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A series of reactions of the type- ¥ XH; — YH + -XHz and Y- + HX(CHgz); — Y'H + -X(CHs)s, where

Y =H, CHs; Y' = CHjs, C(CHg)3; and X= Si, Ge, Sn, Pb are studied using state-of-the-art ab initio electronic
structure methods. Second-order Mght@lesset perturbation theory; the coupled-cluster singles, doubles,
and perturbative triples method; and density functional theory are used with correlation-consistent basis sets
(cc-pVNZ, where N= D, T, Q) and their pseudopotential analogs (cc-pVNZ-PP) to determine the transition-
state geometries, activation barriers, and thermodynamic properties of these reactions. Trends in the barrier
heights as a function of the group IVA atom (Si, Ge, Sn, and Pb) are examined. With respect to kinetics and
thermodynamics, the use of a hydrogen attached to a group IVA element as a possible hydrogen donation
tool in the mechanosynthesis of diamondoids appears feasible.

1. Introduction SPM tip with an ethynyl radical moiety could serve as a viable
Abstracting surface hydrogens to create radical sites, or hydrogen abstraction.tool. Such an gpproach h?‘s already been
rehydrogenation of radical sites, can help control the reactivity Se;“%ﬁg:ﬁg;;gg&if;”% a dnr((j) e:gsrf'rrgrin;ag(;vgg) r;%?;aeézyg:j
of surfaces. One proposed scheme that attempts to takeﬂ? lecti ulati y f Q{ torH
advantage of the abstraction and rehydrogenation process to € selective manipulation of stlicon atoms.
control reactivity is the mechanosynthesis of diamond&id%. Naturally, the next elementary step would be hydrogen
Mechanosynthesis is a paradigm that proposes to attach sdonation to radical sites, and a few promising works have
molecular tooltip to a scanning probe microscope (SPM) to aPpeared in recent years. Yamamoto efalemonstrated the
perform elementary synthetic operations, such as carbon deposideposition of hydrogen atoms from a scanning tunneling
tion or hydrogen abstraction/donation, at a specific location on Microscope (STM) with a tungsten tip to a monohydride Si-
the substrate. The first elementary step, namely, hydrogen(100)-2 x 1:H surface through the application of#3.5 V.
abstraction, is critical in mechanosynthesis and is an important Voltage bias to diffuse the hydrogens to the tungsten tip,
part of many chemical processes, such as chemical vaporfollowed by —8.5 V, 300 ms pulses to induce electronic
deposition (CVD) of diamond. In the CVD synthesis of €xcitations that break the tungstelmydrogen bonq. Thirstrup
diamond, a precursor hydrocarbon gas such as methane enter8t al*° used clean and hydrogen-covered STM tips to perform
a plasma, thermal, or electric activation chamber in excess &lomic-scale desorption and deposition of hydrogens from Si-
hydrogen gas. The activation process leads to the formation of(001)-(2 x 1)-H and Si(001)-(3x 1)-H surfaces for both
atomic hydrogen, which abstracts hydrogen from the gas-phasePOsitive and negative sample bias voltages.wnh a resolution of
hydrocarbons to yield very reactive carbon-containing radicals. On€ to two atomic rows. Mcintyre et &,in an effort to
These radicals deposit on the substrate and form carbampon ~ demonstrate nanocatalytic capabilities of a platirurtrodium
bonds, leading to diamond growth. Atomic hydrogens also STM tip operating in a reactor cell with excess, Ihanaged to
abstract hydrogen from the diamond surface, thereby creatingr€hydrogenate partially dehydgrogenated carbonaceous frag-
nucleation sites for further diamond growth. Regarding the Ments on a Pt(111) surface. In another study of catalytic
mechanosynthesis of diamondoids, hydrogen abstraction hadlydrogenation, Mller et al** used a platinum-coated atomic
been carefully studied in several work&:14 In a recent high- ~ force microscope tip to hydrogenate terminal azide groups on
level ab initio theoretical study, we found that hydrogen @ Self-assembled monolayer. They suggested that variation of
abstraction from saturated hydrocarbons using ethynyl radical the catalytic tip and surface could enable the fabrication of
is highly exothermic and has a very small barfen the case structures that cannot pe made by conventional techniques.
of ethynyl radical abstracting a hydrogen from isobutane, which Shimokawa et ai? studied the temperature dependence of
has been suggested as a good model for diamond C(lll)thermal desorptlon,abstractlon,an_d collision-induced desorption
surfacel® the reaction is virtually barrierless, indicating that an 0f Hz and D; from Ge(100) and Si(100) surfaces.
In contrast to these experimental studies, there has been little
*To whom correspondence should be addressed. E-mail addressestheoretical work proposing candidate tools for the rehydroge-
sherrili@gatech.edu; merkle@cc.gatech.edu, rireitas@rfreitas.com. nation of reactive surfaces as it pertains to mechanosynthesis.
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hydrogen atom bonded to a group IVA (Si, Ge, Sn, or Pb) TABLE 1: Quality of Small- and Large-Core

element in a substituted hydrocarbon is one possibility for a Pseudopotentials: Classical Activation Barriers AE?) and
hydrogen donor to a carbon radical. A few theoretical and R€action Energies AE, kcal mol™) for H- + GeHs — Ha +
experimental works have explored a set of relevant reactions.
Song et ak3 used the breathing orbital valence b&hdnd a size(eésincore) B3LYP BHLYP MP2 CCSD(T)
variety of other models built upon valence bond (VB) theory AE*

to compute barriers to nonsymmetric (nonidentity) reactions of ¢¢-PVDZ 0.5 2.8 7.5 5.2
type X+ X'H — XH + X' where X= X' = H, CHy, Sits,  cchVoZD8 10 W S L %,
GehHs, SnH;, and PbH. Their VB estimates for barriers and  crensL 18 0.7 3.2 8.4 59
reaction energies deviated by as much as 7 kcalffobm LANL2DZ 28 0.8 3.1 7.9 5.0
those computed using MP2. Drozdova et>adtudied hydrogen AE

abstraction from Ge- and Sn-containing species by radicals. cc-pvDz -196 -17.8 -157 -18.1
Chatgilialoglu et aP’ investigated the reaction of germanium  cc-pVDZ-DK -199 -180 -158 -182
hydrides to determine their hydrogen donation abilities. Zavitsas gcé‘é\,/\l%zl_' PP 115? :ig'g :ig'g :ig'i’ :ﬂg
et al?” devised a scheme to predict activation energies of | anL2D7 28 ~191 -177 -146 -165

hydrogen abstraction reactions by radicals on the basis of bond
dissociation energy, bond length, and infrared stretching fre- pseudopotentials (cc-pVNZ-PP, & D,T,Q) of comparable
quency of the reactants and products. They then applied theirquality due to the increased number of electrons as well as the
model to 47 reactions, including some relevant to this work, need to account for relativistic effects. For the sake of brevity,
and achieved fairly good agreement with experiment. Despite we will occasionally refer to the correlation consistent basis
these and other studies on the adsorption and desorption ofsets simply as NZ and their pseudopotential analogs as NZ-PP.
hydrogen from surfaces of group IVA atorffs3 there remains To account for relativistic effects for explicit all-electron basis
a lack of high-level ab initio or experimental data on the Ssets, we use the first-order Douglas-Kroll-Hess formatisas
hydrogen exchange reactions for simple hydrocarbons, such agmplemented in Molpro 2006.% The use of these Douglas-
methane and isobutane with their group IVA-substituted coun- Kroll-Hess one-electron integrals with a correlation consistent
terparts. basis set is designated by cc-pVNZ-DK. As demonstrated in
High-level quantum chemical methods are capable of provid- Table 1, these small-core pseudopotentials give results that are
ing very accurate estimates of reaction thermodynamics. Indeed very comparable with those from explicit all-electron basis sets

the so-called Gaussian#lGaussian-2232and Gaussian-3;-36 of the same cardinal number for reaction 1 with=XGe, an
composite methods and their variants can provide reaction atom for which relativistic effects are small. For an atom with
enthalpies typically within £2 kcal mof! of experiment. ~ an outermost shell of quantum number the cc-pVNZ-PP

