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Abstract Theoretical studies are carried out on the multi-
channel reactions of SiH(CHj3); with Cl (reaction 1, R1)
and Br atoms (R2) by direct dynamics method. The mini-
mum energy path is calculated at the MP2/6-314+G(d,p)
level, and energetic information is further refined by the
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MC-QCISD (single-point) method. The rate constants for
individual reaction channels, R1a, R1b-in, R1b-out, Rlc,
R1d, R2a, R2b-in, R2b-out, R2¢c, and R2d, are calculated
by the improved canonical variational transition state
theory with small-curvature tunneling correction over
the temperature range 200-1,500 K. The theoretical
three-parameter expressions k;(7) = 6.30 x 107157136
exp(704.94/T) and kx(T) = 9.41 x 1072°T**%exp(—1,033.
80/T) cm® molecule”' s~' are given. Our calculations
indicate that reaction channels R1c and R2c are the major
channel.

Keywords Gas-phase reaction - Transition state -
Rate constants

1 Introduction

Silane and its methyl-substituted homolog are considered
as important reagents in plasma chemical vapor deposition
(CVD) and in the semiconductor manufacturing process.
The use of volatile silicon compounds may lead to their
emission into the atmosphere, where they can be removed
by reactions with a variety of reactive species, such as
hydroxyl, nitrate radicals, and halogen. For most hydro-
carbons, hydrogen abstraction by radicals is one of the
major channels for their removal in the atmosphere [1, 2].
For the reaction of SiH(CH3); with Cl and Br atoms, the
hydrogen atom can be abstracted from SiH group and CHj;
group, Cl or Br atom displacement for hydrogen from SiH
group, and CHj; can be abstracted by Cl or Br atom, as a
result, the five reaction pathways are feasible, denoted as
follows:
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Cl + SiH(CH;),—Si(CH;3),+HCl  (Rla)
— SiH(CH3),CH, + HC1
(R1b-in and R1b-out)
— Si(CH;);C1+H (Rlc)
— SiH(CH3),+CH;Cl  (R1d)
Br + SiH(CH3),—Si(CH;),+HBr (R2a)
— SiH(CH3),CH; + HBr
(R2b-in and R2b-out)
— Si(CH3);Br+H (R2c)
— SiH(CH3),+CH;3Br  (R2d)

In 1992, the rate constants have been measured for the
reactions of SiH(CHj3); with CI (R1) and Br atoms (R2)
of k; = (1.24 £ 0.35) x 107" exp(1.3 & 0.8 kJ mol ™'/
RT) and ks, = (7.6 £ 3.3) x 107 %exp(—28.4 + 1.3
kJ mol™'/RT) cm® molecule™ s~' over the temperature
range of 300460 K by Ding et al. [3]. Because
measurements were taken mostly at the lower temper-
ature range of practical interest and no experi-
mental information is available on the branching ratios of
the title reaction, theoretical investigation is desirable to
give a further understanding of the mechanism of this
multi-channel reaction and to evaluate the rate constant at
high temperatures. To the best of our knowledge, no
previous theoretical work has been performed on this
reaction.

In this paper, dual-level direct dynamics method [4—8]
is employed to study the kinetics of the title reaction.
The potential energy surface (PES) information including
geometries, energies, gradients, force constants of all the
stationary points (reactants, complexes, products, and
transition states) and some extra points along the mini-
mum energy path (MEP) are obtained directly from
electronic structure calculations. Single-point energies are
calculated by the MC-QCISD method [9]. The calcula-
tions indicate that two reaction routes exist in the reaction
channels R1b and R2b, respectively, namely “in-plane
hydrogen abstraction” (channels R1b-in and R2b-in) and
“out-of-plane hydrogen abstraction” (channels Rl1b-out
and R2b-out). Both pathways “in-plane hydrogen abstrac-
tion” and “out-of-plane hydrogen abstraction” lead to the
same products, and the reaction route of the abstraction
from the in-plane hydrogen has a lower barrier than the
other route. Subsequently, by means of POLYRATE 9.1
program [10], the rate constants of these reaction channels
are calculated by the variational transition state theory
(VTST) [11, 12] proposed by Truhlar et al. The comparison
between the theoretical and experimental results is dis-
cussed. Our results may be helpful for further experimental
investigations.

@ Springer

2 Computational method

In the present work, the equilibrium geometries and
frequencies of all the stationary points (reactants, com-
plexes, products, and transition states) are optimized at the
restricted or unrestricted second-order Mgller-Plesset per-
turbation (MP2) [13-15] level with the 6-314+G(d,p) basis
set. The MEP is obtained by intrinsic reaction coordinate
(IRC) theory with a gradient step-size of 0.05 (amu)”2
bohr. Then, the first and second energy derivatives are
obtained to calculate the curvature of the reaction path and
the generalized vibrational frequencies along the reaction
path. In order to obtain more accurate energies and barrier
heights, the energies are refined by the MC-QCISD method
(multi-coefficient correlation method based on quadratic
configuration interaction with single and double excitations
proposed by Fast and Truhlar) [9] based on the MP2/6-
314-G(d,p) geometries. All the electronic structure calcu-
lations are performed by GAUSSIANO3 program package
[16].

