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Study of Bond Angles and Bond Lengths in Disiloxane and Related Molecules in Terms of
the Topology of the Electron Density and Its Laplacian

Introduction

According to the VSEPR modét? AX,E, molecules are
expected to have an angular shape with a bond angle equal to
or slightly less than the tetrahedral angle of 109depending
on the electronegativity of the ligand. Although some #&X
molecules in which the central atom is oxygen, such a® H
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We have calculated the electron density distributions for the series of molecd&>,,, X = Li to F and Na

to Cl, and some related molecules. We have analyzed these distributions and their Laplacian to obtain atomic
charges, electron densities at the bond critical point, and the charge concentrations revealed by the Laplacian.
On the basis of this information and an analysis of theXXbond lengths and angles, we have examined the
factors that determine the lengths of the-® bonds and the XOX bond angles. The XO bond length reaches a
minimum value at boron in period 2 and at silicon in period 3 when the product of the charges on X and O
reaches a maximum value, consistent with a predominately ionic model for the molecsiesi, XBe, B, Na,

Mg, Al, and Si. In the remaining molecules of both series, the XO bonds have an increasing covalent character.
The bond length and the bond angle in disiloxane are consistent with the ionic character of the molecule, and
there is no evidence for the frequently quoted back-bonding model. In disiloxane and related molecules in which
the ligand is considerably less electronegative than oxygen the electrons in the valence shell of oxygen are not
well localized into pairs, so the bond angle is intermediate between the tetrahedral angle expected when the
valence shell electrons of oxygen are strongly localized into four tetrahedral pairs and tHma8@ngle expected

on the basis of the electrostatic and/or steric repulsion between the positively charged X atoms. The effects on
the bond lengths and angles of substituting oxygen by sulfur and hydrogen by fluorine are discussed.

and, in terms of the VSEPR model, the correspondingly
increased size of the SiO bond domains and the decreased size
of the nonbonding domains are responsible for the large bond
angle? That the SiO bonds in $$i0OSiH; are considerably
shorter (163.4 pni)than the sum of the single bond covalent
radii (191-193 pm}“ is also consistent with the SiO bonds

(104.8), F,0 (103.F), FOH (97.2), and HOOH (94.8), have having some double bond character. However, several authors

angles that are in accord with this prediction some,BpX
molecules have bond angles that are larger than the tetrahedraﬁ)
angle. A much discussed example is disiloxangSi@SiH;,
which has a bond angle of 144.4 Not only is the bond angle
in disiloxane large, but the barrier to linearization is very smal

have subsequently shown from an analysis of ab initio calcula-

ions that d orbitals do not play a significant role in the-Si

ond?>~17 although the (p-d)r back-bonding model is often
still described in textbook® Several alternative explanations

| have, therefore, been proposed. For example, in a modified

(0.32 kcal mot).45 form of the back-bonding model, it has been suggested that

The large bond angle in disiloxane has commonly been
attributed to delocalization of oxygen lone pair electrons from
the filled valence shell of oxygen into the incompletely filled
valence shell of silicon, in other words, in terms of the atomic
orbital model, into vacant 3d orbitals on silicon, formingp

oxygen lone pair electrons are donated inte-Sio* orbitals
rather than into Si 3d orbital8:1” Alternatively, Oberhammer
and Bogg¥ proposed that the SiO bond is strongly ionic and
that this is the principal cause of the apparently short bonds. In
a recent paper discussing the lengths of bonds to fluéfine,

d)rr bonds in what is described as back-bondifigt® The SiO including the S+F bond, we have shown that they are

bonds are thus considered to have some double bond characteﬁ

redominately ionic and that they only appear to be short
ecause they are unjustifiably compared to the sum of the

© Abstract published idvance ACS Abstractsune 1, 1997. covalent radii. Because oxygen is second only to fluorine in
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Table 1. Geometry and Energies for the MoleculesXjtO, (RX)20, and (HX).S*

Gillespie and Johnson

bond lengths (pm)

X—0—X linearization energy
molecule *x-0 X—H (X—F) bond angle (deg) —E (au) (kcal mol)
LioO 159.6 (160) 180.0 (180) 89.806710 0
(HBe)O 139.6 133.2 180.0 105.457703 0
(H2B)20 135.4 119.0 126.9 126.662912 1.9
(HsC).0 139.0 (141.0) 108.4 (109.6) 113.9 (111.7) 154.120200 36
(H2N).0 138.9 99.9 109.8 186.024898 74.9
(HO)0O 136.5 94.5 107.8 225.446479 113.6
F,0 133.6 (140.5) 103.5 (103.1) 273.550435 156.9
F,QP 140.5 104.0 274.759987
Na,O 197.3 180.0 398.534504 0
(HMg)z0 178.2 170.5 180.0 475.318544 0
(HAI) 0 167.1 157.5 180.0 561.162672 0
(HsSi).0 162.1 (163.4) 147.2 (148.6) 148.3 (144.1) 656.349671 0.4
(H2PXO 163.6 140.9 129.8 758.711594 11.2
(HS)Y.O 165.4 132.8 119.1 871.010318 30.7
Cl,O 166.5 (169.6) 112.8 (111.2) 993.661248 56.9
(FC):0 135.4 (136.9) 129.8 (132.7) 118.9 747.505487
(FsSi),0 158.3 (158.1) 154.4 (155.4) 162.2 (156) 1250.162856
(HsGe)O 175.2 (176.6) 156.6 (153.1) 138.2 (126.5) 4229.057624
(HsC):S 180.9 (180.7) 108.0 (111.6) 100.4 (99.1) 476.791361
(HsSi)S 215.8 (212.9) 146.8 (149.2) 102.1 (98.4) 978.965886

