTS AND DISCUSSION

3.1. Chemical Stability and Recharging of Dimer
Placement Tools

Diamondoid molecules, including adamantane, diaman-
tane, triamantane, pentamantane, heptamantane and up to at
least undecamantane (11 face-fused adamantane cages) can
be isolated from natural petroleum;'®~'? the direct chemical

Figure 4. Extended Ge-triadamantane dimer placement tool for dia-
mond mechanosynthesis.
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; 13 4 14,15 . .
synthesis of adamantane,'? diadamantanes,'* '* including

[4]-diadamantane (diamantane),'® triamantane'” and tetra-
mantane'® has been reported; and, the molecular geome-
tries of diamantane, triamantane and isotetramantane have
been investigated theoretically using molecular mechanics,
semiempirical and ab initio approaches.'® Since the field of
organosilane chemistry®® is fairly well developed, con-
structing a synthetic route to the silo-triadamantane tool
should be feasible. Although less is known of organic ger-
manium chemistry, reports indicate the successful synthesis
of a wide variety of organogermanium compounds as
well.?!

Assuming the proposed Si- and Ge-triadamantane dimer
placement tools are synthesizable, it must then be determined
whether they are structurally and chemically stable. Previous
semiempirical and ab initio calculations” predict that the pro-
posed Si- and Ge-triadamantane molecules are structurally
stable (i.e., they are not susceptible to room temperature in-
tramolecular isomerization or decomposition). What remains
is to determine whether these molecules are susceptible to
self-reaction, including intermolecular dimerization and de-
hydrogenation. Since the ¢ bond environment surrounding
the terminal C=C triple bond is distorted from the preferred
planar arrangement, one may suspect an increased reactivity
due to weaker a-m hyperconjugation. One possible reaction
is a 27 + 2 cycloaddition leading to dimerization. A well-
known representative example is the rapid dimerization of
cyclobutadiene. Another possible intermolecular self-reac-
tion is dehydrogenation. This section reports results from
studies of intermolecular tool dimerization and dehydrogena-
tion, along with an analysis of a simplistic scheme for
recharging spent tool tips with acetylene.

3.1.1. Dimerization of Si-
and Ge-Triadamantane Tools

Figure 5 shows the fully relaxed structures of the dimerized
Si- and Ge-triadamantane molecules; Table 3 lists the rele-
vant internal coordinates for both of the dimerized mole-
cules. In order to determine the likelihood that the two mol-
ecules will dimerize via a 27 + 27 cycloaddition, the
dimerization reaction pathway must be known. We calcu-
lated a symmetric reaction path potential energy surface by
retracting the two tools through a series of constrained
geometry optimizations. Each constrained optimization
was carried out using a spin-unrestricted Kohn-Sham wave-
function to ensure an accurate population of the electronic
orbitals and to attempt to avoid problems of spin contami-
nation near the transition state. However, it has already
been shown that cycloaddition reactions require the use of
multi-determinant wavefunctions and that single-determi-
nant methods, such as those used here, overestimate transi-
tion state energy barriers considerably. Figure 6 shows the
potential energy curves representing the dimerization path-
ways along a symmetric reaction coordinate. The endpoint
at far left for each curve corresponds to a dimerized tool,
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dimerized Si-triadamantane

dimerized Ge-triadamantane

Figure 5. DFT/GGA optimized structures of the dimerized Si-triadamantane and Ge-triadamantane molecules.

while the endpoint at far right corresponds to a separated
tool, and the energy peak corresponds to the dimerization
transition state (reaction path barrier).