VTST [11, 12] is employed to calculate the rate con-
stants by the POLYRATE 9.1 program [10]. The theoret-
ical rate constants for each reaction channel over the
temperature range 200-1,500 K are calculated by the
improved canonical variational transition state theory
(ICVT) [17] incorporating small-curvature tunneling (SCT)
[18, 19] contributions proposed by Truhlar et al. [17]. For
the title reaction, most of the vibrational modes are treated
as quantum-mechanical separable harmonic oscillators
except for the lowest modes. The hindered-rotor approxi-
mation of Truhlar and Chuang [20, 21] is used for calcu-
lating the partition function of the ten transition state
modes. The curvature components are calculated by using a
quadratic fit to obtain the derivative of the gradient with
respect to the reaction coordinate. Since SiH(CH3); is C;y
symmetry, there are “in-plane hydrogen abstraction” and
“out-of-plane hydrogen abstraction” for the reaction
channels R1b and R2b; the symmetry factor ¢ = 3, 6 for
the “in-plane hydrogen abstraction” and “out-of-plane
hydrogen abstraction” is taken into account in the rate
constant calculation, respectively. The total rate constants
are calculated from the sum of the individual rate con-
stants, i.e., k, = k., + kup + kue + kna, where k,;, =
knb-in + knh—nut (l’l = 17 2)

3 Results and discussions

3.1 Stationary points

The optimized geometries of the reactant (SiH(CHs)s3),
complexes (CRlaR, CRlaF, CRI1bR-in, CRI1bR-out,
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CRI1bF-out, CR1cR, CR2bF-in, and CR2bF-out), products
(Si(CH3)3, SiH(CH;3),CH,, HCI, Si(CHj3)3Cl, SiH(CHs),,
CHj;Cl, HBr, Si(CH3);Br, and CH3Br), and transition states
(TS1a, TS1b-in, TS1b-out, TS1c, TS1d, TS2a, TS2b-in,
TS2b-out, TS2c, and TS2d) calculated at the MP2/6-
31+G(d,p) level are presented in Fig. 1, along with the
available experimental values [22, 23]. The theoretical
geometric parameters of HCl, HBr, CH;Cl, and CH;Br are
in good agreement with the corresponding experimental

values [22, 23]. Furthermore, the complexes (CRI1aR,
CR1bR-in, CR1bR-out, and CR1cR) are located on the
reactant sides for the reaction R1. At the MP2 level, the
distances between the hydrogen atom in SiH or CH; group
of SiH(CHs)5 and the chlorine atom in CR1aR, CR1bR-in,
CR1bR-out, and CR1cR are 3.720, 3.463, 3.353, and 3.284
A in CR1aR, CRI1bR-in, CR1bR-out, and CRIcR, respec-
tively, while the other bond lengths are very close to
those of the reactant. On the product sides of reaction Rla,

Fig. 1 Optimized geometries of Reactant

the reactants, complexes,
products, and transition states at
the MP2/6-314-G(d,p) level.
The values in parentheses

are the experimental values
(Ref. [22] for CH;Cl and
CH;Br, and Ref. [23] for HCI1
and HBr). Bond lengths are in
angstrom, and angles are in
degree
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Fig. 1 continued
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R1b-out, R2b-in, and R2b-out, there are four hydrogen-
bonded complexes (CR1aF, CR1bF-out, CR2bF-in, and
CR2bF-out); the distance between the silicon or carbon
atom in SiH or CHj group of Si(CHj3)4 and the hydrogen
atom of the HCI1 or HBr in CR1aF, CR1bF-out, CR2bF-in,
and CR2bF-out are 2.686, 2.311, 2.250, and 2.283 A,
respectively, while the other bond lengths are very close to
those of the products. Figure 1 shows that the transition
states TS1b, TS1c, TS1d, TS2b, TS2¢c, and TS2d have the
same symmetry, C;, when symmetries of TS1b-in and
TS2b-in are restricted to Cg, the corresponding frequencies
have three and four imaginary frequencies at the same
level, respectively, and the transition state TS1a and TS2a
have Cj;y symmetry. In TS2a, TS2b-in, and TS2b-out
structures, the breaking bonds Si-H, C-H, and C-H
increase by 55, 48, and 47% compared with the equilibrium
bond length in SiH(CH3);, respectively; the forming bonds
H-Br stretch by 3, 7, and 7% over the equilibrium bond
lengths in isolated HBr, respectively. The elongation of the
breaking bond is larger than that of the forming bond,
indicating that TS2a, TS2b-in, and TS2b-out of the title
reaction systems are all product-like, i.e., the three reaction
channels will proceed via “late” transition states, which is
consistent with Hammond’s postulate [24], applied to for
an endothermic reaction.

Table 1 lists the harmonic vibrational frequencies of
the reactants, complexes, products, and transition states
calculated at the MP2/6-314+G(d,p) level as well as the
available experimental values [25-27]. For the species
CH;Cl, CH;Br, HCI, and HBr, the calculated frequencies
are in good agreement with the experimental values with
the largest deviation of 7%. The ten transition states are all
confirmed by normal-mode analysis to have one and only
one imaginary frequency, which corresponds to the
stretching modes of coupling between breaking and form-
ing bonds. And the values of those imaginary frequencies
are 422icm™' for TSla, 1,157icm™' for TSlb-in,
1,182i cm™" for TSlb-out, 326i cm™' for TSlc, and
753i cm™' for TS1d, 438i cm™' for TS2a, 349i cm™' for
TS2b-in, 381i cm™' for TS2b-out, 277i em™" for TS2c,
and 694i cm™" for TS2d.