Although these theoretical approaches are rather expensivepseudopotentials explicitly treat thespand i — 1) spdshells,
computationally and applicable only to small molecular systems, leaving a core of 10, 28 and 60 electrons for germanium, tin
they demonstrate that truly high-quality energetics are possibleand lead, respectively. In contrast, the LANL2DZ and SBKJC
using modern ab initio methods. In a continued effort to explore pseudopotentials have a larger core of 28, 46, and 78 electrons
the feasibility of mechanosynthesis of diamondoids, an under- While CRENBL has 18, 36, and 68 core electrons for Ge, Sn
standing of the thermochemistry and kinetics involved in the and Pb, respectivef. Reaction barriers and energies can be
elementary processes becomes imperative, and modern theoretrather sensitive to the choice of the pseudopotential, as shown
cal methods are very useful in this endeavor. This work applies in Table 1 (and as discussed further below). For basis sets of
high level ab initio methods, including coupled-cluster theory, double€ quality, reaction barriers and energies predicted using
to predict reaction thermodynamics for a set of hydrogen the all-electron basis, the all-electron basis with first-order
donation reactions and proposes a prototype hydrogen donatiorPouglas-Kroll relativistic correction, and the correlation-

tool. consistent pseudopotentials agree remarkably well for reaction
1 with Ge, while predictions using the large-core CRENBL and
2. Theoretical Methodology LANL2DZ deviate significantly, particularly for the case of the

CRENBL ECP.

For cc-pVNZ or cc-pVNZ-PP basis sets which are designed
to capture valence electron correlation, we employ the frozen-
core approximation. We freeze the?3p®3d0, 4s?4p54d'° and
5s25p55dtC “core” orbitals for Ge, Sn and Pb, respectively, even

The hydrogen transfer reactions considered in this study are
given in reactions 4 along with the point-group symmetry
considered for the reaction (and the corresponding Abelian
computational subgroup); X Si, Ge, Sn, Pb.

. . . though correlating the outermodtshell may be important in
He# XH = H, +XHy - G/ (1) some case¥ A limited analysis indicates that this core-freezing
‘CH; + XH,—~CH, + -XH;  C,/C, 2 scheme does not introduce significant error but makes it possible
to study larger systems using highly correlated methods.
“CH, + HX(CHy); — CH, + -X(CHy), C,/C. (3) Electron correlation is accounted for using second-order

Mgller-Plesset perturbation theory (MP2) and coupled-cluster

theory with single, double, and perturbative triple substitutions
"C(CHy); + HX(CHy); — HC(CHy; + -X(CHy); [CCSD(T)]# Computations employed the Molpro 2006.1

G, /Cs (4) program?2 For open-shell systems, we use RMPand the
partially spin-restricted CCSD(T), designated as ROHF-RCCSD-
Dunning’s correlation consistent basis sets (cc-pVNZ=N  (T) or simply RCCSD(T)"“8 Although we use restricted

D, T,Q)23"38which provide a systematic convergence of energies (ROHF) references, th&?[values even for unrestricted (UHF)
and properties toward the complete basis set limit were usedreferences indicate that spin contamination is very minimal in
where available. For reactions involving the heavier atoms the systems considered. We have also employed the BSLYP
germanium, tin, and lead, we use Peterst#%small-core and BHLYP%51(also called BH&HLYP) functionals as imple-
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mented in Molpro 2006.42 Because density functional theory  Note that this correction predicts tunneling to be faster through
(DFT) methods typically underestimate reaction barriers, espe-thin barriers (with large,) than through wide barriers (small
cially for hydrogen transfer reactions (see ref 15 and referencesy;), as one would expect. Because we are comparing activation
within), it is interesting to examine their performance for the energies rather than rates, we may incorporate this correction
present reactions. B3LYP and functionals using inexact ex- into our theoretical results as an effective barrier height lowering
change have been particularly susceptible to self-interaction by evaluating
errors that lead to the underestimation of barriers. Functionals
such as BHLYP?51 which includes 50% HartreeFock ex- dInK
: _ w_ y(T)

change (compared to 20% in B3LYP) and 50% Becke88 AE,= kde— 2k, T4 vD (7)
exchang®? in conjunction with the LYP correlation function#, (1m y(m
perform better. (Of the many other exchange-correlation func-
tionals designed to predict improved hydrogen transfer barriers,
the MPW1KS functional has also had some succéés.)

To compare our theoretical heats of reactitHl (298 K)
directly with the e_xpgrimental thermophemical dqta, we have 3. Results and Discussion
converted our ab initio bare energy differencAg, into 0 K
enthalpy differencesAH (0 K), by adding the zero-point 3.1. Transition State GeometriesAs predicted by Ham-
vibrational energy correctio®\ZPVE), estimated simply as one- mond’s postulaté? reactions with a small barrier and high
half of the sum of the (unscaled) vibrational frequencies. We exothermicity have a transition state that closely resembles the
also obtain 298 K enthalpy differencest (298 K), by adding reactants. In agreement with this prediction, for the four
finite temperature corrections using the usual vibrational, reactions studied, the transition state has more reactant-like
rotational, and translational partition functions in conjunction geometry as the metal/metalloid changes from Si through Pb,
with the harmonic oscillator, rigid rotator, and particle-in-a- because there is an accompanying increase in the reaction
box models. exothermicity and decrease in barrier height. At the RMP2/cc-

The phenomenological activation barries, are determined ~ pVDZ[-PP] level, reactions involving Pb typically have low
from experiment by an indirect process in which the reaction barriers AE* < 4 kcal mol?) and high exothermicities\E ~
rate, k, is obtained at a series of temperaturésFitting the —35 to —45 kcal mof), and the Pb-H bond lengths in the
temperature-dependent rate to a simple Arrhenius f&(®),= transition state RIPb—H] ~ 1.8 A) are very similar to what
AeE4RT the physical activation barrier can be determined. The they are in the reactants-(.8 A). Additionally, the forming
problem with this approach is that most rate-vs-temperature bond between hydrogen and carbon (reactierd)r hydrogen
relations do not fit the Arrhenius form for all temperature (reaction 1) is very long in the transition stat&C—H] ~
regimes due to effects such as hydrogen tunneling or the strongl.8 A andRIH—H] ~ 1.4 A. This is in contrast to reactions
temperature dependence of the vibrational partition function involving Si, for whichAE* ~ 8—11 kcal mot?, AE ~ —9 to
when there are low-frequency bending modes. We compared—19 kcal mof?, and the transition state has geometrical
our theoretical barriers with experimental values derived from parametersj[Si—H] ~ 1.6 A (compared to~ 1.5 A in the
rate-vs-temperature data in temperature ranges where a simpléeactant)RIC—H] ~ 1.6, andRH—H] ~ 1.1 A.
Arrhenius fit seems suitable. It must be stressed that these 3.2. Basis Set Dependenc&he reliability of our predicted
experimentally deduced activation barriers depend on the barriers and energies of reaction depends on the quality of the
temperature range used for the Arrhenius fit and that this basis sets employed and the level of electron correlation
complicates a direct comparison with reaction barriers computedtreatment. In the case of the heavy group IVA atoms, it is
guantum mechanically. important to properly account for relativistic effects, as well.

