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ABSTRACT: Solution-phase rate constants for the addition
of selected olefins to the triethylsilyl and tris(trimethylsilyl)-
silyl radicals are measured using laser-flash photolysis and
competition kinetics. The results are compared with
predictions from density functional theory (DFT) calculations,
both with and without dispersion corrections obtained from
the exchange-hole dipole moment (XDM) model. Without a
dispersion correction, the rate constants are consistently
underestimated; the errors increase with system size, up to
10° s7' for the largest system considered. Dispersion
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interactions preferentially stabilize the transition states relative to the separated reactants and bring the DFT-calculated rate
constants into excellent agreement with experiment. Thus, dispersion interactions are found to play a key role in determining the
kinetics for addition reactions, particularly those involving sterically bulky functional groups.

In the past decade, the accurate treatment of noncovalent
interactions, particularly dispersion, has risen to the forefront
of research in theoretical chemistry. Conventional density
functional theory (DFT) methods do not include dispersion
physics, and this shortcoming inspired the development of a
variety of dispersion-corrected functionals. The inclusion of
dispersion is essential to model van der Waals complexes,
including guest—host complexes,” and for interactions between
molecules and surfaces.” The effects of dispersion in transition-
metal complexes with bulky ligands may even exceed the
electrostatic repulsion between metal cations.*

Dispersion interactions play an important role in the
determination of reaction barrier heights.”~" The effects of
dispersion will be pronounced in the calculation of bimolecular
addition reactions involving large molecules wherein long-range
attractive dispersion interactions will stabilize transition states
relative to separated reactants and thereby increase the
calculated reaction rate constants. In this work, we present a
side-by-side comparison of rate constants calculated by
dispersion-corrected DFT and experimental kinetics data for
a set of bimolecular addition reactions. Pseudo-first-order rate
constants for the addition of olefins to silicon-centered radicals
are compared to computational rate constant predictions made
using DFT methods with and without the inclusion of
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dispersion corrections. The results demonstrate that dispersion
is essential for the accurate determination of rate constants for
bimolecular addition reactions involving even fairly small
chemical species.

Silicon-centered radicals are useful reducing agents for
organic synthesis and polymerization® and also represent a
good model for silicon surface reactive sites. Olefin addition to
radical sites on otherwise hydrogen-terminated silicon surfaces
is the initial step in the formation of linear molecular
nanostructures on silicon.”'® The work in ref 9 showed that
small, straight-chain alkenes could not “grow” molecular lines
on silicon, but stryene formed nanostructures quite easily. This
supported the hypothesis that the styrene—silicon addition
intermediate was stabilized by delocalization of the unpaired
spin over the aromatic moiety. It was later convincingly
demonstrated that if the dispersion interactions between the
incoming molecule and the surface provide sufficient
stabilization, alkenes could also be made to form linear

11
nanostructures.
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Solution-phase olefin additions to silicon-centered radicals
involve chemistry that is similar to that seen on the silicon
surface. Their reaction kinetics can be measured using laser-
flash photolysis techniques, allowing for a direct comparison of
the rate constants with computational predictions. In this work,
we performed laser-flash photolysis and competition kinetics,">
following the work of Chatgilialoglu et al,”>™* to measure the
rate constants for addition of 1-hexene, 1-decene, 1-
pentadecene, styrene, and 1,1-diphenylethylene (DPE) to the
triethylsilyl (SiBt;) and tris(trimethylsilyl)silyl (TTMSS)
radicals.

The chemistry studied herein can be understood by
considering the reactions involving DPE. Di-tert-butyl peroxide
and DPE were dissolved in isooctance along with either
TTMSS or SiEt;. A 308 nm laser was used to homolytically
cleave the peroxide O—O bond, resulting in the formation of
tert-butoxyl (fBuO®) radicals. tBuO*® then quickly abstracted a
hydrogen atom from the Si—H bond of the silane to generate a
silicon-centered radical. The Si-centered radicals then reacted
with DPE by adding to the terminal CH, group of the olefin, as
shown in Figure 1, to form a Si—C bond and, consequently, a

e
<

Figure 1. Calculated transition-state structure for addition of DPE to
the TTMSS using the LC-wPBE-XDM//pc-2-spd level of theory. The
perspective shows DPE “beside” the TTMSS radical, and the
computed key Si—C distance is 2.84 A. Carbon atoms are represented
in dark blue, hydrogen in light blue, and silicon in orange.

carbon-centered radical. The resulting adduct strongly absorbed
light in the range of 320—360 nm. The rate of addition of the
silyl radical to DPE could then be measured by the change in
optical density of the solution as a function of time, assuming
that the changes in solution optical density are due entirely to
the silyl-DPE adduct.