The potential energy curves in Figure 6 are very similar
and show an exothermic reaction for tool dimerization via a
2w + 27 cycloaddition between the terminal acetylenic
carbon dimers. The dimerization reaction enthalpies AH,,,
are —1.64 eV and —1.84 eV for the Si- and Ge-triadaman-
tane molecules, and the dimerization barriers H are 1.93 eV
and 1.86 eV for the Si- and Ge-triadamantane molecules,
respectively. It is clear that the dimerization of both tools is
thermodynamically favored but not kinetically favored.
Due to the fact that the electron correlation errors in DFT
these barrier heights may be considerably overestimated,
both reactions may be kinetically accessible at room tem-
perature. (A comparison between DFT and Coupled Cluster
Theory on small molecule fragments may shed more light
on these results.) Thus, if allowed to interact without indi-
vidual positional restraint, free triadamantane tools would
be prone to dimerization—establishing an important con-
straint on the manner in which these tools may initially be
synthesized and later recharged.

3.1.2. Intermolecular Dehydrogenation

The removal of molecular hydrogen (H,) from one tri-
adamantane tool by another is an example of an intermole-

Table 3. Internal coordinates for optimized dimerized Si/Ge-triadaman-
tane molecules.

Dimerized Si-triadamantane Dimerized Ge-triadamantane

Coordinate Value Coordinate Value
Caq — Caq (joining tools) 1.580 A C,q — C,q (joining tools) 1.584 A
Cod— Cag (same tool) 1400 A Cypy — Coq (same tool) 1392 A
C,i—Si 1.828A  C,-Ge 1.910 A
Si—C, 1.907A  Ge-C, 2.004 A
Coa - Si—C, 107.7° Coi— Ge - C, 108.0°

J. Comput. Theor. Nanosci. Vol. 1. No. 1, 2004

cular dehydrogenation reaction. For the dimer placement
tools considered here, this reaction can be represented
schematically as

C,H,Ge,C, + C,H,Ge,C, — C,H,Ge,CoH, +
C,H,.,Ge,C,

where CyH, corresponds to the hydrocarbon backbone of
the dimer placement tool and C, to the terminal carbon
dimer attached to the two Si/Ge atoms. The active site
would presumably involve the terminal carbon dimer of
one triadamantane molecule and any of two vicinal hydro-
gen atoms on another triadamantane molecule. Only one
dehydrogenation pathway was investigated in this study,
using the Ge-triadamantane molecule as a model system.

Representative structures of the reactants, transition state
and products for the intermolecular dehydrogenation of Ge-
triadamantane molecules are shown in Figure 7, and a plot
of the reaction path potential energy for this reaction is
shown in Figure 8. The overall reaction is exothermic with
a reaction enthalpy of AH,,, = —0.76 eV and a reaction
barrier of H* = 0.48 eV. Exothermic reactions with an acti-
vation energy of 0.48 eV are accessible at room tempera-
ture. Therefore, if the Si/Ge-doped triadamantane mole-
cules were synthesized as shown in Figure 3, and allowed
to freely interact without individual positional restraint,
they would be prone to intermolecular dehydrogenation—
illustrating their relatively low conventional chemical sta-
bility in the recharged state and establishing an important
constraint on the manner in which they may initially be
synthesized and later recharged.

3.1.3. Acetylene Addition
(Energetics and Kinetics)

A similar set of constrained optimizations was carried out
to determine the minimum energy pathways for the addi-
tion of an acetylene molecule to Si/Ge-triadamantane mol-
ecules lacking a terminal carbon dimer. Since covalent 7-7
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Figure 6. Reaction path potential energy for dimerization of the Si-triadamantane and Ge-triadamantane molecules.

interactions are non-existent for these systems, errors due to
single-determinant electron-correlation are non-existent,
and the calculated results should be quantitative. Fully opti-
mized structures of the Si- and Ge-triadamantane molecules
with and without a covalently attached terminal acetylene
(occupying the C, dimer position) were created, and rele-
vant internal coordinates were established for the Si- and
Ge-triadamantane molecules lacking or possessing a termi-

76

nal acetylene molecule. Minimum energy reaction path po-
tentials versus reaction coordinate for addition of acetylene
to the Si/Ge substituted triadamantane molecules were also
calculated. The potential energy curves shown in Figure 9
possess similar shapes, with reaction enthalpies of —4.15
eV and —3.10 eV, and barrier heights of 1.37 eV and 1.49
eV for acetylene addition to the Si- and Ge-triadamantane
molecules, respectively.
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Figure 8. Potential energy along the reaction coordinate for the intermolecular dehydrogenation of Ge-triadamantane.