To compare our “classical” activation barrietés*, with these ~ Small-core pseudopotentials replace only a few core orbitals
experimentally deduced activation energiks, we first add by a pseudopotential, whereas large-core pseudopotentials
zero-point vibrational corrections and finite-temperature cor- replace more core orbitals and leave few orbitals to be described
rections (as discussed above) to obtaht(T). Next, it follows explicitly by a self-consistent-field procedure. There is an
from transition state theo?ythat for a reaction that undergoes ~apparent difference in the quality of predictions made using
a change ofAn* in the number of molecules while going from  small-core and large-core pseudopotentials, as demonstrated in

reactants to a transition state, the experimeB4I) is related Table 1 for the reaction H+ GeH, — H; + -Gehs. The
to AH¥(T) by comparison was most convenient for a reaction involving Ge

because there are explicit basis sets as well as pseudopotentials
E(T) = AH*(T) + (1 — An)RT (5) for germanium. _

In Table 1, the most accurate representation should be the
all-electron cc-pVDZ basis set with a first-order Dougtas
Kroll —Hess relativistic correction, designated in the Table as
cc-pVDZ-DK. Comparing the\E* andAE values predicted by
other basis sets and pseudopotentials with cc-pVDZ-DK values,
he CRENBL and LANL2DZ ECPs deviate rather significantly.

ANL2DZ and CRENBL are common pseudopotentials with
a large core of 28 and 18 electrons, respectively. Although
barriers and energies of reaction predicted by the small-core
cc-pVDZ-PP match those of cc-pvVDZ-DK almost exactly, the
CRENBL and LANL2DZ analogs introduce an error as much

1 (b2 as~1 kcal mol! for barriers and~4 kcal mol? for energies
Ky(M =1+ _(_‘) (6) of reaction, even for this seemingly simple reaction. Compared
24\k, T, to the all-electron, relativistic cc-pVDZ-DK results, it is

wherey(T) = 1/24(w/k,T)2 As discussed below, this correction
amounts to a few tenths of 1 kcal méffor the systems studied.
Wigner-corrected activation energies will be denoEgéd/V.

An for these bimolecular reactions-sl since the two reactants
form one complex in the transition state.

One possible cause for a deviation from Arrhenius behavior
is quantum mechanical tunneling of hydrogen atoms through
classical barriers. The simplest approach to assess the role o
guantum tunneling is the Wigner correction to the reaction
rate®6:57 Given the magnitude, of the imaginary frequency
along the reaction coordinate at the transition state, the rate is
enhanced by a factor of
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TABLE 2: Basis Set and Method Dependence of Classical Energies of ActivatioME*) and Reaction (AE, kcal mol=2) for H+ +
XH, — Hy + XH3, Where X = Si, Ge, Sn, or PBP

AE* AE
Dz DzZ-PP TZ TZ-PP Qz Qz-PP Dz Dz-PP TZ TZ-PP Qz Qz-PP
X = Si
B3LYP 1.6 - 1.9 - 2.0 - —13.9 - —15.2 - -14.9 -
BHLYP 4.7 - 5.1 - 5.2 - —12.4 - —-13.1 - —-12.7 -
MP2 9.6 - 8.6 - 8.4 - —10.0 - —-11.1 - -10.7 -
CCSD(T) 6.9 - 5.8 - 55 - —-12.4 - —-135 - -13.1 -
X =Ge
B3LYP 0.5 0.4 0.6 0.5 0.5 —19.6 —-20.5 —215 —22.4 —22.3
BHLYP 2.8 2.6 2.9 2.7 2.7 —-17.7 —18.6 —-19.6 —20.3 —20.2
MP2 7.5 7.3 6.2 6.2 5.9 —15.7 —-16.4 —18.0 —18.3 —-18.4
CCSD(T) 5.1 5.0 3.8 3.7 3.3 —-18.1 —18.8 —20.2 —20.5 —-20.5
X =Sn
B3LYP - 0.0 - 0.1 - 0.1 —29.5 - —31.8 - —31.5
BHLYP - 1.2 - 1.3 - 1.3 —27.6 - —29.7 - —29.5
MP2 - 55 - 4.4 - 4.1 —25.7 - —28.0 - —27.9
CCSD(T) - 3.6 - 2.3 - 2.0 —28.0 - —29.9 - —29.8
X =Pb
B3LYP - 0.0 - 0.0 - 0.0 - —39.0 - —415 - —41.1
BHLYP - 0.4 - 0.4 - 0.4 - —-36.9 - —39.2 - —38.8
MP2 - 3.9 - 2.9 - 2.2 - —-34.9 - —37.4 - —-37.2
CCSD(T) - 2.4 - 1.3 - - -37.3 - —-39.5 - —39.2

a “ indicates the absence of a particular basis set or pseudopotential for the Group IVA eleD&nTZ, and QZ denote cc-pVDZ, cc-pVTZ,
and cc-pVQZ basis sets, respectively.

TABLE 3: Basis Set and Method Dependence of Energies of ActivatiorE*) and Reaction (AE, kcal mol=2) for :CH3 + XH4
— CH4 + -XH3, Where X = Si, Ge, Sn, or P

AFEF AE
Dz Dz-PP TZ TZ-PP Qz Qz-PP Dz Dz-PP TZ TZ-PP Qz Qz-PP
X =Si
B3LYP 5.8 - 7.0 - 7.2 - —14.9 - -17.1 - —16.6 -
BHLYP 10.2 - 11.4 - 11.7 - —-16.4 - —-15.2 - —-14.7 -
MP2 10.4 - 9.8 - 9.7 - —-18.5 - -17.9 - —-17.3 -
CCSD(T) 10.2 - 9.4 - - —16.8 - -16.5 - —-16.0 -
X =Ge
B3LYP 35 3.1 4.3 4.0 4.1 —20.6 —-21.5 —23.4 —24.4 —-23.9
BHLYP 75 7.2 8.3 8.0 8.1 —-21.8 —22.6 —-21.8 —22.5 —22.2
MP2 8.2 8.0 7.2 7.6 6.7 —24.2 —24.9 —24.7 —25.1 —24.9
CCSD(T) 8.0 7.7 6.8 6.5 6.2 —22.5 —23.2 -23.1 —23.5 —-23.5
X =Sn
B3LYP - 1.7 - 2.2 - 2.4 - —-30.4 - —33.7 - —-33.2
BHLYP - 5.0 - 55 - 5.6 - —-31.6 - —-31.9 - —-31.4
MP2 - 6.3 - 5.1 - 4.8 - —34.3 - —34.7 - —34.4
CCSD(T) - 5.9 - 4.4 - 4.2 - —-32.4 - —-32.9 - —-32.7
X=Pb
B3LYP - 0.2 - 0.5 - 0.7 - —-40.0 - —-43.4 - —42.7
BHLYP - 2.6 - 2.9 - 3.1 - —41.0 - —-41.4 - —40.8
MP2 - 3.9 - 2.8 - 2.6 - —43.4 - —44.2 - —43.8
CCSD(T) - 35 - 2.2 - 2.0 - —41.7 - —42.4 - —42.2

a “ indicates the absence of a particular basis set or pseudopotential for the Group IVA eleD2niZ, and QZ denote cc-pVDZ, cc-pVTZ,
and cc-pVQZ basis sets, respectively.

