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The gas-phase strengths of the- &I~ bonds in AC}~, ACI,F—, and A(CH)sCl,~ (A = Si, Ge, and Sn) have

been determined by measuring thresholds for collision-induced dissociation in a flowing afterglow-tandem
mass spectrometer. Bond dissociation energies increase in the ord€&k Sn. Replacement of the three
equatorial chlorides with methyl groups weakens the bonds, while replacing one axial chloride with a fluoride
strengthens the bonds. Computational results using the B3LYP model with several basis sets parallel the
experimental periodic trends, but provide bond dissociation energies lower than experimetdlgJ7mot™.

MP2 computational results are in better agreement with experiment. The results are consistent with steric
hindrance and electrostatic effects playing significant roles in the bonding energetics.

Introduction been reported, the results of several previous studies are relevant
Group 14 tetrahalides AX(A = Si, Ge, Sn; X=F, Cl, Br, o the present work. Larson and .MCM&}%E measured an

and 1) are Lewis acids; they react with halide anions to form extensive set of c_hlorlde gnd fluoride affinities, Wh'C.h prowde_

pentacoordinate AX complexes- with 10 electrons around additional insight into the issues addressed here. This work will

the central atom. Pentacoordinate complexes serve as reactiv@epd'squssed furthtert.belolw. K rel t 10 this study includ
intermediates in nucleophilic substitution reactions of tetraco- revious computational work reievant to this study includes

4 i Sy
ordinate silicon species and in the transformation from tetra- to a study“ by Gordon and co W(_)_rkers on pseudorotation in ‘S'_Cl
hexacoordinate silicon complexé&Jnexpectedly, the penta- and related molecules that utilized MP2 and MP4 methods; they

coordinate species are more reactive toward nucleophiles sucﬂgﬁtfﬂstﬁat fvgfrsles\g; Ofo\tlig(r)g ge;? nc;tr%lﬁlgl(tjlv;rlly;ggl;rsai\\tz
as Grignard reagents than tetracoordinate silicon compfexes. yp y ) P

Pentacoordinate species involving group 14 elements are alsoStUdy of the bonding in neutral Sk complexes° using MP2

found as intermediates iny3 reactions. For example, oxidative a_nd B3LYF1.6 methods. Fleischer.studied_a range of substituted
addition to (CH)sSnCl proceeds through a five-coordinate tin silane-Lewis base complexes with density functional methods

complex’ The thermochemistry of pentacoordinate complexes sir_nilar to those employed he%éHang_enate(_j four-coor(_jinate
can be helpful in understanding the kinetics and dynamics of S'I'Con compound_s hav_e been studied using very high-level
these reactions. The energetics of addition to group 14 Com_technlques by Chien, Li, and Ma.

plexes can be substantially affected by differential solvation of
the reactants and the produtsieasurements of the gas-phase
thermochemistry of five-coordinate complexes allow the effects BDEs were measured using the energy-resolved collision-

Experimental Section

of solvation to be determined. induced dissociation (CID) technicid&>2in a flowing afterglow-
The AXs~ complexes are trigonal bipyramids with two axial tandem mass spectrometer (M3)The instrument consists of
ligands and three equatorial ligands. The gas-phage—X~ an ion source region, a flow tube, and the tandem MS. The dc

bond dissociation energies (BDEs) are a direct measure of thedischarge ion source used in these experiments is typically set
Lewis acidity of AX, in the absence of solvent effects. Previous at 2000 V with 2 mA of emission current. The flow tube is a
work has indicated that Lewis acidity increases in the order Si 92 cmx 7.3 cm i.d. stainless steel pipe that operates at a buffer
< Ge < Sn? 1 This work reports measurements of tha/Gt gas pressure of 0.35 Torr, a flow rate of 200 standarélsth
Cl~ BDEs to determine the effect of changing the central group and an ion residence time of 100 ms. The buffer gas is helium
14 element, A, on the BDE. The,X—X~ BDEs also reflect with up to 10% argon added to stabilize the dc discharge.
the influence of the axial AX bond trans to the broken bond, To make ACk™ for this study, AC} was added to the ion
as well as the three equatoriatA bonds. Therefore, we have ~ Source. Dissociative electron impact gives Ghhich adds to
measured BDESs in A(CH:Cl,~ and ACLF~ to determine the @ further molecule of AGlto give ACk™. Approximately 10
effects of substitution of the equatorial ligands and axial ligand collisions with the buffer gas cool the metastable AGbns
on the A-CI- BDE. Computational studies of the systems to room temperature. Cls was added as an additional Cl
examined experimentally, as well as related systems with mixed source. ACIF~ ions were produced with the addition of SF
equatorial ligands, are also discussed. instead of GCls to the flow tube; A(CH)sCl~ ions were
Although no systematic examination of the effects of other Produced from @Cls and A(CH)sCl. All precursors except $F

ligands on gas-phase BDEs in group 14-based systems haveévere cooled in an ice bath to improve control of the vapor flow.
The tandem MS includes a quadrupole mass filter, an octopole