Rate constants for acetylene addition were estimated
from transition state theory using the aforementioned acti-
vation energies and the general relation k., = (kgT/h)
(Qi/QAQB)exp(—Ea/kBT). The molar rate constant expres-
sions are k,, (Si) = 10" M~' sec ™! exp(—15900/T) and
Ko (Ge) = 10" M~ " sec™! exp(—17300/T), therefore the
room temperature (T = 298 K) rate constants become k.,
(Si) = 6.7 X 1073 M ! sec”! and k,,, (Ge) = 6.1 X
107" M~ sec™'. The overall reaction exhibits second
order kinetics with the rate law expression R = k., [tri-

adamantane][acetylene]. At room temperature, pure acety-
lene gas decomposes by deflagration (a slow-moving de-
composition to the elements) above 2 atm and can detonate
above 3.2 atm;*? assuming a 1 liter container occupied by
0.08 M concentration of acetylene (corresponding to a pres-
sure of 1.96 atm), the rate expressions reduce to R(Si) = 5.4
X 107" Niiudamantane (s€¢ ) and R(Ge) = 4.9 X 10~ '°
Ntriadamantane (Sec_l)’ where Ntriadamantane is the number
density of the dimer placement tools (triadamantane
tools/liter) in the recharging container. At room temperature,
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a population of 1.9 X 10" Si tools or 2.0 X 10> Ge tools in
a 1-liter container yields one recharged tool per sec, in prin-
ciple, allowing 1 Hz operation of the mechanosynthetic
cycle. A more practical approach may be to recharge tools
at elevated temperatures. For example, at 600 K and 0.08 M
concentration of acetylene, the rate expressions reduce to
R(Si) = 2.5 X 102 Nyiadamantane (s€¢ 1) and R(Ge) =~ 2.4
X 1072 Nyiadamantane (€€~ 1), requiring only a population of
40 Si tools or 420 Ge tools in a 1-liter container to obtain
one recharged tool per sec, again allowing 1 Hz operation
of the mechanosynthetic cycle.

After acetylene addition, two hydrogens must be re-
moved to complete the tool recharge cycle (Figure 1), pos-
sibly using abstraction tools that have been studied theoret-
ically elsewhere.”™®

3.2. Thermal Fluctuations and Dimer
Placement Accuracy

In order to explore the room temperature limits in the posi-
tional uncertainty and control of the terminal carbon dimer,
a series of MD simulations of the Si/Ge-doped extended di-
amondoid probe structure (Fig. 4) were carried out for a
total time of 10 ns each. This is an adequate amount of time
to compute the phase space distribution of the positions and
momenta of the terminal carbon atoms in the extended
Si/Ge diamondoid tools. Figure 10 shows plots of sampled
xy coordinates of the two dimer carbon atoms attached to
the Si- and Ge-doped diamondoid probes, taking T = 298 K.

Si-triadamantane tool
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This corresponds to the dimer coordinate plane parallel to
the plane of the diamond surface. The simulation for the Si
and Ge diamondoid probes are very similar, both predicting
a vibrationally active C, dimer.

The uncertainties in the positions of the terminal carbon
atoms attached to the Si probe, relative to their equilibrium
positions, are approximately Ax = +0.25 A and Ay =
+0.19 A, for a total positional uncertainty of Aq = +0.31 A
(0.62 A full range). Likewise, for the Ge probe, the posi-
tional uncertainties are Ax = *=0.34 A and Ay = +0.31 A,
for a total positional uncertainty of Aq = +0.46 A (0.92 A
full range). The larger deviations in the atomic positions of
the terminal carbon atoms in the Ge diamondoid probe are
due to the differences between the Ge-C and Si-C vibra-
tional frequencies. The symmetric and asymmetric Si-C
stretching frequencies are 809 and 824 cm™ ', respectively.
The symmetric and asymmetric Ge-C stretching frequencies
are 558 and 629 cm™ ', respectively. A larger vibrational
stretching frequency is characteristic of a stiffer bond that is
less subject to large amplitude thermal fluctuations (and vice
versa for lower frequency molecular vibrations).