a Experimental data in parentheses. ReferencesO,lief 15; (CH).0, Blakis, V.; Kasa, P. H.; Myers, R. J. Chem Phys 1963 38, 2753;
(HsSi)0, ref 4; CbO, Beagely, B.; Clark, A. H.; Hewitt, T. GI. Chem Soc (A) 1968 658; (RC),0, Lowrey, A. H.; George, C.; D’Antonio, P.
J. Mol. Struct 1980 62, 243; (R:Si)0, Airey, W.; Glidewell, C.; Rankin, D. W. H.; Robiette, A. G.; Sheldrick, G. M.; Cruickshank, D. W. J.
Trans Faraday Soc197Q 66, 551; (H:Ge)O, Glidewell, C.; Rankin, D. W. H.; Robiette, A. G.; Sheldrick, G. M.; Beagely, B.; Ceadox§, S.
Chem Soc (A) 197Q 315; (HC).S, Tijima, T.; Tsuchiya, S.; Kimura, MBull. Chem Soc Jpn 1977, 50, 2564; (HSi),S, Dossel, K. FZ. Naturforsch
1978 333 1190.P B3/LYP calculation. See ref 19.

ionic, as we confirm in this paper, and as previously suggested calculations, the following minimum symmetries are assumbg;

by Oberhammer and Bogd%. These authors proposed that the (SiHs)20, (CHs)20; Ca, (H2N)20, (HP)X0; Cz, all others.

|arge bond ang'e |s pr|nc|pa"y due to Stenc and electrosta“c It is well known that, in order to obtain SatisfaCtOry geometrical

repulsions between the SjHyroups. Glidewel® has also parargezg?rs_ and atomic charges for molecules such, &0, and

attributed the large bond angle to steric effects. However, the HOF®#it is necessary to include electron correlation by daing MP2

steric argument clearly cannot apply to the very ionieCLi or DFT calculations such as B3LY®ather than HF cal_culathns. I_:or
S . . F,0, therefore, we use the results of B3LYP calculations given in ref

molecule, which is linea#* This molecule is usually regarded 1o

as having ionic bonding, and its linear geometry is attributed

to electrostatic repulsion between the twd lions.

It is noteworthy that the SiO bond in the various forms of
SiO; is also very short, with a length of 163 pmgrcristobalite
andp-trydimite and a corresponding SiOSi bond angle of°1%44
The bonding in silica is usually regarded as having considerable
ionic character, and back-bonding has not usually been invoked
in the discussion of these bond lengths and angles. (20) Glidewell, C.Inorg. Chim Acta 1975 12, 219,

The object of the present work was to attempt to improve (21) White, D.; Seshadrie, K. S.; Dever, D. F.; Mann, D. E.; Linevsky, M.
our understanding of the factors influencing the bond angles ‘I]<'I J. Chem Vl?lhya/ﬁ??a 3& 2539- ,?#Ch'fég‘\ggsi%@e“ F.oL;
and bond lengths m, OX m0|eCUI(_es ,by gsmg an approach (22) W(Zrl]lqsp,efr’F. S.’tructﬁ:aclmllnorlgani?:mChe}r/'r?istryjlith éd.; Clarendon
based on the analysis of electron distributions calculated by ab Press: Oxford, 1975; p 805.
initio methods. We have calculated the bond lengths, bond (23) Egiz@ Ic?)-xlf:o-r\éVPitg%S in Molecules: A Quantum ThepGiarendon
angles, and t_elect_ron_ de_nsny dlstrlbutlo_ns and analyzed the(24) Bader, R. F. W.: McDougall, P. J.: Lau, C. D. .Am Chem Soc
electron density distribution in terms of its Laplaci&a?f for 1984 106, 1594.
the following molecules: LiO, (BeH}O, (BH,)0, (CHs),0, (25) Frisch, M. J.; Trucks, G. W.; Head-Gordon, M.; Gill, P. M. W.; Wong,
(NH2)20, (HOY0, and KO; N&O, (MgH)O0, (AIH,)O, (SiHs)20,

M. W.; Foresman, J. B.; Johnson, B. G.; Schlegel, H. B.; Robb, M.
(PH,),0, (SHYO, and C4O: and (CF);0, (SiF)20, (CHy)zS A.; Replogle, E. S.; Gomperts, R.; Andres, J. L.; Raghavachari, K.;
(SiH3)zs, and (Gelgbzo.