3.2 Energetics

The reaction enthalpies (AHY%g) and potential barrier
heights (AE™S) with zero-point energy (ZPE) corrections
for the title reactions of SiH(CHj3); with Cl and Br atoms
calculated at the MC-QCISD//MP2/6-314+G(d,p) level are
listed in Table 2. The values calculated agree well with the
corresponding experimental value. The theoretical values
at 298 K of AH%g, —10.9 and 2.8 kcal/mol for the reac-
tions Rla and R2a, are in good agreement with the

corresponding experimental values -8.0 &+ 2.6 and
5.4 £ 2.6 kcal/mol, respectively, which were derived from
the standard heats of formation (Cl, 28.97 kcal/mol [27];
Br, 26.72 kcal/mol [27]; SiH(CH3)3;, —39.00 £ 0.96 kcal/
mol [28]; Si(CH3);, 4.07 & 1.67 kcal/mol [3]; HCI,
—22.05 kcal/mol [27]; HBr, —8.70 kcal/mol [27]). So the
values calculated at MC-QCISD//MP2/6-314+G(d,p) level
are expected to be reliable. Thus, in the present study, we
use MC-QCISD//MP2/6-31+G(d,p) method to calculate
the potential energy barriers as well as the energies along
the MEP in the following studies.

The schematic potential energy surfaces of the
SiH(CHs3); with CI and Br atoms reaction with ZPE cor-
rections obtained at the MC-QCISD//MP2/6-31+G(d,p)
level are plotted in Figs. 2 and 3. Note that the energy of
reactant is set to zero for reference. The values in paren-
theses are calculated at the MP2/6-314+G(d,p) level and
include the ZPE corrections. For reaction R1, the attack of
Cl atom on Si-H or C-H bond would proceed via the
reactant complexes (CR1aR, CR1bR-in, CR1bR-out, and
CR1cR), which are about 2.87, 3.69, 3.87, 5.00 kcal/mol
lower than that of the corresponding reactants at the
MC-QCISD level. For reaction Rla, R1b, and R2b, the
complex (CR1aF, CR1bF-out, CR2bF-in, and CR2bF-out)
with the energy of 3.70, 2.14, 2.18, and 1.87 kcal/mol
lower than that of the products is located at the product side
at the MC-QCISD/MP2/6-31+G(d,p) level involving ZPE
correction. The potential barrier heights of the reaction
channel Rlc (—4.13 kcal/mol) are much lower than those
of Rlb-in (—3.02 kcal/mol), R1b-out (—2.24 kcal/mol),
and RIld (22.72 kcal/mol) at MC-QCISD//MP2/6-
314+G(d,p) level. At the same time, the former reaction
path R1c is more exothermic than the later by about 15.43,
22.90, and 35.15 kcal/mol for Rla, R1b-in (or R1b-out),
and R1d, respectively, and as a result, the former reaction
path Rlc is more thermodynamically and kinetically
favorable than the later. Thus, we infer that the reaction
channel Rlc is the dominant channel for the reaction of
SiH(CHj3;); with Cl atom. A similar order of energies can be
obtained from the reaction of SiH(CH;3); with Br atom. We
use the formula E, o3 = AE* + RT = V* + AZPE +
AE (T) + RT as a simple estimation of the activation
energy [29], where V* and AE (T) represent the potential
barrier height and thermal energy correction; the esti-
mated activation energies are —1.52, —7.20, —6.40, and
—5.32 kcal/mol for the four reaction channels R1a, R1b-in,
R1b-out, and Rlc, respectively, which means that the four
reaction channels are barrierless. The negative activation
energy results in the negative temperature dependence. We
perform the rate constant calculations for the ten channels
of reaction of SiH(CHj3); with Cl and Br in the following
work.
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Table 1 Calculated and experimental frequencies (in cm™") for the reactants, complexes, products, and transition states for the title reaction at
the MP2/6-314+-G(d,p) level

Species

MP2/6-31+G(d.p)

Expt.

SiH(CH;);

Si(CH3)3

SiH(CH;),CH,

HCl
Si(CH3);Cl

SiH(CH;),

CH;Cl
HBr
Si(CH3);Br

CH;Br
CR1aR

CR1bR-in

CRI1bR-out

CRIcR

CR1aF

CR1bF-out

CR2aF-in

CR2bF-out

TSla

TS1b-in

TS1b-out

3,215, 3,215, 3,215, 3,210, 3,209, 3,209, 3,111, 3,111, 3,111, 2,280, 1,513, 1,504,
1,504, 1,495, 1,495, 1,490, 1,350, 1,340, 1,340, 952, 952, 908, 882, 882, 729, 729,
706, 637, 637, 633, 239, 200, 200, 169, 169, 142

3,222, 3,222, 3,222, 3,197, 3,197, 3,197, 3,101, 3,101, 3,100, 1,508, 1,498, 1,498,
1,491, 1,491, 1,485, 1,342, 1,330, 1,330, 902, 897, 897, 749, 749, 715, 706, 706,
618, 227, 197, 197, 156, 156, 132

3,327, 3,225, 3,216, 3,216, 3,215, 3,214, 3,113, 3,113, 2,267, 1,508, 1,503, 1,497,
1,495, 1,472, 1,346, 1,339, 948, 945, 893, 863, 764, 755, 728, 697, 645, 635, 564,
252, 210, 199, 173, 158, 91