3.3. Dimer Placement on Bare
Diamond C(110) Surface

This section reports results from both stationary point cal-
culations and ab initio molecular dynamics simulations
of the Si/Ge-triadamantane placement of carbon dimers
onto the bare (dehydrogenated) diamond C(110) surface.

Ge-triadamantane 1
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Figure 11 shows the minimum energy reaction path poten-
tial energy surfaces for tool adsorption and retraction, for
the silicon tool (above) and the germanium tool (below).
There are three stationary points of primary importance for
the analysis of tool adsorption and retraction. These are the
separated dimerized tool+substrate (inset images at left),
the tool/substrate complex (inset images at center), and the
separated tool+dimerized surface (inset images at right).
Table 4 lists the relevant internal coordinates of the

tool/substrate complexes for the Si- and Ge-triadamantane
tools.

As may be deduced from Figure 11, the anticipated se-
quence of events is as follows: (1) approach of the dimer-
ized tool tip toward a predefined location on the C(110) sur-
face of the diamond substrate — (2) adsorption of the
dimerized tool tip onto the substrate surface (deposition of
the C, dimer) — (3) retraction of the tool tip leaving behind
the deposited C, dimer. In order for these events to occur as

Silicon Triadamantane Dimer Deposition Tool

4.0 S
3.04 ° '
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1.0
0.0
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2.0
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0.0 2.0 4.0
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Germanium Triadamantane Dimer Deposition Tool
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Figure 11. Reaction path potential energy plots for adsorption and retraction of the Si-triadamantane tool (top) and the Ge-triadamantane tool (bottom).
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Table 4. Internal coordinates for optimized Si/Ge-triadamantane/diamond
substrate complex.

Si Tool/Diamond substrate Ge Tool/Diamond substrate

Coordinate Value Coordinate Value

Cod = Cad 1.607 A Cod = Cad 1.604 A
Coay—C, 1.529 A Cou—C, 1.527 A
Coa—C, 1913 A Coa—Cs 1913 A
Si— Cpy 1.893 A Ge — Cpy 1.977 A

predicted, the energy of the products (tool+ dimerized sur-
face) should be lower than the energy of the reactants
(dimerized tool+surface)—that is, ideally, the reaction
should be exothermic. However, this is not a strict require-
ment because the dimer deposition may still be favored ki-
netically. Identifying the potential energy surface connect-
ing reactants from products allows the prediction of events
during and after the approach and retraction of the dimer
placement tool.

A potential energy curve along the minimum energy
pathway separating reactants from products can be con-
structed by computing the energies of the optimized reac-
tants (Fig. 11, at left) and products (Fig. 11, at right). This
was accomplished using an approach similar to previous re-
action path curves via a series of constrained optimizations,
with the results for both the Si- and Ge-triadamantane tools
shown in Figure 11. As expected, the adsorption of both
dimerized tools is exothermic, with surface adsorption en-
ergies of —3.53 eV and —3.69 eV for the Si- and Ge-tri-
adamantane tools, respectively. However, an unexpected
result is that the overall reaction (as illustrated from the two
endpoints in Fig. 11) is endothermic, with reaction en-
thalpies of 1.85 eV and 0.66 eV for C, placement from the
Si- and Ge-triadamantane molecules, respectively, making
the tools more efficient at removing dimers than depositing
them.

Following adsorption of the dimer placement tool onto
the bare C(110) surface of the diamond substrate, a force is
applied to retract the triadamantane tool from the surface,
and during retraction, there are two pathways that can be
taken. The system will always attempt to follow the lowest
energy reaction path. In the two cases outlined in Figure 11,
the lowest energy pathway is to retain the carbon dimer to
the triadamantane tool as opposed to leaving the terminal
carbon dimer bound to the diamond substrate surface. Thus,
one simple interpretation of these results is that the pro-
posed dimer placement tools fail to accomplish their desig-
nated task.