particularly striking that the small-core CRENBL ECP does not that cc-pVDZ and cc-pVDZ-PP basis sets are not close to the
even perform as well as the large-core LANL2DZ ECP. One complete basis set limit, as indicated by the significant difference
should also note that the variation among predicted propertiesbetween doublé; triple-¢, and quadruplé-results. However,
is more significant for MP2 and CCSD(T) than for the DFT the convergence of activation energies with respect to basis set
methods. This observation is in line with the general basis set shows very different behavior for DFT as compared to ab initio
insensitivity of DFT. methods such as MP2 and CCSD(T). Although activation
Table 1 clearly shows that the cc-pVNZ-PP pseudopotentials energies predicted by ab initio methods typically decrease by
are the most reliable of those considered. However, now that ~1 kcal mol* going from cc-pVDZ[-PP] to cc-pVTZ[-PP] and
the cc-pVNZ and cc-pVNZ-PP families of basis sets have been another~0.5 kcal mot? going from cc-pVTZ[-PP] to cc-
chosen, it remains to be seen how the barriers and reactionpVQZ[-PP], B3LYP and BHLYP show very small increases
energies depend on the basis set size as one progresses to triplefth increasing basis set size.
and quadruplé: basis sets. We can perform this analysis for ~ The sensitivity of the reaction energieSE) to basis set is
reactions 1 and 2, for which calculations using triglend more similar between ab initio and DFT methods. For reactions
quadrupleg quality basis sets are feasible. Tables 2 and 3 show 1 and 2, reaction energies typically changed¥ kcal mol?
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Figure 1. Classical barriers (a) and energies of reaction (b) forH Figure 2. Classical barriers (a) and energies of reaction (b) @il
XHs— H, + -XH3; calculated using cc-pVDZ basis sets for Si and cc- + XH,— CH,4 + -XHj3 calculated using cc-pVDZ basis sets for Si and
pVDZ-PP pseudopotential for Ge, Sn, and Pb. cc-pVDZ-PP pseudopotential for Ge, Sn, and Pb.
or less upon going from a doubleto a triple< quality basis For a set of hydrogen transfer reactions, Hoz ebal.

and by 0.7 kcal mol' or less by further improvement to  demonstrated that B3LYP barriers are usually lower than those
quadruplet basis sets. Given that the reaction energies are largerfrom experiment and that the disparity between the two gets
in magnitude than the activation barriers, these changes are smallarger as the hydrogen donor or acceptor (or both) becomes more
on a relative scale. electronegative. For our systems, the electronegativity of the
Overall, it appears that the cc-pVQZ[-PP] results, where atoms increases in the order Pb(18)5i(1.90) < Sn(1.96)<
available, are nearly converged with respect to the quality of Ge(2.01)< H(2.20) < C(2.55)%° Since the electronegativities
the basis set. However, for the more limited cc-pVDZ[-PP] basis, of our donor atoms (Si, Ge, Sn, and Pb) are fairly similar, we
which was more practical for the larger systems studied, one would expect B3LYP to perform comparably for them all. Our
must keep in mind that a typical basis set correction is results do show that the performance of B3LYP as compared
~—1.5 kcal mot? for MP2 and CCSD(T) barriers just from  to CCSD(T) is roughly independent of the donor atom.
increasing the basis set from cc-pVDZ[-PP] to cc-pVQZ[-PP] = BHLYP, which contains 50% HF exchange, is often thought
quality. to be superior to B3LYP for computing barrier heights because
3.3. Dependence on Electron Correlation TreatmentMost it is less prone to self-interaction error. Indeed, as shown in
density functionals underestimate hydrogen transfer barriers dueFigures -4, the BHLYP barriers are significantly larger than
to self-interaction error. This phenomenon is particularly notable the B3LYP barriers. For the cc-pVDZ[-PP] basis sets used in
in the case of pure functionals, such as BLYP, and it remains these figures, the BHLYP barriers are comparable to those
a significant problem in hybrid functionals with only a minor ~ predicted by MP2 and CCSD(T) for reactions 2 and 3, and they
component of HF exchange, such as B3LYP. For example, are significantly larger than the MP2 barriers for reaction 4.
B3LYP has difficulty predicting barriers for reactions involving ~ For reactions 24, BHLYP barriers are frequently larger than
atomic hydrogen, as demonstrated for the simple reactipn H MP2 and CCSD(T) barriers when larger basis sets are consid-
+ H — H + Hy, for which UB3LYP/cc-pVDZ and RB3LYP/ ered.
cc-pVDZ classical barriers deviate from experiment by 6.7 and MP2 has a tendency to overestimate barriers relative to
4.9 kcal mof1.15 Figures +4 show the classical barriers and CCSD(T) for hydrogen transfer reactions between simple
the reaction energies for the four reactions considered usinghydrocarbond} and that same pattern is observed here. This
different correlation methods in conjunction with the cc-pvVDZ[- overestimation is most pronounced for reaction 1. These
PP] basis set. As seen in the figures, barriers computed usingdeviations of MP2 from CCSD(T) highlight the importance of
DFT differ from MP2 and CCSD(T) most significantly for the correlation treatment to obtain accurate barrier heights and
reaction 1, for which B3LYP classical barriers are as much as reaction energies.
5 kcal mol?! lower than CCSD(T) barriers. However, this The reaction energies show significant dependence on the
deviation becomes smaller when we consider computations of electron correlation treatment. For reaction 1, B3LYP reaction
the Wigner-corrected, 298 K activation energies using larger energies are lower than for all other methods by-#5cal
basis sets (differences typically 2 kcal mbbr less). mol~1, whereas MP2 predictSE values that are-45 kcal mol?®
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Figure 3. Classical barriers (a) and energies of reaction (b} @i Figure 4. Classical barriers (a) and energies of reaction (b) for
+ HX(CH3); — CH,4 + -X(CHs3); calculated using cc-pVDZ basis sets  -C(CH)s + HX(CH3)s — HC(CHg)s + - X(CHg)s calculated using cc-
for Si and cc-pVDZ-PP pseudopotential for Ge, Sn, and Pb. pVDZ basis sets for Si and cc-pVDZ-PP pseudopotential for Ge, Sn,
and Pb.

lower than all other methods for reactions2 Relative to
CCSD(T), MP2 energies of reaction are typically 2 kcal mol
higher than those predicted by CCSD(T) for reaction 1 and
2 kcal mol lower for reactions 24.