3,112

3,223, 3,223, 3,222, 3,212, 3,211, 3,211, 3,112, 3,112, 3,112, 1,511, 1,499, 1,499,
1,491, 1,491, 1,485, 1,352, 1,342, 1,342, 906, 904, 904, 802, 802, 721, 721, 716,
654, 499, 231, 231, 220, 181, 181, 175, 175, 154

3,227, 3,227, 3,207, 3,207, 3,111, 3,110, 2,282, 1,501, 1,498, 1,493, 1,489, 1,343,
1,335, 934, 908, 896, 758, 714, 661, 630, 529, 201, 156, 132

3,278, 3,278, 3,161, 1,525, 1,525, 1,458, 1,074, 1,074, 781

2,733

3,226, 3,226, 3,225, 3,211, 3,210, 3,210, 3,111, 3,111, 3,111, 1,509, 1,501, 1,501,
1,491, 1,491, 1,488, 1,350, 1,340, 1,340, 906, 906, 902, 801, 801, 723, 723, 720,
644, 399, 218, 218, 197, 194, 194, 170, 160, 160

3,291, 3,291, 3,164, 1,525, 1,525, 1,399, 1,009, 1,009, 632

3,218, 3,217, 3,214, 3,210, 3,209, 3,209, 3,112, 3,111, 3,110, 2,285, 1,513, 1,503,
1,502, 1,496, 1,496, 1,487, 1,348, 1,338, 1,335, 951, 944, 908, 882, 881, 728, 726,
706, 638, 636, 633, 239, 201, 200, 169, 165, 140, 36, 33, 26

3,234, 3,215, 3,214, 3,214, 3,213, 3,212, 3,113, 3,112, 3,112, 2,278, 1,716, 1,512,
1,500, 1,497, 1,493, 1,491, 1,347, 1,338, 1,335, 1,001, 945, 908, 887, 879, 734,
727, 707, 637, 635, 632, 238, 229, 200, 195, 167, 141, 35, 32, 18

3,215, 3,215, 3,211, 3,211, 3,210, 3,204, 3,111, 3,111, 3,107, 2,281, 1,512, 1,505,
1,502, 1,495, 1,494, 1,490, 1,348, 1,340, 1,333, 951, 950, 908, 882, 879, 729, 727,
706, 637, 636, 633, 239, 202, 201, 182, 174, 150, 38, 33, 20

3,223, 3,222, 3,212, 3,211, 3,210, 3,113, 3,112, 3,112, 1,511, 1,499, 1,499, 1,491,
1,491, 1,486, 1,352, 1,342, 1,342, 906, 904, 904, 802, 801, 721, 721, 716, 654,
499, 231, 231, 220, 181, 181, 176, 175, 154, 59, 29, 23

3,225, 3,225, 3,224, 3,200, 3,200, 3,199, 3,103, 3,103, 3,102, 2,880, 1,507, 1,497,
1,496, 1,490, 1,489, 1,484, 1,345, 1,333, 1,332, 901, 901, 900, 754, 754, 719, 710,
710, 618, 353, 348, 228, 197, 197, 160, 153, 133, 58, 25, 13

3,317, 3,223, 3,220, 3,215, 3,214, 3,212, 3,115, 3,113, 2,977, 2,294, 1,508, 1,501,
1,496, 1,493, 1,470, 1,349, 1,338, 946, 943, 900, 869, 792, 750, 727, 665, 645,
635, 603, 308, 266, 244, 217, 206, 175, 155, 116, 80, 41, 29

3,315, 3,224, 3,224, 3,215, 3,214, 3,212, 3,116, 3,115, 2,552, 2,272, 1,510, 1,505,
1,500, 1,495, 1,468, 1,350, 1,343, 950, 943, 899, 866, 771, 749, 732, 697, 644,
639, 595, 330, 310, 258, 213, 202, 181, 169, 146, 80, 60, 59

3,317, 3,227, 3,220, 3,215, 3,214, 3,211, 3,115, 3,113, 2,577, 2,297, 1,511, 1,501,
1,496, 1,493, 1,469, 1,348, 1,338, 945, 944, 901, 870, 794, 749, 726, 666, 645,
637, 605, 315, 293, 245, 219, 208, 180, 163, 121, 70, 56, 36

3,213, 3,213, 3,212, 3,208, 3,208, 3,206, 3,112, 3,112, 3,111, 2,774, 1,517, 1,517,
1,504, 1,486, 1,483, 1,483, 1,356, 1,342, 1,342, 901, 901, 834, 834, 753, 746, 746,
728, 579, 361, 361, 200, 200, 70, 62, 54, 54, 16, 16, 422i

3,279, 3,223, 3,223, 3,217, 3,217, 3,182, 3,117, 3,116, 2,278, 1,506, 1,502, 1,495,
1,492, 1,456, 1,351, 1,345, 1,102, 979, 950, 933, 899, 866, 844, 738, 732, 704,
675, 640, 639, 479, 417, 256, 203, 201, 163, 147, 83, 53, 1,157i

3,278, 3,227, 3,222, 3,214, 3,213, 3,181, 3,116, 3,114, 2,317, 1,507, 1,500, 1,494,
1,492, 1,456, 1,349, 1,339, 1,100, 978, 944, 937, 905, 871, 840, 755, 727, 720,
656, 639, 639, 476, 414, 236, 208, 184, 168, 150, 78, 48, 1,182

2,991%

3,039, 2,937, 1,452, 1,355, 1,017, 732
2,649¢

3,056, 2,972, 1,443, 1,306, 955, 611
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Table 1 continued

Species MP2/6-314+G(d,p) Expt.