However, since every reaction channel of a branched
chemical reaction has a finite probability of being sampled,
depositing a C, dimer onto the diamond surface may occur
a finite percentage of the time. A small number of AIMD
simulations (five for each tool) were performed to investi-
gate the effects of internal energy on the tool retraction
event. Each simulation was performed for a total time of
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1 ps, and the tool was retracted by pulling the six outermost
carbon atoms away from the diamond surface. All five of
the simulations for retraction of Si-triadamantane failed to
deposit the carbon dimer to the diamond surface. But for
the Ge-triadamantane retraction simulations, one of the five
simulations left the carbon dimer deposited onto the sub-
strate surface as desired. Since the additional energy
penalty of ~1 eV for depositing the carbon dimer from the
Ge-triadamantane is small compared to the ~17 eV of in-
ternal energy, C, deposition will occur using the Ge tool a
small percentage of the time (~20%). (The Si-triadaman-
tane has a larger additional energy penalty of ~3 eV for
dimer deposition, so the desired placement of the C, dimer
using the Si tool will occur a correspondingly smaller per-
centage of the time.)

Achieving the desired dimer placement in one of every
five attempts (with no deleterious changes in either tool or
diamond surface during the other four of five attempts) may
be an acceptable level of success for early experimental
proof-of-concept demonstrations, but is inefficient from the
standpoint of future high-speed, high-reliability molecu-
larly precise materials fabrication. Further work should ex-
amine the impact of lower operating temperatures, the pos-
sible utility of Sn- and Pb-triadamantane molecules and
other adamantane-based tool configurations proposed by
Merkle and Freitas,2 and other dimer placement tool vari-
ants that might provide a purely exothermic dimer deposi-
tion reaction.

4. CONCLUSIONS

Dicarbon (C,) terminated Si/Ge-triadamantane molecules
are not predicted to be susceptible to intermolecular dimer-
ization. If allowed to interact without individual positional
restraint, free dimer-loaded triadamantane molecules would
be prone to intermolecular dehydrogenation that can pro-
ceed with barriers that are thermally accessible at room
temperature. Similarly, the removal of molecular hydrogen
(H,) from one triadamantane tool by another is an example
of an intermolecular dehydrogenation reaction. If Si/Ge-
doped triadamantane molecules were bulk synthesized and
allowed to freely interact without individual positional re-
straint, they would be prone to intermolecular dehydrogena-
tion. These factors establish an important constraint on the
manner in which C,-loaded triadamantane molecules and
tools may initially be synthesized and later recharged— that
is, activated tools must be positionally restrained during and
prior to use.

Recharging of the dimer placement tools with acetylene
requires large activation energies. Kinetics studies indicate
that the rate of recharging is slow but can, in principle, be
compensated by simultaneously recharging large numbers
of tools or by recharging tools at elevated temperatures,
plausibly allowing 1 Hz operation of the mechanosynthetic
cycle. Recharging the probe with feedstock molecules
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constitutes a critical rate-limiting step and requires further
study.

Molecular dynamics simulations of extended diamond
probes predict a minimal room temperature positional un-
certainty of +0.31 A and +0.46 A for Si and Ge dimer
placement tools, respectively. From Part I,' the minimum
required positional placement accuracy for inserting a
dimer onto the clean diamond C(110) surface at the desired
global minimum (GM2) instead of the nearest transition
state (TS’) to an undesired defect (LM2-2) is +0.6587 A
and +0.5377 A measured from the first or second carbon
atom, respectively, in the second added dimer. However,
purposeful construction of “defect” structures (e.g., LM2-2)
could demand placement accuracies as small as +0.2024 A.'
Thus, when compared with distances of a carbon atom in a
local minima to that of the same atom at the transition state
leading to another stable minima, dimer placement accu-
racy appears only marginally adequate at room temperature
and dimer misplacement remains a significant concern. The
effects of lower operating temperatures on misplacement
errors should be further investigated.