Results and Discussion

Geometry. The optimized geometry and the energy for each
of the molecules studied are given in Table 1. Our results for
H,BOBH; are in good agreement with a recent ab initio study
of this molecule at the HF and MP2 levélswhich gave the

Binkley, J. S.; Gonzalez, C.; Martin, R. L.; Fox, D. J.; Defrees, D. J.;
Baker, J.; Stewart, J. Baussian 92Gaussian, Inc.: Pittsburgh, PA,
1992.

i (26) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W.; Johnson,
Calculations B. G.; Robb, M. A.; Cheeseman, J. R.; Keith, T.; Petersson, G. A.;
Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A.; Zakrzewski,
V. G.; Ortiz, J. V.; Forsman, J. B.; Peng, C. Y.; Avala, P. Y.; Chen,
W.; Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts, R;
Martin, R. L.; Fox, D. J.; Binkley, J. S.; Defrees, D. J.; Stewart, J. P;

All the wave functions for the molecules studied using the Gaussian
92 packagé® with the exception of (kGe)0, for which Gaussian 94
was used® All the calculations were performed at the Hartréeock
(HF) level of theory using the basis set 6-31£G(2d,2p) with 6d Head-Gordon, M.; Gonzalez, C.; Pople, J.@aussian 94, Reésion
functions. The analysis of these wave functions was carried out using B.3; Gaussian Inc.: Pittsburgh, PA, 1995.
the AIMPAC suite of program¥. The molecules were assumed to  (27) Biegler-Kanig, F. W.; Bader, R. F. W.; Tang, T.-d. Comput Chem
have at least &; axis of symmetry. Additionally, (55i),0, (HsC).0, 1982 3, 317. .

(H:PY0, (CR).0, (SiF)0, (CH):S, (SiH)2S, and (Gek).0 were (28) ;/ﬂ%ma' K. E.; Vasudevan, K.; Grein, &. Chem Phys 198Q 72,
assumed to hav@z, symmetry. In those cases in which the optimized (29) Waﬁg, J.: Eriksson, L. A.; Johnson, B. G.; Boyd, R1.Phys Chem
geometry of the IXOXH,, molecules is angular, calculations were also 1996 100, 5274.

performed with the geometry constrained to be linear. For these (30) Becke, A.J. Chem Phys 1993 98, 5648.
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following values: B-O, 135.7 pm (HF), 137.6 pm (MP2); pair electron density can also be seen. The shape of these
B—H, 119.1 pm (HF), 119.2 pm (MP2)]BOB, 125.3 (HF), contours indicates that the electron density is decreasing less
123.0 (MP2). rapidly in this direction than in other directions, as it also does
For the period of 2 (FX).O molecules, the XOX bond angle  along the bond paths. The increasepinand the increasing
decreases steadily from 18 less than the tetrahedral angle, covalent character of the bonding seen in the contour maps
and for the period 3 molecules, it decrease from°18Glightly continue in the remaining molecules of this series. Moreover,
larger than the tetrahedral angle. The SiOSi and COC anglesthe bulging out of the contours, indicating a less rapid decrease
are both consistent with the general trend of bond angles in thein p in the lone pair directions, becomes even more prominent
two series, and, in particular, the SiOSi bond angle does not both on the oxygen atom and on the ligands. The same trends
appear to be anomalous. The expected VSEPR ardled.6) are observed in the series J@to CLO, although it is not until
is found only when X is either of the very electronegative groups (HSi),O that any significant distortion of the oxygen contours
OH or F. The energy of linearization (Table 1) increases from spherical is observed, consistent with the greater ionic
steadily from zero for the linear molecules through very low character of the period 3 molecules.
values for (HB).0 and (HSi);0, indicating that these are very -~ gqq | engths. On the basis of either ionic radii or covalent
floppy” molecules, to relatively large values for the remaining radii, we would expect a continuous decrease in bond length

molecules, which become increasingly difficult to bend. across each period. But we see from Table 1 and Figure 3 that

_tI)EIQctron De_r;lsity Diséritl;utions. Thg_ electron (:err:sityldis- the X—O bond length decreases to a minimum value at boron
tributions are illustrated by contour diagrams of the electron ;, haring 2 and at silicon in period 3. In period 2, the bond

density in the XOX plane for a selection of the molecules studied length then increases up to carbon and nitrogen, after which it

(Flglure 1%‘,[ In iaCh case, ther|(|atrlls a local tmax'mL:;” alt ef‘Ch remains essentially constant, as shown by the calculated (B3/
nucleus. Al Such a maximum, all thrée curvatures in Ine electron LYP) and experimental values fop®. In period 3, the bond

i 2 2 22 2 2 T i i
density,#?o/dx?, #/dy?, anddp/dz*, are negative, and this point length increases slowly from Si to CI. It is striking that the

is described as a (3;3) critical point bec_au_se ther;es are _three minimum bond length occurs when the product of the charges
nonzero curvatures and the sum of their signs-B?® Pairs . . .
. - - . on X and O reaches a maximum in both periods. In our recent
of nuclei that are considered to be bonded together are joined 9 o
paper on X-F bond lengthd? we reported a very similar

by a line called &ond path along which the electron density : : .