3.4. Comparison to Experimental EnergiesExperimental

The comparisons between theory and experiment for the
germanium-based reactions (Table 5) exhibit a behavior that is
similar to those seen for the silicon-based reactions. For reaction
1, the difference between experiment and theory (using the cc-
enthalpies of reaction were calculated as the difference in the pVQZ-PP pseudopotgntlal)_ fs1.4 keal mof™, except fpr the
hydride bond dissociation energp?®® between the hydrogen  cot of MP2, for which it is 3.3 kcal nol. For reaction 2,

0 B3LYP, BHLYP, MP2, and CCSD(T) deviate from experiment

donating and accepting groups. For a reaction of type by 0.9, 2.8, 0.0, and 1.4 kcal md| respectively. Just as the
Y.+ HX — YH + -X (8) case for silicon-based reaction 3, the only notable difference
between experiment and theory (using the cc-pVDZ-PP pseudo-
the AH (298) is calculated as potential) appears for MP2/DZ-PP, for which it42.1 kcal
mol~1. The reaction enthalpy for reaction 4 is large8(7 kcal
AH(298)= Dg*(X — H) — D3>(Y — H) 9) mol-1) for germanium than it was for silicon, but again, the

comparisons between theory and experiment are similar: there
DSQS values for the relevant silicon and germanium species are small errors vs experiment for B3LYP@.6) and BHLYP
are availablé? Let us first consider the silicon-based reactions, (0.3) and larger errors for MP2—@4.7) and CCSD(T)
whose energetics are presented in Table 4. Compared to thg—2.5 kcal mof?) using doubleZ basis sets. Overall, this level

experimental reaction enthalpyH(298) = —12.5 kcal mot? of agreement for these reaction energies appears reasonable.
for reaction 1, the errors in quadrupieB3LYP, BHLYP, MP2, As mentioned in Section 2, it is often difficult to match the
and CCSD(T) values are1.8, 0.4, 2.5, and 0.8 kcal mdl phenomenological activation barriers that are derived from

respectively. For reaction 2, with an experimental reaction experiment with those computed theoretically. Our high-level
enthalpy of—13.3 kcal mot?, the errors are-0.3, 1.8,—0.9, Wigner-corrected CCSD(T)/cc-pVTZ[-PP] and CCSD(T)/cc-
and 1.2 kcal moi! for B3LYP, BHLYP, MP2, and CCSD(T), pVQZ[-PP] barriers for reactions 1 and 2 differ from experiment
respectively. For reaction 3 (experimental enthalpy of by 0.8-3.3 kcal mot? for the few cases for which experimental
—10.4 kcal mot?), theoretical results using the smaller cc-pVDZ  barriers were available for comparison. This agreement is
basis are within 0.5 kcal mo}, except for the case of MP2, reasonable, given the inherent difficulties of making these
for which the difference amounts to 2.0 kcal mbl The comparisons, but given the large basis sets used and the
experimental enthalpy for reaction 4 is much smaller;-atl presumed robustness of the CCSD(T) method for these systems,
kcal moll. In this case, the DFT enthalpies are in good one might have expected somewhat closer agreement. Surpris-
agreement (within 0.4 kcal mol), but MP2 and CCSD(T) are  ingly, B3LYP barriers match the available experimental values
somewhat further off for the cc-pVDZ basis set (errors of 5.1 better than any of the other methods.

and 3.0 kcal mot?, respectively, with basis set effects probably From a theoretical standpoint, the potential remaining sources
being the largest contributor to the difference). of error include the approximate nature of the Wigner tunneling
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TABLE 4: Energies of Activation (AE*) and Reaction (AE, kcal mol~2) for Silicon-Based ReactiongP

B3LYP

BHLYP MP2 CCSD(T)
DZ TZ Qz DZ TZ Qz DZ TZ Qz DZ TZ Qz expt
‘H+ S|H4_' H2 + 'Sng
AE* 1.6 1.9 2.0 4.7 51 5.2 9.6 8.6 8.4 6.9 5.8 55
AH* (0) 1.2 1.5 1.6 4.0 4.4 4.5 8.8 7.8 7.6 7.0 5.9 5.6
AH* (298) 0.9 1.2 1.3 3.6 4.0 4.1 8.5 7.5 7.3 6.7 5.6 5.3
E. (298) 2.1 2.4 25 4.8 5.2 5.3 9.7 8.7 8.5 7.8 6.8 6.5
E. (298)-W 1.8 2.1 2.2 4.1 4.5 4.6 8.7 7.7 7.5 7.1 6.1 5.8 3%
AE —-139 -152 -149 -124 -131 -12.7 -10.0 -111 -10.7 -124 -135 -131
AH (0) —-139 -152 -149 -124 -131 -127 —-9.9 -11.0 -106 -116 -—12.7 -123
AH (298) —133 -146 -143 -11.8 -125 -121 —-9.3 -104 -100 -110 -121 -11.7 -12%
'CH3 + S|H4_' CH4 + 'SiH3
AE* 5.8 7.0 7.2 10.2 11.4 11.7 10.4 9.8 9.7 10.2 9.4
AH* (0) 6.1 7.3 7.5 10.7 11.9 12.2 10.6 10.0 9.9 11.4 10.6
AH* (298) 4.9 6.1 6.3 9.3 10.5 10.8 9.6 9.0 8.9 9.4 8.6
E. (298) 6.1 7.3 7.5 10.5 11.7 12.0 10.8 10.2 10.1 10.6 9.8
E. (298)-W 5.6 6.8 7.0 9.7 10.9 11.2 10.0 9.4 9.3 9.8 9.0 —9.%
AE -149 -17.1 -16.6 -164 -—-152 -147 -185 -179 -173 -168 -165 -16.0
AH (0) -11.7 -139 -134 -13.0 -11.8 -11.3 -15.2 —-14.6 —-140 -127 -124 -1109
AH (298) -119 -141 -136 -132 -120 -115 -154 -148 -142 -129 -126 -121 -13.3
'CH3 + HSI(C"b)3 - CH4 + 'SI(C"E);,}
AE* 7.1 12.0 10.9
AHF (0) 7.1 12.2 12.0
AH* (298) 6.7 11.8 11.6
E. (298) 7.9 13.0 12.8
E. (298)-W 7.3 12.1 11.9 7:68.3
AE —13.3 —13.8 —15.9 —14.3
AH (0) -9.7 -9.9 —-12.2 -10.5
AH (298) —-9.9 —10.1 —-12.4 —10.7 -10.4
*C(CH)s + HSIi(CHg)s — HC(CHg)s + *Si(CHs)s
AE* 11.2 15.2 8.0
AHF (0) 10.4 14.5 73
AH* (298) 10.6 14.6 74
E. (298) 11.8 15.8 8%
E. (298)-W 11.0 14.9 7.7
AE —4.6 —4.0 —-91 —-7.0
AH (0) -1.1 -0.4 -5.8 -3.6
AH (298) -15 -0.8 —6.2 —4.1" -1.4

aAll ZPVE, thermal, and Wigner tunneling corrections evaluated using cc-pVDZ basis unless indicated otHeb&is&€Z, and QZ denote
cc-pVDZ, cc-pVTZ, and cc-pVQZ basis sets, respectiveiRef 69-71. 9 Ref 60.¢ Ref 72-76. 7 Ref 72, 76-78.9 Thermal, ZPVE, and Wigner
corrections computed using BHLYP frequencig$hermal and ZPVE corrections computed using MP2 frequencies.