TSlc 3,233, 3,228, 3,226, 3,211, 3,210, 3,205, 3,112, 3,109, 3,106, 1,510, 1,500,
1,496, 1,492, 1,490, 1,483, 1,350, 1,343, 1,330, 1,320, 918, 908, 902, 856, 812,
788, 732, 723, 701, 617, 506, 258, 242, 221, 211, 182, 171, 142, 26, 326i
TS1d 3,386, 3,382, 3,226, 3,226, 3,209, 3,208, 3,189, 3,112, 3,112, 2,303, 1,500,
1,496, 1,490, 1,487, 1,436, 1,434, 1,349, 1,341, 1,064, 1,055, 1,027, 932, 903,
889, 778, 723, 668, 635, 577, 261, 234, 232, 184, 154, 142, 95, 77, 54, 753i
TS2a 3,212, 3,212, 3,212, 3,211, 3,211, 3,209, 3,111, 3,111, 3,111, 2,091, 1,516,
1,516, 1,502, 1,485, 1,482, 1,482, 1,355, 1,342, 1,342, 901, 901, 835, 835, 754,
747, 747, 728, 578, 422, 422, 204, 204, 76, 70, 70, 69, 41, 41, 438i
TS2b-in 3,297, 3,224, 3,224, 3,216, 3,216, 3,196, 3,116, 3,116, 2,276, 1,508, 1,502,
1,497, 1,493, 1,462, 1,359, 1,344, 1,344, 950, 938, 900, 872, 779, 740, 737,
708, 696, 675, 641, 639, 573, 361, 255, 206, 200, 170, 152, 71, 59, 349i
TS2b-out 3,297, 3,228, 3,222, 3,214, 3,213, 3,196, 3,115, 3,114, 2,314, 1,509, 1,500,
1,495, 1,492, 1,462, 1,348, 1,338, 1,305, 943, 935, 904, 874, 800, 746, 728,
718, 698, 660, 641, 634, 562, 358, 239, 207, 189, 172, 155, 68, 45, 381i
TS2c 3,233, 3,227, 3,226, 3,209, 3,208, 3,205, 3,109, 3,109, 3,104, 1,508, 1,502,
1,497, 1,492, 1,490, 1,484, 1,343, 1,332, 1,327, 1,207, 912, 902, 896, 826, 809,
740, 737, 726, 691, 614, 528, 254, 246, 215, 214, 177, 152, 148, 46, 277i
TS2d 3,388, 3,385, 3,226, 3,225, 3,208, 3,208, 3,194, 3,112, 3,111, 2,302, 1,500,
1,495, 1,490, 1,486, 1,444, 1,444, 1,348, 1,340, 1,041, 1,039, 997, 932, 902,
887, 776, 722, 667, 635, 567, 255, 229, 219, 176, 147, 134, 82, 73, 51, 694i

 Ref. [25]
® Ref. [26]
° Ref. [27]

Table 2 The reaction enthalpies at 298 K (AHggg), the barrier heights TSs (AE™) (kcal/mol) with zero-point energy (ZPE) correction for the

reactions of Cl and Br atoms with SiH(CH3); at the MC-QCISD//MP2/6-314+-G(d,p) level together with the experimental value

MC-QCISD//MP2 Expt.
AHOq Cl + SiH(CH3); — Si(CH3); + HCI (Rla) —10.89 —7.95 + 2.63
Cl + SiH(CH3); — SiH(CH3),CH, + HCI (R1b-in) —3.30
Cl + SiH(CH3); — SiH(CH3),CH, + HCI (R1b-out) —3.30
Cl + SiH(CH3); — SiH(CH;),Cl + H (R1c) —26.20
Cl + SiH(CH3); — SiH(CH3), 4+ CH5CI (R1d) 8.12
Br + SiH(CHs); — Si(CHs); + HBr (R2a) 2.84 5.40 + 2.63
Br + SiH(CH3); — SiH(CH;3),CH, + HBr (R2b-in) 10.43
Br + SiH(CHs); — SiH(CH;),CH, + HBr (R2b-out) 10.43
Br + SiH(CH;); — SiH(CH;),Br + H (R2c) —10.66
Br + SiH(CH;); — SiH(CHs), + CH;Br (R2d) 18.70
AE™ 4+ ZPE Cl + SiH(CH3); — Si(CH3); + HCI (R1a) —1.40
Cl + SiH(CH3); — SiH(CH3),CH, + HCI (R1b-in) —3.02
Cl + SiH(CH3); — SiH(CH3),CH, + HCI (R1b-out) —2.24
Cl + SiH(CH3); — SiH(CH3),Cl + H (R1c) —4.13
Cl + SiH(CH3); — SiH(CH3), + CH5CI (R1d) 2272
Br + SiH(CHs); — Si(CHs); + HBr (R2a) 11.14
Br + SiH(CHs); — SiH(CH;),CH, + HBr (R2b-in) 7.44
Br + SiH(CH;); — SiH(CH;),CH, + HBr (R2b-out) 8.02
Br + SiH(CH;); — SiH(CH;),Br + H (R2¢) 493
Br + SiH(CH;); — SiH(CHs), + CH;Br (R2d) 29.67