is greater than that in any direction perpendicular to the bond Sﬁptigdernocde 2{ g}etﬁgrl?q;erng;hzr']n;haen%elr:mdvseag?tf’bﬂltjgrt'ﬁis

path. The point of minimum electron density along a bond path produ 9 : 1bu :

is called thebond critical point This point is a saddle point, dependence of bo_nd Iength on the product of the atomic charges

that is, a (3,—1) critical point at which there are three nonzero to the elect.rostatlc attraction be_tween the oppositely C'.“?“ged

curvatures, of which two are negative and one is positive, so atoms, Wh'c_h re_ac_hes a maximum at boron and silicon.
Consistent with this interpretation, we note that the average bond

that the sum of their signs is1. There is aero-flux surface | K 1 .
separating each atom from its neighb&sThese zero-flux ~ €nergy values for BO (536 kJ mot?) and Si-O (452 kJ
1), and the bond energies for the corresponding bonds to

surfaces serve to define the atom in the molecule, and by moI*_ " ! N 35
integrating the electron density over the regions defined by thesefluorine, B—F (613 kJ mot") and Si-F (565 kJ mot™),* show
interatomic surfaces, thehargeon each atom can be found. In  that these are among the strongest known single bonds. In

a contour map of the electron density in a plane, such as thoseP€riod 3, except for CIF, the calculated and observed bond
shown in Figure 1, we see the lines along which a zero-flux lengths are smaller than the sum of the covalent radii because

surface cuts the plane. of the ionic contribution to the bonding. In period 2, this is
The atomic charges(X), and the electron density at the bond also the case up to carbo_n. For the more covalent molecules,

critical point, pp, for all the molecules are given in Table 2. th_e O—X.bond length remains almost constant or decreases only

The negative charge on oxygen decreases steadily fre® Li slightly, in contrast to _th_e decreas_e e_:xpected from the sum of

to (HO)O and becomes positive in®; it decreases from N@ the cova]ent radFif‘. A similar l_)ehawor is observed for the bond

to CLO, indicating an increasing covalent character to the bonds lengths in the period 2 fluoride.

in both series, except for the increase in polarity in the reverse It might have been expected that the bond lengths for the

sense in FO. The charge on oxygen shows a good correlation first very ionic members of both series would agree well with

with the electronegativity of the attached atom (Figure 2), and the sum of the ionic radii. However, although the lengths ob-

the form of the relationship is remarkably similar to that between tained from the sum of the ionic radii given by Shanfidacrease

the charge on fluorine and the electronegativity of the attached as expected across each group, they are larger than the calculated

atom in the period 2 and 3 fluoridé%. The charge on X or observed values, except for B and Si. This is because the

increases to a maximum at boron in period 2 and at silicon in radii that we used are for the smallest coordination number given

period 3. The product of the charges on X and O similarly by Shannon, which is usually four, whereas in the isolated

reaches a maximum at boron and silicon. In the very ionic molecules it is only 1 for Li and Na, 2 for Be and Mg, and 3

molecules such as (HBg£), the contours ofp (Figure 1) for B and Al.

sgrrounding the oxygen and the X atoms are _almost spheri<_:a|, Bond Angles in the HXOXH » Molecules and the Lapla-

with only a contour of very low value surrounding both nuclei, o of the Electron Density. Our results show that, for the

indicating that there is very little shared d_ensny, asis also_ clear HwXOXH. series of molecules, only the predominately covalent

from the small values g, In (H;B):0, the increased distortion ¢y les with the most electronegative ligands, name®, F

pf the oxygen valen<_:e shell electron densny.as it becomes (HO),0, and (BN),0, have bond angles that are smaller than

mcreasmgly shared |s.sho.wn by the stre}chmg out of the 109.5 as predicted by the VSEPR model, while the bond angle

contours in the bond direction and by the increased value of

pb. These changes ip continue in (CH),O, where a slight - - - -

“bulging out” of the contours in the expected direction of lone (32) g'd‘f;hﬁ%bé'r I(E:'(;)I:?rfslt:erl{lg\}v%é)li?llt.%résel Inorganic Chemistry4th

(33) Shannon, R. DActa Crystallogr 1976 A32 751.