correction, the possible need for diffuse functions in the basis, performed for reactions 1 and 2 in which the 1) d shell
our core-freezing scheme, the approximations used in thewas correlated. This led to a lowering of-0.1 kcal mot? for
estimation of the finite temperature corrections, and the potential reaction 1 and 0:20.3 kcal mot™ for reaction 2, with a smaller
for multireference character in the wavefunction. In addition to effect for CCSD(T) than for MP2. Thus, the effect of d-electron
theoretical errors, there remains the previously mentioned correlation does not appear to be large.
uncertainty in the experimentally deduced barriers due to  Another potential source of error is the possible importance
possible non-Arrhenius behavior and the fact that the fitting of electronic near-degeneracies in some of these systems.
procedure is sensitive to the temperature range used. Whereas CCSD(T) is very reliable for well-behaved systems,
Let us consider the most likely potential sources of error in it can suffer in the case of electronic near-degeneracies, as may
the theoretical treatment and how agreement with experimentarise in bond-breaking and bond-making situations. In an
might be improved. When using a douldeyuality basis set in examination of reactions 1 and 2, we found that several of the
MP2 and CCSD(T) calculations, the effect of diffuse functions transition states feature values of thedlagnosti€!-62close to
is seen to be as much as 2 kcal miolor classical activation the value of 0.02, above which multireference character often
barriers (see Supporting Information). For the more complete becomes important. Considering the alternatiyel@gnosti€3-6°
triple- and quadruplé-quality basis sets, the difference remains for these systems, we find several values for transition states
significant but decreases to well below 1 kcal molThus, the that approach 0.05, whereas for open-shell systems such as those
need for diffuse functions could account in part for the difference considered here, the quality of the coupled-cluster wavefunction
between experimental and theoretical activation barriers. An- is thought to degrade for values over 0.025However,
other possible source of error could be our core-freezing scheme examination of the largest,Tamplitudes does not support the
For cc-pVNZ and cc-pVNZ-PP basis sets, we did not correlate idea that nondynamical correlation effects could be large: the
electrons in the highest-lying set of d orbitals. Although this largest T amplitudes observed are in the range of 6:096
approximation appears reasonatili,is possible that correlating  for transition states, as compared to 0.05 for the well-behaved
these electrons may be important. To explore this question, MP2case of the IO molecule (CCSD/6-31G). Moreover, prelimi-
and CCSD(T) computations using the cc-pVDZ-PP basis were nary full Cl/6-31G* computations at CCSD(T)/6-31G* geom-
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TABLE 5: Energies of Activation (AE*) and Reaction (AE, kcal mol~2) for Germanium-Based Reaction3?

Temelso et al.

B3LYP BHLYP MP2 CCSD(T)
DZ-PP TZ-PP QzPP DZ-PP TZPP QzZ-PP DZPP TZPP QzZ-PP DZPP TZPP QZ-PP expt
“H + GeH, — H, + -GeHs
AE* 0.4 0.5 0.5 2.6 2.7 2.7 7.3 6.2 5.9 5.0 3.7 3.3
AHF (0) 0.5 0.6 0.5 2.2 2.3 2.3 6.8 5.7 5.4 44 3.1 2.7
AH* (298) 0.3 0.4 0.4 1.9 2.0 2.0 6.4 5.3 5.0 4.2 2.9 2.5
E. (298) 1.5 1.6 1.6 3.1 3.2 3.2 7.6 6.5 6.2 5.3 41 3.7
E. (298)-W 1.4 15 15 2.6 2.7 2.7 6.8 5.7 5.4 47 3.5 31 2%
AE -205 -224 —223 -186 -203 —202 -164 -183 -—184 -188 —205 —205
AH (0) -203 -222 -—221 -183 -200 -—199 -160 -179 -—180 -186 —20.3 —20.3
AH(298) 197 -21.6 -215 -178 -195 —194 —155 -17.4 —175 -180 —-19.7 -197 —20.8
“CHs + GeHy — CHy + -Gekb
AEF 3.1 4.0 41 7.2 8.0 8.1 8.0 7.6 6.7 7.7 6.5 6.2
AH (0) 3.8 47 48 7.8 7.4 75 8.3 7.9 7.0 8.0 6.9 6.6
AH* (298) 3.0 3.9 4.0 7.0 6.6 6.7 7.5 7.1 6.2 7.2 6.1 5.8
Ea (298) 4.2 5.1 5.2 8.1 7.7 7.8 8.7 8.3 7.4 8.4 7.3 7.0
E. (298)-W 4.0 4.9 5.0 75 7.1 7.2 8.0 7.6 6.7 7.7 6.6 6.3 AE
AE —215 —244 -239 -226 225 -222 -249 251 249 -232 —235 235
AH (0) -181 -210 -205 -190 -189 -186 -214 -216 -—21.4 -197 —200 —20.0
AH(298)  -183 -—21.2 -20.7 —192 —191 -188 -—21.6 -218 —-216 —199 —202 —202 —216
-CHs + HGe(CHy)z — CH, + -Ge(CHy)s
AEF 4.0 8.6 8.3
AH* (0) 43 8.8 8.4
AH* (298) 3.9 8.3 7.9
E. (298) 5.1 9.5 9.1
Ea (298)-W 438 8.8 8.4
AE -21.3 215 -23.3 216
AH (0) ~175 ~17.6 ~19.7 -18.°
AH(298)  —18.0 -18.1 —-20.1 —18.% -18.0°
*C(CHg)s + HGe(CHy)s — HC(CHg)s + Ge(CHy)s
AE* 7.0 10.8 4.9
AE -12.7 -11.7 ~16.5 -14.3
AH (0) -8.9 -7.9 -13.0 -10.8
AH (298) -9.3 -84 -13.4 —-11.2 8.7

a All ZPVE, thermal, and Wigner tunneling corrections evaluated

using cc-pVDZ basis unless indicated otHeD&is€Z, and QZ denote

cc-pVDZ, cc-pVTZ, and cc-pVQZ basis sets,respectiveRef 79-81. ¢ Ref 60.¢ Thermal and ZPVE corrections computed using MP2 frequencies.

etries for the reaction of H with SiHndicate a lowering of the
classical barrier by a modest 0.3 out of a 10.9 kcalthbhrrier

at the CCSD(T)/6-31G* level of theory. Altogether, it appears
that nondynamical correlation effects are not very significant
and that CCSD(T) should be reliable for these reactions.

From an experimental standpoint, the kinetics data was
gathered at a temperature regime different from 298 K.
Considering that activation barriers are inherently sensitive to
temperature, it is possible that the choice of temperature regime
could account for some of the discrepancy between our values
and that of experiment. However, the experimental barriers we
report are generated by fitting kinetics data from different
experiments over various temperature ranges, and they represent
the best fit. Our attempt to fit limited sets of data in the
proximity of 298 K yielded barriers that are not very different
from those inferred by fitting kinetics data over a much larger
temperature range. Thus, the reason for the somewhat larger
than expected difference between the experimentally deduced
activation barriers and our best CCSD(T) results remains
uncertain, and it would be interesting to examine this question
with even more rigorous computations in the future. However,
even if the errors in our best theoretical estimates are as large
as ~3 kcal mol! for reaction barriers, this is more than
sufficient to obtain a qualitative and even semiquantitative
understanding of these reactions.