Experimental value derived from the standard heats of formation (in kcal/mol): CI, 28.97 kcal/mol [27]; Br, 26.72 kcal/mol [27]; SiH(CHj3)3,

-39.00 £ 0.96 kcal/mol [28]; Si(CH3)3, 4.07 £ 1.67 kcal/mol [3]; HCI, —22.05 kcal/mol [27]; HBr, —8.70 kcal/mol [27]
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Fig. 2 Schematic potential energy surface for Cl 4+ SiH(CHj3)3
reaction system. Relative energies are calculated at the MC-
QCISD//MP2/6-31+G(d,p) + ZPE level. The values in parentheses
are calculated at the MP2/6-314-G(d,p) + ZPE level [in (kcal/mol)]

29. .
3004 ,TSZd\ 9.67(29.57)
25.0 !
) /
S 200 / *_ SiH(CHj), + CH;Br
§ ! (11.78) 18.81(16.63)
s 150 {1114
= ! TS2a .
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Fig. 3 Schematic potential energy surface for Br 4+ SiH(CHj3); reac-
tion system. Relative energies are calculated at the MC-QCISD//MP2/
6-314+-G(d,p) + ZPE level. The values in parentheses are calculated at
the MP2/6-31+G(d,p) + ZPE level [in (kcal/mol)]

3.3 Rate constants

Dual-level dynamics calculations [4—8] of the title reaction
are carried out at the MC-QCISD//MP2/6-314+G(d,p) level.
The rate constants of the individual channel, k,,, k.p.in»
Knb-ours kne» and k,,; (n = 1, 2), are evaluated by conventional
transition state theory (TST), the improved canonical vari-
ational transition state theory (ICVT), and the ICVT with the
small-curvature tunneling (SCT) contributions in a wide
temperature range from 200 to 1,500 K. The TST, ICVT,
ICVT/SCT rate constants of the ten individual reaction
channels, and ICVT/SCT rate constants of k; and k, are

@ Springer
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Fig. 4 The ICVT/SCT rate constants calculated at the MC-QCISD//
MP2/6-31+G(d,p) level for the five reaction channels of
Br + SiH(CH3)3 (in cm® molecule™! sfl) versus 1,000/T between
200 and 1,500 K along with the corresponding experimental results

given in Table S1-4 as supplementary information along
with the available experimental results [3]. The calculated
rate constant values of k; and k, at 298 K, 1.56 x 10 '%and
4.10 x 107" cm® molecule™"' s, are in good agreement
with the available experimental value [3], 2.09 x 10~ "% and
7.89 x 107" cm® molecule™ s™!, and the ratios of kicvty
scr/kexptl are 0.75 and 0.52 at 298 K. Thus, the present
calculation can provide reliable estimations of the rate
constants for the title reactions at the higher temperatures.
The calculated ICVT/SCT rate constants of the five
reaction channels for reaction R2 are plotted against the
reciprocal of temperature in Fig. 4. In Fig. 4, it is shown
that the ICVT and TST rate constants of four reaction
channels are nearly the same in the whole temperature
region, which indicates that the variational effect is almost
negligible. And the tunneling effect for the reaction chan-
nels R2a and R2d, i.e., the ratio between ICVT/SCT and
ICVT rate constants, plays an important role at the lower
temperatures and is negligible at high temperatures. For
example, the ratios of k(ICVT/SCT)/k(ICVT) are 5.84 and
4.03 at 200 K for R2a and R2d, respectively, and while
they are 1.22 and 1.16 at 600 K, respectively. The
H-abstraction reaction channels correspond to a heavy-
light-heavy mass combination for the R1a, R1b, R2a, and
R2b reaction dynamics. When the reaction path is acutely
curved as in the H-transfer between two heavy fragments,
the SCT method may provide an inadequate account for
the tunneling, and the large curvature tunneling (LCT)
correction should be more accurate. However, LCT can
only be used where an analytic representation of the
potential energy surface is available for a reaction, and the
large curvature tunneling effect cannot be directly calcu-
lated by means of the ab initio PES alone, which is beyond
the capabilities of our computational resources. In addition,
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Fig. 5 The ICVT/SCT rate constants calculated at the MC-QCISD//
MP2/6-314+G(d,p) level for the five reaction channels of
Cl + SiH(CH3); (in cm® molecule™ s™') versus 1,000/ between
200 and 1,500 K along with the corresponding experimental results

our calculated rate constants for the title reactions with
SCT correction show good agreement with the experi-
mental values [3]. And the SCT correction has been
applied widely to evaluate the rate constants in the heavy-
light-heavy mass combination for the hydrogen abstraction
reactions [30-32], such as the reactions F + CF;CH,F,
F + CF3;CH,CI, CI + CH;,Br,, and CI + CHBr3. So, it is
suitable for the rate constants including the SCT correction
for the present study.

Figure 4 shows that it can also be found that the values
of k,. are much larger than those of k,,, k2p-ins k2p-our, and
k4 by about 1-5, 1-3, 1-4, and 8-26 orders of magnitude
in the temperature range 200-600 K. Thus, on the basis of
our calculation, the H-displacement channel R2c to yield
Si(CH3);Br and H is the major reaction channel in the
lower temperature range, which is in accordance with its
kinetic superiority. A similar conclusion can be made for
the reaction R1 (see Fig. 5).