* Corresponding author: E-mail: sunder@niu.edu 815-753-6870. ion guide, a second quadrupole mass filter, and a detector,
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contained in a stainless steel box that is partitioned into five containing specie®, such that the dissociation modeling
interior chambers. Differential pumping on the five chambers described above cannot be performed using solely experimental
ensures that further collisions of the ions with the buffer gas data. Therefore, vibrational harmonic frequencies and rotational
are unlikely after ion extraction. During CID experiments, the constants were calculated using the Ket8ham DFT method
ions are extracted from the flow tube and focused into the first with the B3LYP functional to give a consistent set of frequencies
guadrupole for mass selection. The reactant ions are then focusedor all analyses. Several basis sets were used. The 6-G1d)
into the octopole, which passes through a reaction cell that basis séf was used for all of the Si- and Ge-containing species,
contains an unreactive collision gas. Xe was used for most of but this basis set is not available for tin. The aug-cc-pVTZ basis
the anions in this study, but Ar was used with SiEHEl,~ set” was used for the silicon and germanium chlorides and
and Ge(CH)sCl,~. With the present instrumentation, use of Ar  fluorochlorides, and the SDB-aug-cc-pVTZ basig%éwhich
as the collision gas gives more precise results for ions that areuses the SDB effective core for tin) was used for the corre-
light and have low BDEs; these two ions fulfill these criteria. sponding tin compounds. The smaller LANL2DZpd basis
After the dissociated and unreacted ions pass through theset?3%which uses the LANL effective core potential, was used
reaction cell, the second quadrupole is used for mass analysisfor all of the molecules involved in this study. The calculated
The detector is an electron multiplier operating in pulse-counting frequencies are given in the Supporting Information. The
mode. frequencies determined using all three basis sets are lower than
The energy threshold for CID is determined by modeling the the known experimental values by-Z%, results typical for
cross section for product formation as a function of the reactant this type of systeni?31Other work on closely related molecules
ion kinetic energy in the center-of-mass (CM) frarig,. The with the 6-311G(d, p) basis set and the aug-cc-pVTZ basis
octopole is used as a retarding field analyzer to measure theset suggest that these basis sets give generally good agreement
reactant ion beam energy zero. The ion kinetic energy distribu- with experiment without scaling? Because the derived thermo-
tion for the present data is typically Gaussian with a full-width chemistry is most sensitive to thatio of the reactant and

at half-maximum of 0.52.0 eV (1 eV= 96.5 kJ mot?). The product frequencies, unscaled computational results were used
octopole offset voltage measured with respect to the center offor all molecules. 6-311G(d) results were used for Si- and
the Gaussian fit gives the laboratory kinetic enefgy,, in eV. Ge-containing species, and LANL2DZpd results were used for

Low offset energies are corrected for truncation of the ion Sn-containing species.

beam?? To convert to the center-of-mass (CM) frame, the  Uncertainties in the derived thresholds due to possible
equationEcm = Eagm(m + M)~tis used, wheren andM are inaccuracies in the frequencies were estimated by multiplying
the masses of the neutral and ionic reactants, respectively. Allthe entire sets of frequencies by 0.9 and 1.1, and by multiplying
experiments were performed with both mass filters at low the time window for dissociation by 10 and 0.1. The effect of
resolution to improve ion collection efficiency and reduce mass this scaling on the calculated thresholds is31kJ mol? for
discrimination. Average atomic masses were used for all the pentahalide anions and up to 6 kJ mdbr the trimethyl
elements. species. Polarizabilities for neutral molecules were also taken

The total cross section for a reactiomya, is calculated using  from the computational results; varying these parameters has a
eq 1, wherd is the intensity of the reactant ion bealyjs the negligible effect on the derived BDEs.

intensity of the incoming beants(= | + ZI;), |; is the intensity
of each product ionn is the number density of the collision
gas, and is the effective collision length, 1 2 cm. Individual
product cross sectiong are equal taoa (Ii/Zl5).

An ion not sufficiently energized by one collision with the
target gas may gain enough energy in a second collision to
exceed the dissociation threshold. This effect is eliminated by
linear extrapolation of the data taken at several pressures to a
| =1_expo,.l) ) zero pressure cross section before fitting the &ata.

° total The reagents Si(CHECI, Ge(CH)sCl, Sn(CH)sCl, SiCl,

Threshold energies are derived by fitting the data to a model G€Ck: and SnCl were obtained from Acros. He, Ar, and SF
function given in eq 2, where(E) is the cross section for ~ Were obtained from BOC, and Xe was _obtalned from Spectra
formation of the product ion at center-of-mass eneEg¥r is Gases. All reagents were used as received.
the desired threshold energys is the scaling factorn is an The effects on BDEs of mixed sets of equatorial ligands is
adjustable parameter, andenotes rovibrational states having difficult to address experimentally. One difficulty is the overlap
energyE; and populatiory; (2g; = 1). Doppler broadening and ~ of the mass distributions of many five-coordinate ions with
the kinetic energy distribution of the reactant ion are also radical anions. For example, A(GHCls~ and ARCI;™ have
accounted for in the data analysis, which is done using the mass distributions that overlap with that of AC| which is

CRUNCH program written by P. B. Armentrout and co-workers. formed in the ions source. This makes it difficult to determine
the cross section for chloride loss from the pentacoordinate ion.