It is clear from the theoretical predictions that the barriers

AE(keal mol'™")

12

(a)

B H+XHy — Hp + XHg
B CHj + XHy — CH, + XHq
3 CHjy + HX(CHg)3 — CH, + X(CHg)s

| mm C(CHg); + HX(CHg); — HC(CHg); + X(
L 1 L L

Si Ge Sn

(b)

Pb

for the reactions considered are quite small, with most of the Figure 5. RMP2/cc-pVDZ|-pp] classical barriers (a) and reaction

MP2 and CCSD(T) barriers lying below 10 kcal mbland

energies (b) for reactions-4

becoming smaller for the heavier group IVA atoms. Moreover, around —10 to —45 kcal mof?, and they become more

all reactions considered are exothermic, with reaction energiesexothermic for the heavier group IVA atoms.
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25 . of atoms!® For hydrogen donation, we can model the SPM tip
HC(CHg)y —— with a Si/Ge/Sn/Pb-substituted isobutane. As indicated above,
2t HSI(CHg)g =—e— the donation of a hydrogen from such a tool would have low
S HGe(CHg)g —=— activation barriers and negative reaction energies, particularly
E 145 HSN(CH5); —=— when using Ge, Sn, or Pb atoms.
;3 HPb(CHz)3 —— Figure 5 shows general trends in the thermochemistry of the
2-; 1t KT(T=298k) = different models we have considered. The MP2/DZ[-PP] clas-
i KT(T=77k) =— sical barriers for our four model reactions decrease monotoni-
W ost cally as the group IVA atom changes in the orderSiGe —
Sn— Pb. For each group IVA atom, as the size of our model
0 reactions increases in reactions-3, we notice a moderate

0 5
Bending Angle (180-8) [degrees]

Figure 6. MP2/cc-pVDZ[-PP] —C—X—H bending potential for
HX(CHs3)s, where X= C, Si, Ge, Sn, and Pb

10 increase in classical barriers. However, there is a significant
drop in the MP2/DZ[-PP] classical barrier heights going from
reaction 3 to 4, our largest model. On the contrary, B3LYP/
DZ[-PP] and BHLYP/DZ[-PP] predict a significant increase in
the classical barrier upon going from reaction 3 to 4. Since
3.5. Hydrogen Donation Tool.Having considered the general  reactions 3 and 4 are too large for a CCSD(T) transition state
features of these hydrogen transfer reactions, let us considersearch, we approximated the CCSD(T) barriers by performing
how the present results impact proposed schemes for theCCSD(T) single-point energy computations at the MP2 and
mechanosynthesis of diamond or other hydrocarbons, whichBHLYP optimized geometries, which we might refer to as
require the selective abstraction and donation of hydrogen atoms CCSD(T)//MP2 and CCSD(T)//BHLYP, respectively. Although
For such an approach to be realized, it is imperative that the the MP2 and BHLYP optimized geometries are quite different,
hydrogen abstraction and donation tools have favorable ther-both the CCSD(T)//MP2 and CCSD(T)//BHLYP barriers exhibit
modynamics, facile kinetics, and good positional coritréThe a dip in the reaction energy in proceeding from reaction 3 to 4,
most natural tool for these purposes would be something like aindicating that the behavior in the MP2 classical barriers is not
scanning probe microscope (SPRMyhose tip is modified for an artifact. One of the implications of these findings for reaction
the purposes of hydrogen abstraction or donation. Such tech-4 is that, contrary to the picture painted by reactiors3,lthe
nigues have already been used for subnanometer manipulatiorclassical barrier to hydrogen donation does not monotonically

TABLE 6: Energies of Activation (AE¥) and Reaction (AE, kcal mol~1) for Tin-Based Reactions®

B3LYP BHLYP MP2 CCsD(T)
DZ-PP TZ-PP QZPP DZPP TZPP QzZ-PP DZ-PP TZPP QZPP DZ-PP TZPP QZ-PP expt
“H + SnH, — H, + -SnH
AE* 0.0 0.1 0.1 1.2 1.3 1.3 5.5 4.4 4.1 3.6 2.3 2.0
AH* (0) 0.2 0.3 0.3 1.2 1.3 1.3 5.3 4.2 3.9 3.4 2.1 1.8
AH?# (298) 0.2 0.3 0.3 1.0 1.1 1.1 5.0 3.9 3.6 3.1 1.8 15
E.(298) 1.4 15 15 2.2 2.3 2.3 6.2 5.1 4.8 43 3.0 2.7
E. (298)-W 1.4 15 15 1.9 2.0 2.0 5.4 4.3 4.0 3.8 25 2.2
AE 295 -31.8 -315 -27.6 -29.7 -295 -257 -280 -27.9 -280 —299 —29.8
AH (0) -285 —30.8 —305 —265 —28.6 -—284 -—246 —269 -268 —269 —288 —29.7
AH(298) —28.0 —30.3 -300 -—26.0 -281 -27.9 -241 -264 -263 -264 —283 —28.2
“CHs + SnH, — CH, + -SnH
AE* 1.7 2.2 2.4 5.0 5.5 5.6 6.3 5.1 4.8 5.9 4.4 4.2
AH* (0) 2.7 3.2 3.4 5.8 6.3 6.4 6.7 5.5 5.2 6.4 4.9 4.7
AH?# (298) 2.0 25 2.7 5.0 5.5 5.6 6.0 4.8 4.5 5.7 4.2 4.0
E.(298) 3.2 3.7 3.9 6.2 6.7 6.8 7.2 6.0 5.7 6.8 5.3 5.1
E. (298)-W 3.1 3.6 3.8 5.8 6.3 6.4 6.7 5.5 5.2 6.4 4.9 4.7
AE —-304 -337 -332 -31.6 -319 -314 -343 -347 -344 -324 -329 327
AH (0) ~26.3 —29.6 -291 272 -275 -270 —30.0 -304 -30.1 -280 —285 —28.3
AH(298)  —265 —29.8 -293 -—275 -27.8 -27.3 -—302 -306 -30.3 -283 —288 —28.6
“CHs + HSN(CHy)s — CHy + -Sn(CHy)s
AE? 2.4 6.0 6.5
AH* (0) 3.1 6.4 6.4
AH?# (298) 2.7 6.0 5.7
E.(298) 3.8 7.2 6.9
E. (298)-W 3.8 6.7 6.3 3.2
AE ~30.9 -31.1 -335 -315
AH (0) ~26.4 ~26.3 —28.7 —26.7¢
AH (298)  —26.7 ~26.6 -29.1 —27.1d
*C(CHg)3 + HSN(CHy)3 — HC(CHg)s + -Sn(CHy)s
AE* 3.9 7.1 2.7
AE —22.3 —21.4 ~26.7 ~24.2
AH (0) -17.8 ~16.8 —22.4 —19.9¢
AH(298) 183 ~17.4 —22.9 —20.4¢

aAll ZPVE, thermal, and Wigner tunneling corrections evaluated using cc-pVDZ basis unless indicated otieb@is&Z, and QZ denote
cc-pVDZ, cc-pVTZ, and cc-pVQZ basis sets, respectivelgef 27.¢ Thermal and ZPVE corrections computed using MP2 frequencies.
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TABLE 7: Energies of Activation (AE*) and Reaction (AE, kcal mol™?) for Lead-Based ReactiongP
B3LYP