To further understand the reaction mechanism of the
title reaction, the temperature dependence of branching
ratios kna/(kna + knb + knc + knd)s knb/(kna + knb + knc +
knd)’ knc/(kna + knb + knc + knd)a and knd/(kna + knb +
kne + k,q) (n = 1, 2) are calculated and exhibited against
the reciprocal of temperature in Figs. 6, 7. From Fig. 6, it
can be seen that the H-displacement channel from SiH
group R2c is to dominate the reaction in the lower tem-
perature region. The value of ky./(ka, + kop + kae + k2g)
is greater than or equal to 91% in the temperature range
200-450 K. This is consistent with the inferences made
from the potential barrier heights of these five reaction
channels. For reaction R2a, increasing temperature, the
contribution of k,, and ky, to the overall rate constant
increases gradually; for instance, the ratios k,./(ks, +
kop + kae + kag) and kap/(kzy + kop + ko + kog) are up to
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Fig. 6 Calculated branching ratios for the reaction Br + SiH(CHj3)3
versus 1,000/T between 200 and 1,500 K
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Fig. 7 Calculated branching ratios for the reaction Cl 4+ SiH(CHj3)3
versus 1,000/T between 200 and 1,500 K

5-78 and 4-13% from 450 to 1,500 K, respectively, i.e.,
the reaction channels R2a and R2b become more and more
competitive with increasing temperature, especially for
R2a. Therefore, the H-abstraction channel from SiHj group
R2a should be considered when the temperature increases,
and R1b should be considered with increasing temperature
(see Fig. 7).

As a result of the limited experimental knowledge of the
kinetics of the title reaction, we hope that our present study
may provide useful information for future laboratory
investigations. For the convenience of future experimental
measurements, the two-parameter and three-parameter fits
of the ICVT/SCT rate constants of five reaction channels
and the whole reaction in the temperature range from 200
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to 1,500 K are performed, and the expressions are given as
follows (in unit of cm® molecule ™" s™'):

kio(T) = 1.19 x 1077 7" exp(855.62/T)
kip(T) =9.97 x 1071 T>*7exp(951.87/T)
kio(T) = 7.79 x 10713 T0%exp(489.83/T)
kig(T) = 1.27 x 1077 7*2%exp(—10, 887.64/T)
ki(T) = 6.30 x 107" T'3%exp(704.94/T)

kyo(T) = 5.54 x 10713 T'Bexp(—5,537.88/T)
kay(T) = 3.88 x 10718 T>%exp(—3,663.28/T)
kyo(T) = 5.64 x 10717 T"88exp(—1,914.63/T)
kyq(T) = 5.13 x 10718 723%xp(—14,568.38/T)

ky(T) = 9.41 x 10720 T*¥exp(—1,033.80/T)

4 Conclusion

In this paper, the multi-channel reactions of SiH(CHs);
with Cl and Br atoms are theoretically studied. The
potential energy surface information is obtained at the
MP2/6-314+G(d,p) level, and energies of the stationary
points and a few extra points along the minimum energy
path are refined at the MC-QCISD level. For the title
reaction, ten reaction channels are identified, and H-dis-
placement channel R2c is the major reaction channel in the
lower temperature range 200-600 K. The rate constants for
five reaction channels are calculated by the improved
canonical variational transition state theory (ICVT) incor-
porating small-curvature tunneling (SCT) correction at the
MC-QCISD//MP2 level. The calculated results show that
the tunneling effect for reaction channels R2a and R2d
plays an important role at the lower temperatures. The
overall ICVT/SCT rate constant, k,, is in good agreement
with the available experimental value. The three-parameter
rate-temperature formulae for the Br 4+ SiH(CHj;); reac-
tion in the temperature range from 200 to 1,500 K are fitted
and given as follows (in cm® molecule™! sfl):

ki(T) = 6.30 x 107" T'3%xp(704.94/T)
ky(T) = 9.41 x 10720 T*¥exp(—1,033.80/T).

Acknowledgments The authors thank Professor Donald G. Truhlar
for providing POLYRATE 9.1 program. This work is supported by
the National Natural Science Foundation of China (20333050,
20303007, and 20973049), the Program for New Century Excellent
Talents in University (NCET), the Doctor Foundation by the Ministry
of Education, the Foundation for the Department of Education of
Heilongjiang Province (1152G010, 11551077), the Key subject of
Science and Technology by the Ministry of Education of China, the
SF for Graduate Innovate by the Department of Education of
Heilongjiang Province (YJSCX2009-055HLJ), the SF for leading
experts in academe of Harbin of China (2011RFJGS026).

@ Springer

References

aw

11.
12.

13.

14.

15.

16.

17.

18.

19.

20.
21.
22.