o(E)=02 g(E+E — E)'E 2) However, computations on the intermediate systems AJClgt
and A(CH).Cl3~ were performed in addition to work on the
Collisionally activated metastable complexes can have suf- Systems studied experimentally.
ficiently long lifetimes that they do not dissociate on the Computational Details. Most of the computational work on
experimental time scale (ca. 565). Such kinetic shifts are  these systems was performed using the Gaussian 98 *3uite.
accounted for in the CRUNCH program by RRKM lifetime  All molecular structures were optimized without symmetry
calculations. Reactant and product vibrational frequencies areconstraints, and plausible alternative structures were tested. The
needed to determine both the RRKM lifetimes and the reactant nature of all stationary point structures were determined by
internal energy distribution. analytical frequency analysis, which also provided zero-point
Complete experimental fundamental vibrational frequency energies (ZPEs). As was true for the frequencies above, the ZPEs
sets are available for the neutral ACholecules, and nearly  were not scaled when used to correct the raw energy values.
complete sets are available for the AChnions?* However, The natural bond orbitals analysis (NE®program was also
only limited results are available for the trimethyl and fluorine- used to study the charge distributions in these systems.
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TABLE 1: Fitting Parameters for CID 2 although there are small distortions from the ideal geometries
anion Er(eV) n for hthe AFCI4; systerrr:sc.j Tklle neutral_ productsdarﬁ all calcullated
—— to have nearly tetrahedral geometries around the central atom.
g:g:ip_ iggi 8:32 15 81 (In this discussion, the hydrogen atoms in methyl groups are
Si(CHe)sClz 0.63+ 0.05 1.1+ 0.1 neglected because they are not directly involved in the bonding
GeCk~ 1.46+4 0.02 1.0+0.1 of interest.) Calculations on the different structural isomers
GeCLF 1.72+0.04 1.0+0.1 indicate that the fluorine atoms in A{F~ and ACkF,~ are
Ge(CH)Cle” 0.97+0.04 1.0£0.1 apical, and the chlorine atoms in A(GHCl,~ are apical, in
gggEF’ ;:ggi 8:(1)8 ioli 8:% agreement with exp_ectatiof‘f%*.47 Similarly, crystallographic
Sn(CH):Cly~ 1.36—+ 0.07 1.0+ 01 analysis of Sik~, PhSikz~, and PhSiF;~ show geometries close
) ) n to TBP, in which the organic groups occupy equatorial posi-
@ See text for discussion of fitting parameters. tions48
Additional “pure” DFT calculations and geometry optimiza- Relatively few of the calculated bond lengths can be

tions were carried out using the Amsterdam density functional compared to experimental values. Many of the compounds
(ADF) prograni® developed by Baerends et¥land vectorized ~ studied here, such as (GRSnCl, form 5- or 6-coordinated
by Ravenel® The numerical integration scheme applied for polymers in the crystalline stat€.The crystal structure of
the calculations was developed by te Velde et%he geometry PPh™SnCk~ has been determined, but the structure is noticeably
optimization procedure derives from that of Versluis and distorted from TBP symmet’3f. A few gas-phase measurements
Ziegler#® Geometry optimizations were carried out using the have been carried oBt>2These results are summarized in Table
local density approximation of Vosko, Wilk, and Nusair (LDA 3. The calculated values are-3 pm longer than the gas-phase
VWN)4laugmented with the nonlocal gradient correction PW91 experimental values, consistent with the B3LYP method tending
from Perdew and Wantf. Relativistic corrections were added to give slightly long bond length¥.

using a scalar-relativistic zeroth order relativistic approximation ~ Bond lengths in the systems studied depend on the central
(ZORA) Hamiltonian*344The electronic configurations of the  atom: bonds to Ge are longer than bonds to Si b8 pm,
molecular systems were described by a triplé-polarization while bonds to Sn are longer than bonds to Ge byl8 pm.
(TZP) basis set for all atoms. Non-hydrogen atoms were Substitution of an axial chlorine in A€l with a fluorine atom
assigned a relativistic frozen core potential, treating as core thehas almost no effect on either the equatorial or the remaining
shells up to and including: 1s for C and F, 2p for Siand CI, 3p axial A—CI bond lengths £0.014 A). The F-A—Cleq bond

for Ge, and 4p for Sn. A set of auxiliary s, p, d, and f functions, angles in the AFGI" complexes are slightly smaller than°90
centered on all nuclei, was used to fit the molecular density consistent with axial chlorine ligands having greater steric
and represent Coulomb and exchange potentials accurately innfluence than fluorine ligands.

each SCF cycle. Experimental Bond Dissociation EnergiesThe CID of all
The large number of systems investigated and the computa-species studied in this work gives loss of Gis the dominant
tional effort required to calculate second derivatives of the dissociation pathway. Loss of neutral,Gind Cl atom were
energy with respect to the nuclear positions make ZPE correc-3|so observed at high energies for the ACind ACLF~ ions,
tions using the ADF program prohibitive. ZPE corrections lower pyt the cross sections for these processes are less than 1% of
the BDESs in the systems studied by 3 kJ mof™; the omission  the cross section for chloride loss in the reaction threshold
gf this effect has little impact on the bond decomposition energy region. Thus, the minor products are not considered further in
ata. this work.