(31) Gatti, F.; Berthe-Gaujac, N.; Demachy, I.; VolatronJhem Phys (34) Covalent radii were standard values (see ref 2), and values of 65 pm
Lett 1995 232 503. for O and 60 pm for F were used (see ref 19).
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Bond Angles and Bond Lengths in Disiloxane
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Figure 1. Left column: electron density contour maps. Middle column: Laplacian contour maps. Right column: enlargement of the Laplacian
of the oxygen atom for the angular molecules (upper, plane perpendicular to XOX plane; lower, XOX plane). The contours in these plots have the
values 1, 2, 3,4, 5,6,and810"(n=—-3and+2)and 1, 1.4, 2, 3,4, 5, 6, and>810™" (n = —2, —1, 0,+1). Negative values df are shown

by dashed lines.
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Table 2. Electron Density at the XO Bond Critical Point,op, and 160.00
Atomic Charges for ()20, (F:X)20, and (HX).S Molecules
molecule pp(au) g(O)orq(S) a(X) a(O)a(X) q(H) orqg(F)
LiO 0.080 —1.82 +0.91 —1.65 €
(HBeO  0.148 —-1.79 +1.74 -3.11 —0.85 e
(H2B):0 0.209 —1.68 +2.27 -—3.81 —-0.72 £
(H«CxO 0273 —129 +0.78 -1.01 —-0.05 2 14000 —|
(H:N):O 0329 —-051 —046 +0.23 +0.36 3
(HO),O 0.357 —0.04 —0.62 +0.02 +0.64 2
F,0 0.370 +0.33 —-0.17 +0.06 2
F,0? 0.295 +0.28 —-0.13 -0.04
Na,O 0.053 —-1.77 +0.88 —1.56
(HMg).0 0.082 -1.77  +1.69 —2.99 -0.81
(HAA)O 0113  -1.76  +2.45 —4.29 —-0.78 120.00
(HsSi)O 0.141 —-1.72 +3.05 —-5.25 —0.73
(HPLO 0161  —-159  +1.97 -3.13 —-0.59 Li Be B c N o F
(HS)O 0.190 —-1.24 +0.75 —0.93 —0.13
Cl,0 0.214 —0.66 +0.33 —-0.22 200.00
(CR):0 0.317 —-1.32 +2.84 —3.75 —0.74
(FsSi)0 0.156 —1.68 +3.13 —5.26 —0.96
(HsGe)O 0.144 —1.56 +2.11 —3.29 —0.46
(HsC).S 0.182 +0.03 +0.03 0.00 —0.01 T
(HsSi):S 0.094 —1.47 +2.90 4.26 —0.72 &
K -
2B3/LYP calculation. See ref 19. 2 180.00 —
(]
0.50 — §
[
[a0]
0.00 —| | |
160.00
- Na Mg Al Si P S cl
Figure 3. XO bond lengths for the (kK).O molecules of periods 2
050 — and 3: @, calculated bond lengths, sum of the covalent radiia,
& i sum of the ionic radiid, experimental values (also for ¥ F the
T B3/LYP calculated value). Top, period 2; bottom, period 3.
100 4 depletion in whichL has a negative value. In molecules, the
1 spherical region of charge concentration corresponding to the
valence shell is distorted to give local maxima or<{3) critical
1.50 —| points8in the topology ofL that in many molecules correspond
to the number and positions of the lone pairs and bonding pairs
1 . d predicted by the VSEPR mod#l. These charge concentrations
(CCs) are accordingly referred to as bonding CCs and lone pair
-2.00 L - - 1 CCs. They are separated by (31) critical points or saddle
0.00 1.00 2.00 3.00 4.00 5.00 points in the topology of..
Electronegativity Contour maps of. in the XOX plane for a selection of the
Figure 2. Plot of the charge on oxygen against the electronegativity H,XOXH, molecule studied are given in Figure 1, and the
of X. results of the analysis df for all the molecules are given in

Table 3. In the plot for dimethyl ether, there are four charge
concentrations in the valence shell of oxygen. Two of them
are along the €0 bond paths and may be called bonding
charge concentrations (bonding CCs). The other two are in the
Solane through the oxygen nucleus and perpendicular to the
molecular plane and are nonbonding CCs, giving a nearly
tetrahedral arrangement of four CCs, corresponding to the four
approximately tetrahedral electron pair domains of the VSEPR
model. For the more electronegative ligands N&H, and F

in period 2 and for SH and ClI in period 3, two bonding and
two nonbonding CCs with a tetrahedral arrangement are

increases with decreasing electronegativity of the ligand up to
the limiting value of 180 for the most ionic molecules, such
as LiO.
According to the VSEPR model, bond angles of 168less

at oxygen are due to the presence of nonbonding electron pair
in the valence shell of the oxygen atom. However, the electron
density distributions give little evidence for these nonbonding
electrons, although an increasing deviation from a spherical
electron density distribution in the direction of the expected lone
pairs on the oxygen atom, as shown by the bulging out of the

electron density contours in the lone pair directions in the more similarly observed. However, for ligands that are less elec-

covalent molecules, gives a hint of their presence. Moreover, troneaative than carbon. onlv a sinale nonbonding CC on oxvaen
even the shell structure of each atom is not evident in the total . 9 » only 9 9 yg

. .. is found for B iH3, and PH and none for the most weakl
electron density. We therefore analyzed the electron density s found for B, SiHs, and PH and none for the most weakly
distribution of egch molecule in terms of its Laplacidn= (35) Bader, R. F. W.: Gillespie, R. J.. MacDougall, P.JJAm Chem
—V?p, because it has been shown that the electron shells and ™ soc 1985 110, 7320.
bonding and lone pairs of electrons are clearly revealed as(36) In the more covalent molecules, the bonding CCs appear asl{3,
regions of charge concentratieh®® In particular, the electron critical points because one of the three curvaturek s a small