. Calvert JG, Atkinson R, Kerr JA, Madronich S, Moortgat GK,

Wallington TJ, Yarwood G (2000) The mechanisms of atmo-
spheric oxidation of the alkenes. Oxford, New York

. Calvert JG, Atkinson R, Becker KH, Kamens RH, Seinfeld JH,

Wallington TJ, Yarwood G (2002) The mechanisms of atmo-
spheric oxidation of the aromatic hydrocarbons. Oxford, New
York

. Ding LY, Marshall P (1992) J Am Chem Soc 114:5754
. Bell RL, Truong TN (1994) J Chem Phys 101:10442
. Truong TN, Duncan WT, Bell RL (1996) Chemical applications

of density functional theory. American Chemical Society,
Washington, DC, p 85

. Truhlar DG (1995) In: Heidrich D (ed) The reaction path in

chemistry: current approaches and perspectives. Kluwer, Dordr-
echt, p 229

. Corchado JC, Espinosa-Garcia J, Hu W-P, Rossi I, Truhlar DG

(1995) J Phys Chem 99:687

. Hu W-P, Truhlar DG (1996) J] Am Chem Soc 118:860
. Fast PL, Truhlar DG (2000) J Phys Chem A 104:6111
. Corchado JC, Chuang Y-Y, Fast PL, Villa J, Hu W-P, Liu Y-P,

Lynch GC, Nguyen KA, Jackels CF, Melissas VS, Lynch BJ,
Rossi I, Coitino EL, Ramos AF, Pu J, Albu TV (2002) POLY-
RATE version 9.1. Department of Chemistry and Supercomputer
Institute, University of Minnesota, Minneapolis

Truhlar DG, Garrett BC (1980) Acc Chem Res 13:440

Truhlar DG, Isaacson AD, Garrett BC (1985) Generalized tran-
sition state theory. In: Baer M (ed) The theory of chemical
reaction dynamics, vol 4. CRC Press, Boca Raton, p 65

Duncan WT, Truong TN (1995) J Chem Phys 103:9642

Frisch MJ, Head-Gordon M, Pople JA (1990) Chem Phys Lett
166:275

Head-Gordon M, Pople JA, Frisch MJ (1988) Chem Phys Lett
153:503

Frisch MJ, Trucks GW, Schlegel HB, Scuseria GE, Robb MA,
Cheeseman JR, Montgomery Jr JA, Vreven T, Kudin KN, Burant
JC, Millam JM, Iyengar SS, Tomasi J, Barone V, Mennucci B,
Cossi M, Scalmani G, Rega N, Petersson GA, Nakatsuji H, Hada
M, Ehara M, Toyota K, Fukuda R, Hasegawa J, Ishida M,
Nakajima T, Honda Y, Kitao O, Nakai H, Klene M, Li X, Knox
JE, Hratchian HP, Cross JB, Adamo C, Jaramillo J, Gomperts R,
Stratmann RE, Yazyev O, Austin AJ, Cammi R, Pomelli C,
Ochterski JW, Ayala PY, Morokuma K, Voth GA, Salvador P,
Dannenberg JJ, Zakrzewski VG, Dapprich S, Daniels AD, Strain
MC, Farkas O, Malick DK, Rabuck AD, Raghavachari K,
Foresman JB, Ortiz JV, Cui Q, Baboul AG, Clifford S,
Cioslowski J, Stefanov BB, Liu G, Liashenko A, Piskorz P,
Komaromi I, Martin RL, Fox DJ, Keith T, Al-Laham MA, Peng
CY, Nanayakkara A, Challacombe M, Gill PMW, Johnson B,
Chen W, Wong MW, Gonzalez C, Pople JA (2003) Gaussian,
Inc., Pittsburgh

Garrett BC, Truhlar DG, Grev RS, Magnuson AW (1980) J Phys
Chem 84:1730

Lu DH, Truong TN, Melissas VS, Lynch GC, Liu YP, Grarrett
BC, Steckler R, Issacson AD, Rai SN, Hancock GC, Lauderdale
JG, Joseph T, Truhlar DG (1992) Comput Phys Commun 71:235
Liu Y-P, Lynch GC, Truong TN, Lu D-H, Truhlar DG, Garrett
BC (1993) J] Am Chem Soc 115:2408

Truhlar DG (1991) J Comput Chem 12:266

Chuang YY, Truhlar DG (2000) J Chem Phys 112:1221
Kuchitsu K (1998) Structure of free polyatomic molecules basic
data, vol 1. Springer, Berlin, p 104



Theor Chem Acc (2011) 130:115-125

125

23.

24.
25.

26.

27.

NIST Chemistry WebBook, NIST Standard Reference Database
Number 69, June 2005 Release, Data compiled by Huber KP,
Herzberg G

Hammond GS (1955) J] Am Chem Soc 77:334

Chase Jr MW, Davies CA, Downey JR, Fryrip DJ, McDonald
RA, Syverud AN (1985) JANAF thermochemical tables, 3rd edn,
Ref. Data 14, 1, Suppl 1

In NIST Chemistry WebBook, NIST Standard Reference Data-
base Number 69, June 2005 Release, Vibrational frequency (date
compiled by T. Shimanouchi)

Chase MW (1998) NIST-JANAF themochemical tables, 4th edn.
J Phys Chem Ref Data Monograp 9:1-1951

28.

29.

30.

31.

32.

Walsh R (1992) In Energetica of Organometallic species; NATO-
ASI series C, 367. In: Martinho Simoes JA (ed) Chapter 11,
Kluwer, Dordrecht

Pacey PD (1981) J Chem Educ 58:612

Wang L, Zhao Y, Zhang J, Dai YN, Zhang JL (2011) Theor
Chem Acc 128:183

Xiao JF, Li ZS, Ding YH, Huang XR, Sun CC (2002) J Mol
Struct 582:53

Xiao JF, Li ZS, Liu JY, Li S, Sun CC (2003) J Phys Chem A
107:267

@ Springer



	Theoretical study on the reactions of trimethylsilane with chlorine and bromine atoms
	Abstract
	Introduction
	Computational method
	Results and discussions
	Stationary points
	Energetics
	Rate constants

	Conclusion
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