Appearance curves for dissociation of SiCIGe(CH)sCl,,
and SnCJF are given in Figures-13, and they are representa-
Computed Geometries.The optimized geometries are very tive of the data for all systems examined here. The other six
similar for all basis sets employed. Calculated bond lengths appearance curves are given in the Supporting Information. The
between the nonhydrogen atoms are given in Table 3. All of eq 2 fitting parameters for all nine systems are given in Table
the anions studied in this work have five ligands around the 1, and the fits are shown in the figures. The effects of reactant
central atom and trigonal bipyramidal (TBP) geometries, and product internal energy are included in the fitting procedure;

Results and Discussion

TABLE 2: A —CI~ (A = Si, Ge, Sn) Bond Dissociation Enthalpies in kJ moft
anion expt (0K) expt (298 K) B3LYP/6-3#G(d) B3LYP/LANL2DZpd B3LYP/aug-cc-pVTZ MP2/LANL2DZpd PW91/TZP

Si(CHy)sCl,~ 60+ 6 60+ 6 49.3 47.1 49.1 78.2 80.9
Si(CHy).Cls~ 52.2 53.1 52.7 82.6
Si(CHy)Cls™ 60.0 65.0 61.4 89.0
SiCls~ 105+8 105+ 8 81.9 89.5 83.8 104.6 116.2
SICLF 114+7 11547 95.1 105.1 89.0 117.1 124.9
Ge(CH)Cl,~ 9446 93+ 6 76.9 78.1 748 108.7 102.9
Ge(CH)LCls~  — = 84.2 86.7 81.0 114.8
Ge(CH)Cl,  — ~ 93.9 99.7 90.0 122.9
GeCk™ 140+ 6  141+6 125.1 133.1 118.0 145.3 149.5
GeClLF- 166+7  167+7 147.0 150.9 134.3 167.3 166.3
Sn(CH):Cl;~ 131+7 13147 124.1 120.7 141.4 145.9
Sn(CH).Cls 130.7 130.1 162.2
Sn(CH)Cly~ 162.8 153.4 189.3
SnCk- 234+8  235+8 190.9 190.4 221.2 220.8
SnCLF- 250+ 12 251+ 12 217.8 206.6 236.1 237.1
rms 17.7 21.0 27.8 10.8 12.5

ARMs = [Z(Ecac — Eexp)?n]*2, wheren is the number of values compared.
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TABLE 3: Structural Data for ACI s, ACI4F, and A(CH3)sCl,~ Anions and Chloride Loss Products (A= Si, Ge, Sn}

molecule

ra(A—ClI) re(A—Cl) OClax—A—Cleq r(CI—Cl)
SiCls~ 2.247 2.130 90.0 3.095
GeCk~ 2.332 2.235 90.0 3.230
SnCkE~ 2.450 2.398 90.0 3.428
expt 2.391 2.339%2), 2.293 88.792.0
molecule rad{A—CI) rad{A—F) re(A—Cl) OF—A—Cleq r(CI-Cl) r(CI—F)
SiFCl~ 2.242 1.659 2.144 89.8 3.106 2.707
GeFCl~ 2.330 1.797 2.236 89.2 3.251 2.849
SnFCl~ 2.447 1.959 2.393 88.9 3.454 3.064
molecule ra{A—CI) re(A—C) OCI=A—Cqq
Si(CHg)sCly~ 2.486 1.892 90.0
Ge(CH)sCly~ 2571 1971 90.0
Sn(CH)sCly~ 2.654 2.147 90.0
molecule r(A—Cl) dcl—A—Cl r(ClI—Cl)
SiCly 2.045 109.5 3.339
expt 2.02 3.28
GeCl, 2.141 109.5 3.496
expt 2.11 3.45
SnCly 2.316 109.5 3.781
expt 2.28 3.72
molecule r(A—Cl) r(A—F) OF—A-CI F—CI Cl—ClI
SiFCk 2.036 1.591 108.2 3.351 2.949
GeFC} 2.130 1.722 107.5 3.116 3.517
SnFCk 2.306 1.899 107.6
molecule r(A—Cl) r(A—C) Ocl-A-C
Si(CHs):Cl 2.112 1.876 107.1
Ge(CH)sCl 2.223 1.961 105.6
Sn(CH;)sCl 2.393 2.137 105.2
expt 2.354 2.108 103.2

aKey: eq= equatorial; ax= axial. Distances are in A, angles in degrees. Values were calculated using the B3LYP method and the aug-cc-pVTZ

basis set for all atoms except Sn, where the SDB-aug-cc-pVTZ basis set is used. Double degeneracy dexn@jetlRgférence 505 Reference
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Figure 1. Cross section for collision-induced dissociation of SiCl
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Figure 2. Cross section for collision-induced dissociation of

as a function of energy in the center-of-mass frame. The solid and Ge(CHy):Clo~ as a function of energy in the center-of-mass frame. The
dashed lines represent convoluted and unconvoluted fits to the data, a$0lid and dashed lines represent convoluted and unconvoluted fits to
discussed in the text. the data, as discussed in the text.