S ’ . positive value. However, in Figure 1, these (31) critical points
shells are revealed as spherical regions of charge concentration  gppear as maxima because the small positive curvature is in the
in which L has a positive value, separated by regions of charge direction perpendicular to the molecular plane.
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Table 3. Properties of the Laplacian of the Oxygen Atom in the Optimized Molegules

bonding charge concentrations nonbonding charge concentrations
molecule critical points L r(cc-0O) (pm) angles (deg) critical points L r(cc-0) (pm) angle (deg)
Li,O 2(3,-3) 4.271 35.3 180
(HBe)O 2(3,-3) 3.745 36.1 180
(H2B):0 2(3,-3) 3.896 36.5 109 1(373) 5.290 34.3
(HsC).0 2(3,-3) 2.706 374 104 2(3:3) 5.688 34.2 128
(H2N).0 2(3,-1) 2.196 38.8 103 2(373) 6.887 335 142
(HO).O 2(3,-1) 1.707 39.6 101 2(373) 8.470 32.8 152
F.0 2(3,-1) 1.256 40.4 100 2(373) 10.02 32.1 155
Na,O 2(3,-3) 3.601 35.7 180
(HMg):0 2(3,-3) 3.522 36.0 180
(H2AI) 0 2(3,-3) 3.348 36.4 180
(HsSi),0 2(3,-3) 3.072 36.8 112 1(3;3) 3.812 35.3
(H2P)0 2(3,-3) 2.841 37.3 105 1(3:3) 4.750 34.6
(HS)XO 2(3,-1) 2.270 38.2 102 2(373) 5.667 34.1 125
Cl,O 2(3,-1) 1.650 39.2 100 2(373) 7.318 33.1 151

al = —V?p in atomic units,r(cc-O) is the distance from the charge concentration to the oxygen nucleus, and angle is the angle between the
charge concentrations.

electronegative ligands BeH, Li, AliMgH, and Na. The of increased electron density between bonded nuclei or as
expected number and arrangement of charge concentrations ishoulders of increased density (a bulging out of the contours)
not, therefore, observed for ligands less electronegative thanin the lone pair directions in the more covalent molecules. In
carbon, that is, for the molecules that are predominately ionic, L, these shoulders of increased density appear as valence shell
and it just for these molecules that the bond angle is substantiallyCCs and thus become much more evident. It is these concen-
larger than the tetrahedral angle. trations of charge in the tetrahedral directions that determine

Why is the VSEPR model apparently not valid unless the the geometry of AXEy, molecules with sufficiently electrone-
ligands are sufficiently electronegative? The basis of the gative ligands.
VSEPR model is that, as a consequence of the operation of the However, with ligands that are less electronegative than
Pauli principle, the most probable arrangement of four valence carbon, the valence shell electrons of the central atom are not
shell electrons with the same spin is at the vertices of a strongly localized and have correspondingly larger domains that
tetrahedrort:3” In an isolated oxide ion, there are a set of four have substantial overlap, with the large nonbonding domains
o spin electrons and a set of fofiispin electrons, each of which  overlapping more than the smaller bonding domains. Thus, in
has a most probable tetrahedral arrangement. The two tetrahedréH2B)-0, as a consequence of the overlapping of the nonbonding
are kept apart by electrostatic repulsion, but neither has a fixeddomains, only one nonbonding CC is produced, which forms a
location in space, so the overall electron density of the oxide triangular arrangement with the two bonding CCs, producing a
ion is spherical. However, on combination with a ligand}X bond angle of 1269 In the linear LO and (HBe)O
one electron of each set is attracted toward the ligand, so thatmolecules, the oxygen is an almost spherical oxide ion in which
both of these electrons become more localized with a most the extensively overlapping electron domains give rise to just
probable position in the direction of the ligand, thus forming a two collinear bonding CCs separated by a torus of charge
bonding electron pair. Because each set of same-spin electronslepletion. As the localization of the electrons in the valence
retains its most probable tetrahedral arrangement, each of theshell of oxygen decreases, these electrons exert a diminishing
other electrons becomes correspondingly more localized, and,effect on the geometry, which is increasingly dominated by
in the presence of two or more ligands, four electron pairs with electrostatic and/or steric repulsion between the ligands.
a most probable tetrahedral arrangement are formed. Each In period 3, the change to an angular structure does not occur
electron pair may be said to occupy an electron pair domain until silicon, consistent with the electronegativity of silicon
centered upon the most probable position of each of the (1.7)F8 being lower than that of carbon and closer to that of
electrons. In the free ion, the domain of each of the electrons boron. That the bond angle insGiOSiH; (148.3) is somewhat
may be considered to occupy the whole valence shell; in other larger than that in lBOBH; (135.4), which in turn is slightly
words, the electrons are completely delocalized. But in the larger than that in BPOPH (129.8), is consistent with the
presence of a sufficiently electronegative ligand, four rela- electronegativity values of Si (1.7), B(2.0), and P(2.1). As in
tively well localized electron pair domains with a tetrahedral H,BOBH,, there is only one nonbonding maximum in the
arrangement are formed. However, with decreasing ligand oxygen valence shell in ##OPH and in SiOSiH;. As the
electronegativity, each of the four electron pair domains becomesligand electronegativity increases, the single lone pair CC
larger in extent-more spread out or diffuseand so overlaps  separates into two clear maxima in (HS)and C}O. However,
its neighbors to an increasing extent until, in the limiting case because of the lower electronegativity of the ligands in this
of an oxide ion, there is no electron localization, and each series, the bond angle does not quite reach the tetrahedral angle,
domain may be considered to occupy the whole of the valenceeven in C}O. Figure 4 shows that there is a strong correlation
shell. between the bond angle for both the period 2 and X{kD