The rate of addition of the silicon radical to DPE was
measured by varying its concentration systematically while
holding constant the concentrations of all other species. Since
the addition reaction is first-order in DPE, the observed rate
constant, kp,, is

5884

kobs = kppe[DPE] + kg (1)

where kppg is the rate constant for the addition of the silyl
radical to DPE, [DPE] is the concentration, and k, is the
lifetime of the silyl radical in the absence of DPE. The
dependence of the observed rate on initial DPE concentration
is shown in Figure 2 for addition to both SiEt; and TTMSS
radicals. The slopes give the pseudo-first-order rate constants
for these reactions.
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Figure 2. Dependence of observed reaction rate on diphenylethylene
concentration for reaction with either SiEt; or TTMSS radicals,
demonstrating pseudo-first-order kinetics.

This reaction of silicon-centered radicals with DPE was also
used as a kinetically competitive probe to indirectly measure
the rate constants for the addition of silyl radicals to other
olefins that do not give a sufficiently strong optical adsorption
for direct measurements. When another olefin is present in
solution, in addition to DPE, the observed rate constant
becomes

kObS = kDPE[DPE] + koleﬁn[oleﬁn] + kO (2)

If the concentration of DPE is held constant and only the
concentration of the other olefin is varied, this simplifies to

)

and this allows for the measurement of the rate constants for
addition to styrene, 1-hexene, 1-decene, and 1-pentadecene by
competition kinetics. The rate constants so measured" are
listed in Table 1. The uncertainties of the linear fits are 10% or
+0.1 log units for each rate constant measured. Given the small
number of data points, the experimental error bars are expected
to be somewhat larger; however, even assuming errors of up to
a factor of 2, the uncertainties would be +0.3 log units or less.
The rate constants for the addition reactions described above
were also predicted theoretically using conventional transition-
state theory. For the general bimolecular addition reaction

kobs = kopeinLolefin] + C

A + B —» TS — Products 4)
the rate constant, k, is
kT Qg ( AEO)
k= ——exp| ——
h Q,Q RT (3)

where kg is Boltzmann’s constant, h is Planck’s constant, R is
the gas constant, T is the temperature, the Q’s are the partition
functions, and AE, is the zero-point-corrected energy change
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Table 1. Comparison of Experimental and Calculated Rate Constants Using Base and XDM-Corrected Functionals®

expt. XDM-corrected base functional
reaction BH&HLYP LC-wPBE BH&HLYP LC-wPBE
CH,—ethylene 2.9* 2.7 2.7 1.8 1.7
CH,—propylene 2.7° 22 22 12 11
CH,—butylene 2.7% 22 22 11 L1
CH,—isobutylene 3.1° 2.8 28 1.6 15
tBu—ethylene 1.s° 2.1 2.7 -09 02
SiH;—ethylene 6.3° 7.1 6.9 5.6 5.6
SiMe,—ethylene 6.67 6.1 6.5 4.0 44
Si(Et);—hexene 5.9¢ 5.9 6.9 3.0 3.5
Si(Et);—decene 6.0° 6.0 6.9 32 3.6
Si(Et);—pentadecene 6.3¢ 53 6.9 2.9 35
Si(Et);—styrene 7.3¢ 7.7 8.3 4.4 S.S
Si(Et);~DPE 7.8° 7.7 93 39 5.1
TTMSS—hexene 5.5¢ 5.8 6.5 0.3 1.3
TTMSS—decene 5.6° 59 6.5 0.2 12
TTMSS—pentadecene 5.7° 4.9 6.6 0.5 1.1
TTMSS—styrene 7.5¢ 83 89 2.9 3.7
TTMSS—DPE 7.5¢ 7.5 10.0 0.8 1.7
MAE 0.4 0.9 32 2.7
ME 0.0 0.7 =32 =27

“Values are represented as log;o(k). The mean absolute error (MAE) and the mean error (ME) for each method are also shown. Sources of
experimental data are. "Reference 45. “Reference 46. “Reference 47. “Reference 12 and this work.

between the reactants (A, B) and transition state (TS). The
electronic energies, zero-point energy corrections, and partition
functions were all computed using DFT methods.