therefore, the dissociation thresholds correspond to BDEs at Odissociated if given sufficient energy. The solid lines (convoluted
K. The final uncertainties in the BDEs are derived from the fits) include the effect of ion internal energy, broadening, and
standard deviation of the thresholds determined for individual delayed dissociation, as discussed above. ForsSi@ie main
data sets, the uncertainty in the reactant internal energy, theeffect is the internal energy of the ion (0.20 eV on average),
effects of kinetic shifts, and the uncertainty in the energy scale which shifts the solid line to the left. Ge(GHCIl,~ has more
(£0.15 eV lab). These results are given in Table 2. degrees of freedom and more internal energy (0.28 eV), resulting
The relative locations of the solid and dashed lines are in a larger difference between the convoluted and unconvoluted
different in these three figures, but the reasons are straightfor-fits. For SnCJjF~, the higher BDE leads to a significantly large
ward. The dashed lines (unconvoluted fits) represent the crosskinetic shift, nearly canceling the effect of the internal energy.
sections expected if the reactant ions had no internal energy, The experimenied K BDEs are converted into 298 K bond
there was no energy broadening, and the activated ions alwaysenthalpies using the integrated heat capacities of the reactants
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Figure 3. Cross section for collision-induced dissociation of SirClI

as a function of energy in the center-of-mass frame. The solid and
dashed lines represent convoluted and unconvoluted fits to the data, a:
discussed in the text.

anions explains the similarity in the observed trends in the gas

and products. The heat capacities were determined using thephase and solution.
calculated frequencies. The thermal corrections for these systems Theory and experiment agree that the BDEs follow the order
are small, such that the bond enthalpies change by 1 kd'mol D(AFCIz—CI~) > D(ACI4;—CI™) > D(A(CHz3)sCI—CI"). Figure
or less (Table 2). One of the 298 K values can be compared t04 shows the trends in the experimental and MP2/LANL2DZpd
a previous experimental determination. The value measured hereBDEs. The increase in stability with increasing numbers of
for SiCls~, D2ogSiCl,—CI™) = 105+ 8 k mol%, is in good  fluoride ligands has been previously noted for germanium
agreement with the value previously measured by Larson andpentahalides. The decrease in Lewis acidity upon methyl group
McMahon, 101 kJ mot'. substitution for chlorine in SnGlvas also previously observed

Computational Bond Dissociation EnergiesBDEs calcu- in solution®®
lated at various levels of theory are summarized in Table 2. Extensive scales of relative fluoride and chloride affinities
The MP2 results are in generally good agreement with experi- were measured by Larson and McMahon. Fluoride results that
ment for the AC{~ and ACLF~ systems but are higher than relate to the present experiments inclUdéSi(CHg)a—F~) =
the experimental values for A(G)HCl,~. Overall, this model 125 kJ mot?, D(Si(CHs)sF—F~) = 192 kJ mot?, D(Si(CHs)Fs—
provides the best agreement of those tested, with an RMS errorF~) = 243 kJ motl?, and D(SiF,—F~) = D(CIH—F") = 250
of 11 kJ mot?, about half that observed for the B3LYP kJ mol125" The trends in these bond enthalpies parallel the
approachesD(SiCl,—CI~) was previously calculated to be 92  present results: more electronegative equatorial or axial ligands
kJ mol! at the MP4/6-3%G(d)//MP2/6-31-G(d) level, in increase the axial bond strength. Previous calculations on
reasonable agreement with the experimental value and the MP2pentacoordinate silicon compounds agree that more electroneg-
LANL2DZpd value (both 105 kJ mol). The B3LYP BDEs ative equatorial substituents increase the axial bond strength,
are consistently lower than experimental values, with RMS an effect attributed to greater electrostatic interactfns.
deviations of 18-28 kJ motL. Of the three basis sets used with Larson and McMahon also reported a set of chloride affinities,
the B3LYP model, the LANL2DZpd basis set typically gives including D(SiCL—CI~) = 101 kJ mot?, D(SiF4—CI~) = 98
the highest (and most accurate) BDES, while aug-cc-pVTZ gives kJ molt, and D(Si(CHg)Fs—CI™) = 67 kJ mot™. The latter
the lowest (and least accurate). The basis set dependence is ngtair of numbers shows substitution of gifor F weakening
very large, with an average range of 10 kJ mofor each the Si-CI~ bond. The experimental determination tBg8iF,—
molecule. The deviations tend to be larger for fluoride- CI7)is less tharD(SIFCk—CI~) = 115 kJ mot*, would indicate
containing anions than for methyl-containing anions. that substitution of the three equatorial chlorine ligands with