The localization of pairs of electrons in bonding and molecules and the charge on oxygen. The charge on oxygen
nonbonding domains gives rise to an increased electron den-reflects the electronegativity of the ligands (Figure 2) and, thus,
sity in the two bonding and two nonbonding regions. These the extent of the localization of the valence shell electrons,
regions of increased electron density are observed in a relief orconfirming that the bond angle is determined by the degree of
contour map of the electron density in the XOX plane as ridges localization of the valence shell electrons into bonding and
nonbonding pairs.

(37) Linnett, J. W.The Electronic Structure of Molecule®iley: New
York, 1964. (38) Allred, A. L.; Rochow, E. GJ. Inorg. Nucl. Chem 1958 5, 264.
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Figure 4. Plot of the XOX bond angle against the charge on oxygen.

Gillespie and Johnson

Table 4. Bond Angles (deg) in S, and OXE, Molecules

moleculé bond angle molecule bond angle
Sk 98.2 Ok 103.1
SCh 103.0 OC} 110.9
S(CHy)2 99.1 O(CH). 111.8
S(PR): 91.3 O(PR), 135.2
S(SiH)2 98.4 O(SiH) 144.1
S(CR): 97.3 O(CR). 122.2

aReferences: SEKirchoff, W. H.; Johnson, D. R.; Powell, F. X.
J. Mol. Spectrosc1973 48, 157; SC}, Morino, Y.; Murata, Y.; Ito,
T.; Nakamura, JPhys Soc Jpn 1962 17(B11) 37; O(PR)2, Yow, H.
Y.; Rudolph, R. W.; Bartell, L. JJ. Mol. Struct 1975 28, 20; others,
see Table 1.

106.6 for MesSiOOSiMe?® but much smaller than the SiOSi
angle in HSIOSiH;. These angles are consistent with our
suggestion that the bond angles in XOX molecules depend
primarily on the electronegativity of the ligand X. Thus, in
the series SikD(SiHs), SiH;O(CH),6 SiH;0(0SiH), the bond
angle decreases from 1441tb 120.6 to 101.2 with increasing
electronegativity of the ligand.

(iii) FaXOXF, Molecules. Our conclusion that the short
bond lengths and large bond angles in the early members of

The increases localization of the electrons that gives rise to the HRXOXH,, series of molecules are due to the large charges

the angular geometry of @B),0 and (HSi);O and the higher

on the X and O atoms in these molecules is supported by the

members of each series is evident even when the geometry ofeffects of fluorine substitution on the bond lengths and angles.
these molecules is constrained to be linear. In these cases, ther8ubstitution of F for H is expected to increase the charge on

is, in addition to two collinear bonding CCs, a toroidal
nonbonding charge concentration (see linear @Bl and
(SiH3)20 in Figure 1) in place of the corresponding region of
charge depletion found in molecules suchQiand (HBe)O,

the X atom compared to that in the correspondingk®xH,
molecule and, therefore, to decrease the bond length and increase
the bond angle. In agreement with this expectation, substitution
of F for H increases the bond angle in$0SiH; from 144.F

for which the linear geometry has the lowest energy. Becauseto 156, in HsCOCH; from 111.8 to 122.2, and in HPOPH

of the linear symmetry of the molecule, the four nonbonding
electrons are not constrained to fowm# pairs; instead, they
form a toroidal four-electron domain. This arrangement of

from 129.6 (calculated) to 1352 while it decreases the bond
length in SiOSiH; from 163.4 to 156 pm, in fCOCH; from
141.6 to 135.4 pm, and inJRAOPH from 163.6 to 160.7 pm.