The overall deposition reactions are endothermic and,
therefore, thermodynamically unfavorable for both Si and
Ge tools. Retraction of the tool from the diamond substrate
will retain the carbon dimer to the placement tool the vast
majority of the time, so the proposed tools are inefficient at
their designated task. However, depositing a C, dimer onto
the diamond surface may occur a finite percentage of the
time, which might be an adequate performance for early ex-
perimental proof-of-concept demonstrations. The ability of
the Ge tool to deposit the dimer in ~20% of all attempts,
despite its thermodynamic unfavorability, suggests that al-
ternative dimer-loaded molecules, other tool variants or
colder operating temperatures might provide improved de-
position efficiency.

References

1. J. Peng, R. A. Freitas Jr., and R. C. Merkle, J. Comput. Theor. Nanosci.

1, 62 (2004).

2. R. C. Merkle and R. A. Freitas Jr., J. Nanosci. Nanotechnol. 3,319 (2003).

3. C. B. Musgrave, J. K. Perry, R. C. Merkle, and W. A. Goddard III,
Nanotechnology 2, 187 (1991).

4. M. Page and D. W. Brenner, J. Am. Chem. Soc. 113, 3270 (1991).

5. X.Y. Chang, M. Perry, J. Peploski, D. L. Thompson, and L. M. Raff,
J. Chem. Phys. 99, 4748 (1993).

6. S. B. Sinnott, R. J. Colton, C. T. White, and D. W. Brenner, Surf. Sci.
316, L1055 (1994).

7. D. W. Brenner, S. B. Sinnott, J. A. Harrison, and O. A. Shenderova,
Nanotechnology 7, 161 (1996).

8. A. Ricca, C. W. Bauschlicher Jr., J. K. Kang, and C. B. Musgrave,
Surf. Sci. 429, 199 (1999).

9. G. Kresse and J. Furthmuller, Vienna Ab-initio Simulation Package
(VASP): The Guide, VASP Group, Institut fur Materialphysik, Uni-
versitat Wien, Sensengasse 8, A-1130 Wien, Vienna, Austria (2003).

10. S. Landa, Chem. Listy. 27, 415 (1933).

11. A.P. Marchand, Science 299, 52 (2003).

12. J. E. Dahl, S. G. Liu, R. M. K. Carlson, Science 299, 96 (2003).

13. P.von R. Schleyer, J. Am. Chem. Soc. 79, 3292 (1957).

14. E. Boelema, J. Strating, and Hans Wynberg, Tetrahedron Lett. 12,
1175 (1972).

15. W. David Graham, P. von R. Schleyer, E. W. Hagaman, and
E. Wenkert, J. Am. Chem. Soc. 95, 5785 (1973).

16. C. A. Cupas, P. von R. Schleyer, and D. J. Trecker, J. Am. Chem. Soc.
87,917 (1965).

17. Van Zandt Williams, Jr., P. von R. Schleyer, G. J. Gleicher, and L. B.
Rodewald, J. Am. Chem. Soc. 88, 3862 (1966).

18. W. Burns, T. R. B. Mitchell, M. Anthony McKervey, J. J. Rooney,
G. Ferguson, and P. Roberts, J. Chem. Soc. Chem. Commun. 1976,
893 (1976).

19. M. Shen, H. F. Schaefer III, C. Liang, J.-H. Lii, N. L. Allinger, and
P. von Rague Schleyer, J. Am. Chem. Soc. 114,497 (1992).

20. N. Auner, J. Weis, eds., Organosilicon Chemistry: From Molecules to
Materials, VCH and John Wiley, New York; Vols. I(1994), II (1995),
111 (1998), IV (2000), V (2003).

21. J. Drake, Organogermanium Compounds, Springer-Verlag, New York
(1994).

22. T. F. Rutledge, Acetylenic Compounds: Preparation and Substitution
Reactions, Reinhold Book Corp., New York (1968).

Received: 2 October 2003. Revised/Accepted: 16 October 2003.

J. Comput. Theor. Nanosci. Vol. 1. No. 1, 2004

310114V HOHV3S3H