Periodic Trends in Bond Dissociation EnergiesSeveral ~ MoOre electronegative fluorine ligandeakenshe Si-Cl™ bond.
trends are apparent in the BDEs. For all three ligand sets, theCalculations at the MP2/LANL2DZpd level give BDEs at 0 K
BDEs increase in the order Si Ge < Sn; this ordering of  ©f D(SiFa—CI") = 144 k mot* andD(SiFCk—CI") = 117 kJ
Lewis acidity has also been noted in solution. The agreementMol*. The reasons for the discrepancy between theory and

of gas-phase and solution trends is consistent with the predic-€XxPeriment foD(SiF,—CI™) are not k”PWE- In compari?on, the
tions of the Born model which states that solvation free Previously reported valueB(PCk—CI") = 90 kJ mof* and

energies for ions are inversely proportional to the ionic radius. D(PF_ZCI_Cl__) = 9_9 kJ mo’r_l (both fluorides gquatoria}l) are
For water at room temperaturds,G equals 686 kJ mot con3|stent.W|th an increase in BDE upon .ﬂ.uorlde substitutfon.
divided by the ionic radius in angstroms. Because smaller ions . Bond Dissociation Energy DecompositionThe computa-

have greater solvation energies, and the radii of thgGAL (L tionally derived BDEs can be divided into several terms as
= ligand) ions are much larger than the radius of,Glolution- described in detail previoustyand given in egs 3 and 4.

phase chloride affinities are smaller than gas-phase chloride _ :
affinities. The solvation energy is 365 kJ méfor CI=.55 The ABepe = ABprep  ABin 3)
volumes of the ALCI™ ions were estimated using Gaussian 98 ABgpe = AEept AEggtart ABpayi + ABqpita (4)

and the B3LYP/LANL2DZpd method. The results give volumes

of 90—110 A3, leading toAsoG = 230-250 kJ mot™. Assuming AEpep is the energy associated with deforming the fragments
the entropy differences are small, the solvation enthalpies areof interest to their geometries in the molecule/iéf0-1AE;,
nearly the same for the complexes discussed in this work. The sometimes called the “snap” bond energy, is the energy of bond
relatively narrow range of volumes for the five-coordinated cleavage when the products are not allowed to relax to their
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The changes in the values of the terms agree with expecta-

1000 |- . tions. (Note that, conventionally, attractive energies are given
o AEpayii . negative values, such that the BDEsSAEy are negative).
800 |- - For example AEpayi decreases from Si to Sn; the-4l bond
= _ distances increase, leading to decreased orbital repulsion.
600 | 4 Similarly, AEqmita becomes more positive (meaning less orbital

interaction between fragments) because the 3p (Ge) and 4p (Sn)
orbitals overlap less well with the 2p orbitals of the chloride

400 i _ anion.
% 200k e AE n The termsAEpaui and AEqmita, While large, roughly cancel
o | @ . prep — o for each central element, so that the valué&f.; nearly equals
2 ok ] the value of theAEgsiacterm. The trend in the BDEAEa,
P i i therefore roughly depends on the sUXi&prep + AEeistar The
s Oo— ﬂ%o data in Table 4 show th&E;; hardly changes down the group
w -200 - T for the A(CHs)sCl,~ series. As a consequence, 94% of the
P —2y difference inAEa between Si and Sn arises from the trend in
-400 - ABistat ABint 7 AEpep the energy required to reorganize the chloride ligands
B 1 on the AC} fragment from trigonal pyramidal to tetrahedral.
-600 |- . The more ionic pentachloro and fluorotetrachloro anions show
B . more complex behavior in th&tEj, is similar for Si and Ge,
-800 |- AEorbital but then changes sizably for Sn. Still, the difference\Byyrep

- — between SiGI and SnCj~ represents about 65% of the
1000 - / i difference inAE between the two, while the percentage for
the electronically similar AFGl series is 57%.

One can view the importance &fE,epto the BDE in these
Figure 5. Relative energies (PW9L/TZP, kJ my of the terms in systems in the context of ligand repulsions. Steric interactions
ﬂ‘,eAtg”‘ldc':slfo‘Xaﬂog_ egergé’ decomposition for the reactions’ACl  are related ta\Eyrep Which includes the energy costs of moving

4 (A =Si, Ge, Sn). the ligands in Al closer together to make room for the fifth
TABLE 4: Bond Dissociation Energy Decomposition ligand. Thus, thg BDE decqmposition analysis incllu.des the
Analysis (kJ mol~1) effects of ligand-ligand repulsion. The BDE decomposition has

Eow  Ewep  Ein Erai Eovot  Eomial the advantage pf being computable, _wh_lle ligand interaction
models are easier to understand qualitatively, and are directly

SiCls~ GeClg™ SnCls

SiCls~ —116.2 181.4 —297.6 1063.9 —362.0 —999.6 : :

GeCk~ 1495 146.8 2963 8907 —307.7 —sre3  'clated to available geometries. .

SnCk~ —220.8 113.2 —333.9 825.9 —293.7 —866.1 The ligand close packing (LCP) model emphasizes the effects
Si(CHg)sCl,~  —80.9 123.8 —204.7 7125 —-246.2 —671.0 of ligand—ligand repulsion in systems where the ligands are

Ge(CH).Cl,~ —102.9 89.8 —192.7 564.5-196.8 —560.5 sufficiently crowded? The van der Waals radii of F and Cl
Sn(CH)Cl;~ —1459 625 -208.4 546.7 —193.0 —562.2 are 1.55 and 1.8 A3 therefore, repulsion is expected for any
SiFCly —125.0 161.4 —286.3 1079.0 —364.3 —1001.0 int tion betw fluori d chlori t | than 3.35
GeFCh- 1663 1263 —2926 888.0 —3054 8752 interaction between fluorine and chlorine atoms closer than 3.