charge concentrations has a higher energy than the most (iv) X,SE, Molecules. Replacing oxygen by sulfur in

probable tetrahedral arrangement, so a molecule that has suchlisiloxane and related molecules would be expected to decrease
a toroidal charge concentration when it has a linear geometry the bond angle for two reasons: (1) The large size of the sulfur
is more stable when it has an angular geometry and a tetrahedraatom increases the distance between the X atoms and, therefore,
arrangement of four charge concentrations. SgBjbD and decreases the repulsion between them. (2) The lower elec-
(HsSi)2,0 and later members of both series have an angular tronegativity of sulfur means that a given ligand X has an
geometry. For these two particular molecules, because theelectronegativity more comparable to that of sulfur than oxygen,
electron localization is relatively weak, the difference in energy so that the bonds are more covalent and the sulfur valence shell
between the two geometries is very small, so the energy of electrons are more strongly localized than the valence shell
linearization is small and the molecules are very floppy. The electrons of oxygen. Table 4 shows that the angles in XSX
small linearization energy also accounts for the large range of molecules are consistently smaller than those in the correspond-
SiOSi bond angles found in the silicates and other molecules.ing XOX molecules. Because of the greater covalency of the
Bond Angles and Bond Lengths in Some Related Mol- bonds in %SE, molecules, we expect that the shortening of
ecules. The effective electronegativity of the GHnd SiH the bonds would be considerably less than that in the corre-
ligands is slightly decreased upon substitution of hydrogen by sponding %OE; molecules. Again, this prediction is in accord
methyl. Thus, the calculated bond angles at oxyg@mwrease  with observations.
from 125.0 for CH30SiHz to 127.2 in H;COSIi(CH); and to (v) AX3E Molecules. Although AX3E molecules are not
134.£ in (CH3)sCOSiHg, the smaller increase being caused by discussed in detail in this paper, the ideas developed here also
the less electronegative Si(Gkl group. apply to these molecules, which, according to the VSEPR model,
(i) Digermoxane ((GeH),0). That the bond angle in this ~ should have a pyramidal geometry. The bond angle increases
molecule (126.9) is smaller than that in disiloxane and the in the series NE(102.3),%NH; (107.2),% N(CHa)s (110.9),%
Charge on oxygen—(l_56) is smaller than that on silicon N(SIHg) (120’),43W|th decreasing electronegativity of the Ilgand
(—1.72), as we see from Tables 1 and 2, is consistent with the@s the nitrogen valence shell electrons become less localized
greater electronegativity of germanium (2.0) than that of silicon into pairs. However, when nitrogen is replaced by the consider-
(1.7). Moreover, the bond angle and charge on oxygen in
(GeH)-0 are close to those in @R),0 (129.8 and —1.59), (39) ]I-<517e7ssd,f(l)3.é50berhammer, H.; Brandes, D.; Blaschettd, Mol. Struct
which is consistent with the electronegativity of phosphorus (40) otake, M.; Matsumura, C.; Morino, T. Mol. Spectrosc1968 28,

(2.0), which is the same as that of germanium. 316.
(i) Disilyl Peroxide (H3SiOOSiHy). The SiOO bond angle ~ (41) Helminger, P.;de Lucia, F. C.; Goordy, F. WMol Spectrosc1971

in H3SiOOSiH; has been calculated by Oberhammer and (42) Beagely, B.; Medwind, A. RJ. Mol. Struct 1977, 38, 229.
Boggd6 to be 101.2, quite close to the experimental value of (43) Beagely, B.; Conrad, (rans Faraday Soc197Q 66, 2740.
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ably less electronegative phosphorus, the bond angles areThese conclusions are also consistent with those in our recent
consistently smaller than those with the corresponding nitrogen paper on the nature of the-SF and related X F bonds!®
molecules, as in P(Si (96.8)* and P(CH)s (98.6),* for The VSEPR model is not directly applicable to those mole-
the same reasons as we discussed above for sulfur. cules in which the electronegativity of the ligand is appreciably
less than that of the central atom, in this case oxygen, because
the valence shell electrons of the central atom are not sufficiently
Our results show that it is not necessary to postulateCSi  |ocalized to form the four localized electron pair domains as
multiple bonding to explain either the bond angle or the SiO assumed in the VSEPR model. Nevertheless, the bond angles
bond length in HSIOSiH. The unexpectedly short bond length  in disiloxane and other related molecules with weakly elec-
is a consequence of the considerable ionic character of the SiOrgnegative ligands can be understood in terms of the opposing
bond, as has been suggested previotfsnd is consistent  effects of a weak localization of the valence shell electrons of
with similar short bond lengths in related molecules, such as oxygen producing an angular molecule and steric and/or

HZBOBEZ’ inhwhich X if‘ appreciably Iesls e_Iec_tronr(]agative thanh electrostatic repulsions between the ligands that, in the limiting
O, so that the bonds have considerable lonic character. T €case of a very weakly electronegative ligand such as lithium,

bond angle in HSIOSiH; is consistent with the XOX angles in | i
the series of molecules ¥OXH,, where X is a period 2 or a ead to a linear geometry.
period 3 element, which decrease from 180 less than the Acknowledgment. We thank Prof. Richard Bader for the
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the periodic table as the covalent character of the bonds increases .y prof. E. A. Robinson for many helpful discussions and

and the oxygen valence shell electrons become more localized

Conclusions
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