As we will demonstrate, dispersion interactions are critical to
obtaining a proper description of the structures and energetics
of the transition states for the reactions under study. In this
work, we used the exchange-hole dipole moment (XDM)
dispersion model of Becke and Johnson.'®'” The XDM
dispersion energy is added as a post-SCF correction to the
energy of the base functional

E = Eppr + Eygp (6)
The dispersion energy expression involves a summation over all
pairs of atoms i and j and is given by

C,
Edisp =- z Z #
ij

n=6,8,10 i<j vdW,ij

(7)

In this equation, the dispersion coeflicients Cg, Cg, and Cy, are
calculated nonempirically from functions of the electron density
and are therefore sensitive to changes in atomic environment.
The van der Waals radii, Rygw,; in the denominator serve to
damp the dispersion energy at small interatomic separations,
R, and involve two (atom-independent) empirical 1};a\rameters
fit for use with a particular base density functional.

For studies of transition states, many-electron self-interaction
error in the base functional may have a large effect on the
calculated barriers. This error arises because most common
density functional approximations fail to give energies that are
piecewise linear as a function of electron number and result in
the overstabilization of fractional charges.lg_24 The error, which
is also referred to as delocalization error, causes band gaps to be
underestimated, charge-transfer complexes to be overly
stabilized, and electronic transition energies to be under-
estimated.”>™>® Of particular relevence to this work, the
overstabilization of delocalized electron distributions®*~>*
results in the underestimation of the barrier heights of radical
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reactions. For this study, BH&HLYP***” and LC-wPBE***
were chosen as the base functionals because they have minimal
inherent self-interaction error.*’

The calculated dissociation energies for bonds between C
and Si are known to be quite insensitive to the choice of basis
set.*! However, the accurate treatment of noncovalent
interactions requires diffuse basis functions.*” We therefore
chose to use the 6-31+G* basis set with the BH&HLYP
functional. For the LC-wPBE calculations, we used the pc-2-
spd basis set (the pc-2 set of Jensen et al™* with the f
functions removed), which also contains diffuse functions, and
this method and basis set combination was found to provide
the best balance between computational cost and accuracy for
intermolecular interactions.”” To ensure that our electronic
energy barrier heights are well converged with respect to basis
set size, test calculations were performed on the SiMe;—
ethylene complex using the aug-cc-pVIZ basis set. The
differences between the XDM-corrected barriers were found
to be 0.03 kcal/mol with both BH&HLYP and LC-wPBE.

The structures for the reactants and transition states of all of
the olefin addition reactions were optimized with and without
XDM dispersion, using Gaussian 09* and the postg program."”
As an example, the transition state for addition of DPE to
TTMSS optimized with LC-wPBE-XDM is shown in Figure 1.
For 1-hexene, 1-decene, and l-pentadecene, multiple config-
urations of the alkane chains are possible, but only the straight-
chain conformation was studied to simplify the theoretical
treatment. It is reasonable to expect that the variability in chain
conformations of the isolated alkene will be mirrored by
conformations of the chains in the transition-state structure.
Consequently, the effect of multiple chain configurations on
computed rate constants are expected to cancel.

The absence of rotational symmetry in the SiEt; radical will
result in the formation of several possible low-energy
conformers for transition-state complexes in which it is a
constituent. To properly calculate rate constants for these cases,
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the rate constants associated with each transition-state structure
were summed to give the overall rate constant.

The partition functions were computed using the standard
rigid rotor and harmonic oscillator approximations. The XDM
dispersion correction is also included in calculation of the
vibrational frequencies but causes only minor changes in the
partition functions and consequently in the pre-exponential
factor of the rate constant equation.