SnFCH- —2371 97.9 —-3350 821.8 2935 —863.3 A, or two chlorine atoms closer than 3.6 A. The shortest

chlorine—chlorine distances are from axial to equatorial ligands;
equilibrium geometried’3* AEggiis the electrostatic interaction ~ these distances are given in Table 3. The closest calculated
energy between the fragmentsEp.uiis the repulsive interaction ~ distances in the silicon pentahalide anions are 2.7 and 3.1 A,
energy between the fragments resulting from interactions respectively. The corresponding values in the tin-containing
between occupied orbitals, adEqwia is the energy associated  Systems are 3.1 and 3.4 A, while the germanium values are
with relaxation of the KohaSham orbitals as self-consistency ~intermediate. This suggests that there is significant ligand
is reached AEejsia; and AEomiias broadly describe electrostatic  ligand repulsion in SiGIm and SiCiF~, but less in the

and covalent attractive aspects of bonding, WhA&payi corresponding germanium and tin ions. These comparisons

describes repulsive aspects. should be taken in a qualitative sense because of uncertainties
AEyepdepends on the central atom, the ligands, and the Lewis In the appropriate van der Waals radii and the precise geom-

base. It is calculated to be 26800 kJ mot? for SiCl, etries, as well as corrections for the atomic charge and the

depending on the bad&®! Fleischer previously attributed the ~ @ngular dependen(.:e of the van der Waals '%&ﬁ-

weaker Lewis basicity toward fluoride of SiEompared to Gef The many experimental examples o2 distances below

to the different calculated Egrepvalues (220 and 155 kJ mdl 3.6 A% indicate that the chloride ligand is relatively compress-

respectively). ClearlyAEyrep is large enough to dominate the ible, but there is a balance between the energy cost of ligand
BDE trends. Differences inAEpep explain the otherwise ligand (and ligandlone pair) repulsion and stretched covalent
surprising fact thaD(PF:—CI~) = 65 kJ motl ! is weaker than ~ bonds. Comparison of the bond lengths in A@hd ACk~
D(PRCI-CI7) = 99 kJ motft3? indicates that the bond lengths in the five-coordinate species
To assess quantitatively the relative importance of the factors are longer by 0.2 A (axial) or 0.1 A (equatorial). The fact that
determining the BDEs, the energy decomposition data were the axial bonds are significantly stretched while the equatorial
derived using the ADF approach described above for the bonds are only slightly stretched is typical of systems with five
molecules studied experimentally (Table 4). The data appearelectron clouds around the central atom.
graphically for the A~ — ACl, + CI~ series in Figure 5. As The steric interactions of polyatomic ligands such as a methyl
can be seen in the table, the trends are similar for the group are more complicated than those of single atoms, and it
A(CHg3)sCl,~ and AFCl~ series. is more appropriate to consider the “cone angle” than a van der
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TABLE 5: Calculated Atomic Charges Using B3LYP/ 0.10 higher than the silicon atoms, while the charges on tin are
LANL2DZpd and the NBO Method 0.27-0.40 higher than on germanium. While these atomic
molecule dn  ga(@x) qa(ed) qe(eq) dr(@x) oe(eq) charges agree with chemical intuition on the effect of going
Si(CH)Cl,-  1.72 —0.67 —0.46 down_the periodic table,_they_ are not consistgnt with electro-
Si(CHy).Cls~ 1.59 —0.63 —0.44 —0.45 negativity scales that assign similar values to Si, Ge, arfd-%n.
Si(CH)Cl,~ 142 —-0.56 —0.42 -—0.46 For example, the Pauling electronegativities of Si, Ge, and Sn
SiCls~ 125 -050 -—0.42 are 1.90, 2.01, and 1.96, respectivély.
g:g:ﬁi i-gg —0.51 :8-18 :8-;2 The equatorial chlorides have charges ranging freth42
SiCIiFi* 299 _0.59 : T 069 to —0.58, while the charges on the equatorial methyl groups
SiCIF, 247 —0.63 —0.73 -0.70 are nearly the same-0.41 to—0.51). The axial chlorides are
Ge(CH)Cl;~ 175 -0.70 —-0.45 somewhat more negatively chargedQ(50 to —0.74). The
Ge(CH)LCl;~ 1.64 -0.67 -0.48 -041 fluoride ligands all have similar charges, ranging frer.69
Ge(CH)Cl,~ 150 —0.59 —-0.45 -0.42 to —0.77. Substitution of fluoride for chloride increases the
gecg _ 135 —0.50  —0.45 positive charge on the central atom, as expected. Substitution
eCLF 1.65 -0.52 -0.48 —0.70 . . .
GeChF,- 192 - —051 ~0.70 of methyl groups for chlorides increases the negative charge
GeCbFs~ 224 —-058 —0.70 on the remaining chlorides while increasing the positive charge
GeCIR~ 2.46 —0.61 -0.73 -0.71 on the central atom. As mentioned above, this contradicts naive
Sn(CH):Cl;~  2.02 —0.74 —0.51 expectations. The electronegativity of the methyl group has been
Sn(CH).Cl;~ 1.96 -0.70 -0.58 -0.49 calculated to be 2.8 less than that of Cl or F (3.16 and 3.98).
Sn(CH;)Cly 1.86 —-0.64 —-0.55 -0.48 . .
SnCk- 175 —-057 —-054 The_atom|c charges can be correlated W|t_h th_e B_DEs. The
SnCLE- 201 —-058 -056 ~0.74 attraction between two unit charges of opposite sign is 1390 kJ
SnCEF,~ 2.25 —-0.59 -0.74 mol~! divided by the interatomic distance in angstroms. Using
SNChF3~ 2.48 —0.61 -0.75 -0.75 the calculated interatomic distances and charges, the interaction
SnClR~ 270 —0.66 —0.77 -0.76 energy between the central atom and the axial chlorides igACI