BHLYP MP2 CCSD(T)
DZ-PP TZ-PP QZ-PP DZ-PP TZ-PP QZ-PP DZ-PP TZPP QZ-PP DZPP TZ-PP QZPP expt
‘H + PbH, — H, + -PbH;
AE* 0.0 0.0 0.0 0.4 0.4 0.4 3.9 29 2.2 2.4 1.3
AH*(0) 0.0 0.0 0.0 0.5 0.5 0.5 3.8 2.8 2.1 2.3 1.2
AH* (298) 0.3 0.3 0.3 0.4 0.4 0.4 3.5 2.5 1.8 2.2 11
E. (298) 15 1.5 15 1.6 1.6 1.6 4.7 3.7 3.0 3.3 2.2
E. (298)-W 15 1.5 15 15 15 15 4.2 3.2 2.5 3.0 1.9
AE -390 —-415 -411 -369 -—-39.2 -—-388 —-349 -374 —-372 —-373 —395 —39.2
AH (0) —-380 —405 —-40.1 —-358 —-381 377 -—-336 —361 -—-359 —361 —383 —38.0
AH (298) -375 —-400 —-396 —-354 377 -373 —-332 -—-357 —-355 3857 —-379 -376
-CHz + PbH, — CH, + -PbH;
AEF 0.2 0.5 0.7 2.6 2.9 3.1 3.9 2.8 2.6 3.5 2.2 2.0
AH*(0) 1.3 1.6 1.8 3.7 4.0 4.2 4.6 3.5 3.3 4.2 2.9 2.7
AH* (298) 0.7 1.0 1.2 2.9 3.2 3.4 3.9 2.8 2.6 3.6 2.3 2.1
E. (298) 1.9 2.2 2.4 4.1 4.4 4.6 5.1 4.0 3.8 4.7 3.4 3.2
E. (298)-W 1.9 2.2 2.4 4.0 4.3 4.5 4.9 3.8 3.6 4.6 3.3 3.1
AE —40.0 —434 427 —-410 —414 —-40.8 —434 442 438 417 424 422
AH (0) -358 —-39.2 -385 -365 —-369 -363 -390 —-398 -394 372 379 377
AH (298) -36.1 -395 -—-388 —-368 -—-372 -—-36.6 —39.3 —-401 —-39.7 -375 382 -—-38.0
'CH3 + HPb(CH;)3 - CH4 + 'Pb(CH;)3
AEF 0.7 3.3 4.0
AE —42.6 —42.4 —44.8 —43.0
AH (0) —38.2 -37.6 —40.3 -38.5
AH (298) —38.4 —37.9 —40.5 —38.7
*C(CH)s + HPb(CHy)s — HC(CHg)s + -Pb(CHy)s
AEF 1.2 3.7
AE —33.9 —32.6 —38.1 —35.7
AH (0) —29.6 -28.2 —33.9 -31.5
AH (298) —30.1 —28.7 —34.4 —32.C¢
aAll ZPVE,

cc-pVDZ, cc-pVTZ, and cc-pVQZ basis sets, respectiveljhermal and ZPVE corrections computed using MP2 frequencies.

thermal, and Wigner tunneling corrections evaluated using cc-pVDZ basis unless indicated otfeb@is&Z, and QZ denote

increase with system size. Thus, in an actual experimental TABLE 8: Positional Uncertainty of HX(CH )3 (where X =
hydrogen donation reaction in which a much larger hydrogen Si, Ge, Sn, Pb) Computed from Classical Turning Points

donation tool is being used, the barrier to the reaction would
likely remain small, according to the results for reaction 4
obtained by MP2, CCSD(T)//MP2, and CCSD(T)//BHLYP

angular

uncertainty (deg)

positional
uncertainty (A)

ot RIX—H] (&) 77K 298K 77K 298K
computations.

The energies of reaction become progressively more exo- gi 1:%3 g:g g:? 8:8? 8:(1)2
thermic as the group IVA atom gets heavier. For a given metal/ ge 1.55 2.8 59 0.08 016
metalloid, the energies of reaction are somewhat smaller for Sn 1.73 3.2 6.6 0.10 0.20
reactions 1 and 4 than for reactions 2 and 3. The reaction energy Pb 1.78 35 7.0 0.11 0.22

for reaction 4 is, at the MP2/cc-pVDZ[-PP] levely kcal moi™

aAll computations performed at MP2/DZ[-PP] levélcc-pvVDZ

less exothermic than that for reaction 3 for each of the group basis set for Si and cc-pvVDZ-PP pseudopotential for Ge, Sn and Pb.
IVA atoms considered. This is in good agreement with the

8 kcal mofl! change that would be expected on the basis of the
C—H bond dissociation energies in-HCH3 vs H—C(CHg)3.6°

Of the .four models of hydrogen transfer reactions studied, level of theory. Since many modes contribute to the>XC-H
f;?c:raj)cg“?ensreosfetr}]ltptet?e(%:,13Jo:él((g‘i?/ar;g:fg%;%0T1 in a bending, it was not possible to estimate the positional selectivity
mechanosynthesis scheme, in which the hydrogen donor Con_by consideration of the energy levels of a smgle vibrational
taining a weak bond between hydrogen and a group IVA atom ”0”“‘?" made. One can, howevgr, take the ppten'ual energy curve
would be bound via a hydrocarbon linker to an SPM tip. Upon for displacements {along a _S|mple_ bend_mg poord|nate ?‘”d
approaching a radical site, the hydrogen bound to the metal/COMPUte the classical turning points (ignoring zero-point
metalloid would be abstracted by the radical site. Ideally, one Vibrational energy). Using this potential, we can then roughly
would want this abstraction process to be kinetically fast and @PProximate the positional uncertainty of the hydrogen donor
positionally selective. Of the four group IVA atoms considered, due to thermal motion at a given temperature. Table 8 lists the

Figure 6 shows the €X—H (X = Si, Ge, Sn, Pb) bending
potential of HX(CH); computed at the MP2/cc-pVDZ[-PP]

donation AE* = 3.7 kcal mof? at the BHLYP/cc-pvVDZ-PP
level). The reaction is also the most exothermic with(298)
of —32.0 kcal mot? at the CCSD(T)/cc-pVDZ-PP level (with

for tools with the various metals/metalloids. The bending curve
is generated by fixing HX(CHJ; at its RMP2/cc-pVDZ[-PP]
optimized geometry and varying only the-bX—C bending

MP?2 vibrational corrections). Nevertheless, this model reaction coordinate. Positional uncertainty i€0.22 A at 298 K for all
is adequate for the required hydrogen donation function using tooltips, or one-tenth the-2.5 A average spacing between two

any of the group IVA atoms considered.

closest hydrogens on the H-terminated C(111) diamond sur-
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facel! potentially allowing excellent positional control during
hydrogen donation.
A legitimate concern for the feasibility of hydrogen donation

via a lead-based tool is whether the weakly bonded hydrogen
is bound tightly enough to be maneuvered around and donate

to a radical site. The XH (X = Si, Ge, Sn, Pb) bond strength
in the tooltip can be gauged from the bond enthalpy dEthe
analogous HX(CHh)s species. The XH bond enthalpies in the
H—X(CHs); models increase in the order+H (57.8) < Sn—H
(69.2) < Ge—H (78.8) < Si—H (86.0) < C—H (92.2 kcal mot?)

at the MP2/DZ[-PP] level of theory. The Arrhenius equation
for the one-step thermal desorption rdte= ve E/%T, may be
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