Solvent effects were not included in our calculations because
we expect the differential effects of hydrocarbon solvent on the
separated reactant and the transition-state complexes to be
close to zero. To support this expectation, a test calculation was
performed on the SiMe;—ethylene system using a polarizable
continuum model® of isooctane solvent (2,2,4-trimethylpen-
tane in Gaussian 09*® with a dielectric constant of 1.9358). The
calculation resulted in an increase in the reaction barrier of only
0.2 kcal/mol.

The measured and calculated rate constants for all of the
olefin additions to SiEt; and TTMSS are collected in Table 1.
Also included are calculated results for the addition of small
olefins to methyl, tert-butyl, and silyl radicals, where dispersion
is expected to have a smaller effect due to the smaller molecular
size. Experimental rate constants for these additional reactions
were taken from literature sources.””™* All of the rate
constants are expressed as logjy(k). The mean error (ME)
and mean absolute error (MAE) in the rate constants are
reported and are also expressed in logarithmic units. For
example, a ME of one log unit indicates that the method
overestimates the rate constants by 1 order of magnitude on
average.

The results in Table 1 show that the base functionals,
without dispersion corrections, predict rate constants that are in
reasonable agreement with the measured values only for the
smallest reactants, namely, CH;—ethylene and SiH;—ethylene.
Of course, rate constants are exponentially dependent on
barrier heights, and even for these small systems, the rate
constant is underestimated by up to an order of magnitude.
The underestimation reflects calculated barriers that are too
high to the extent that 1 order of magnitude error in rate
constant is equivalent to a 1.3 kcal/mol error in reaction
barrier. Overestimated barriers indicate the pathological
tendency for nondispersion-corrected DFT methods to be
overly repulsive at van der Waals distances. As the molecular
size of the reactants increases, so too does the extent of
underestimation of the calculated rate constant, as shown in
Figure 3. The monotonic underestimation of the calculated rate
constant with increasing size reaches more than 6 orders of
magnitude for the largest system studied in this work.

The inclusion of dispersion reduces addition barriers by
differentially stabilizing the transition-state complexes relative
to the reactants. For example, for the H—ethylene addition
barrier, dispersion contributes 0.3 kcal/mol. As the systems
increase in size, the increasing differential dispersion stabiliza-
tion of the transition states ranges from just over 1 kcal/mol for
CH;—ethylene to as much as 10 kcal/mol for TTMSS—DPE.
With the XDM dispersion corrections included, both the
BH&HLYP and LC-wPBE functionals predict the rate
constants to within less than an order of magnitude of the
experimental values on average. The only large outlier is
TTMSS—DPE with LC-wPBE-XDM, which overbinds the
transition state and overestimates the rate constant. The rate
constant for SiEt;—DPE is also overestimated with LC-wPBE-
XDM, and these errors are likely due to the known sensitivity
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Figure 3. Errors in the computed BH&HLYP rate constants with
(XDM) and without XDM dispersion (Base) as a function of
increasing reactant size.

of this class of functional (range-separated hybrids) to the
extent of conjugation.® However, BH&HLYP-XDM provides
good agreement with experiment for complexes involving DPE
and gives the lowest MAE of the two DFT-based methods
considered, of only 0.4 for log(k); this indicates that the
predicted rate constants agree with experiment to within a
factor of 2.5 on average.

In summary, by comparing theoretical and experimental
results for rate constants of a set of olefin addition reactions, we
find that dispersion plays a major role in stabilizing the
transition state. In the absence of dispersion, rate constants for
addition to TTMSS are predicted to be smaller than those for
addition to SiEt; due to the greater steric bulk of TTMSS.
However, the inclusion of dispersion results in greater
calculated relative stabilization of the transition-state complexes
relative to reactants for the reactions involving TTMSS,
decreasing the activation energy and increasing the rate
constant. Thus, dispersion interactions play a key role in the
thermodynamics and kinetics of addition reactions, particularly
for sterically bulky molecules or surfaces. Dispersion
interactions should therefore be included in the DFT modeling
of all chemical systems.

B ASSOCIATED CONTENT

© Supporting Information

Transition-state geometries and details of the laser flash
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