) is 390, 400, and 570 kJ mdl for A = Si, Ge, and Sn,

Waals radius. The methyl group has almost the same cone anglgespectively. These energies are consistent with the BDEs in
as a fluoride ligand, while chloride has a larger arfgl€The these systems. However, all three AFCéystems should have
at_)solute values depend on the_ cgntral atom.) Consistent withinteractions that are stronger by about 100 kJthbecause of
this, AEprep for the A(CH)sCl moieties is smaller than for the  the higher charge on the central atom. This is not seen in either
corre§popd|ng AQ|SPE;‘C'93 by 59.60 kJ mo’rl. The Wgaker the overall BDEs or in thé\Eqsi: Values. Also, both fluoride
bonding in systems with methyl ligands is not a steric effect. 5nq methyl substitution increase the charge on the central atom,
Instead, as one can see from the BDE decomposition data inpyt the former increases chloride affinities while the latter
Table 4,AEy for the methyl complexes is about 100 kJ Mol gecreases chloride affinities. Thus, a simplistic interpretation
smaller than that for the halide complexes. of the BDEs in terms of atomic charges is not effective.

Comparing the components &y for anions of the same  Opviously, all of the other electrostatic interactions in bothAL
central element but different |igandS is less Clear-Cut, becaUSEand AL4 would have to be considered to more accurate|y account
the data for the AGI" and AFCl~ ions are similar. Expectations  for trends in the BDEs. Nevertheless, the effect of fluoride
are not entirely met when comparing the data for &#Cand substitution on the chloride affinities of Alis likely to have a
A(CHg3)sCl,~. The methyl-containing anions have less negative significant electrostatic component.
Eomital Values than the pentachlorides, even though chemical
intuition suggests that the-AC bonds would be more covalent Conclusions

than the A-Cl bonds. . The gas-phase strengths of the-@I~ bonds in ACk,
Furthermore, the trimethyl C(_)mplexes exhibit smaﬂﬁem ACI,F-, and A(CH)sCl,~ (A = Si, Ge, and Sn) have been
values than do the pentachlorides, as expected in these “moreyetermined by measuring thresholds for collision-induced dis-
covalent” complexes, but this is not in keeping with the NBO  gqciation in a flowing afterglow-tandem mass spectrometer. The
charges for these systems (Table 5). One sees, for example, thatyperimental BDEs in Ge-containing systems are stronger than
Si'in Si(CHg)sClz™ is more positively charged than in SiCl in the corresponding Si-containing systems by an average of
A plausible explanation for this is that the equatorial Cl atoms 40 k3 motL. BDEs in the corresponding Sn-containing systems
in SiCls~ back-donate lone-pait-electron density to the central 5. stronger by a further 70 kJ mél Replacement of the three
element through hyperconjugation. Negative hyperconjugation, equatorial chlorides with methyl groups weakens the bonds by
where electron density is donated from halogen lone pairs to 5, average of 65 kJ md!, while replacing one axial chloride
adjacent A-X antibonding ¢*) orbitals,*>®can also be used  \ith a fluoride strengthens the bonds by an average of 17 kJ

to explain the trends in bond lengths. Ignacio and Schégel mo-1 BDES determined from calculations using the B3LYP
found that negative hyperconjugation from a lone pair on a model are systematically lower than, but parallel to, the

halogen (X) to an adjacent Si-X* orbital lengthens the acceptor  experimental values. MP2 computational results are in better
bond in tetravalent silicon-containing species, consistent with agreement with experiment. The results are consistent with
the calculated geometries AC o* orbltais are poor acceptors  |igand-ligand repulsion significantly affecting the BDEs. This
of hyperconjugation compared toACl o* orbitals because of 5y pe the cause of the differences in the reorganization
the smallgr sp_atla_l extent of th(_a carbon valence c_>rb|tals.. LessenergiesAEpreF) for the neutral products, which also correlate
hyperconjugation in systems with methyl groups is consistent || with the experimental BDEs. Electrostatic interactions are

with greater charge on the central atom. ~_ clearly significant in these systems but cannot be easily
Atomic Charges. NBO atomic charges, which are given in  qrrelated with the full set of BDES.

Table 5, can provide additional insight into the bonding in these
systems. Comparing molecules with different central atoms but  Acknowledgment. This material is based upon work sup-
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