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Abstract

Nonempirical electronic structure calculations have been carried out

on CH3SiH3 in its staggered form. A flexible basis set of contracted gaussian

functions was used. The present self-consistent-field calculations predict the

electric dipole moment to ge 0.58 débyes, +C Si-~-.  This result is in good
agreemént with the experimental magnitude, 0.73vdebyes,‘but disagrees with
simple electronegativity arguments concerning the polarity of carbon;silicon
bonds. However, Shoemaker aﬁd Fiygare have recently argued on the ﬁasis of

molecular Zeeman experiments that the sign of the dipole moment should by

. ! ‘
+C S8i-. The predicted sign of the molecular quadrupole moment agrees with
. | : : .

experiment, but the quantitative agreeJent in magnitude is poor. The ab initio
sign of the dipole moment is not consistent with atomic charges obtained from

a Mulliken population analysis of the wave function. The electronic structure

of CH3SiH3 is discussed and several other molecular properties reported.

* .
Work performed under the auspices of the U. S. Atomic Energy Commission.
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Introduction

‘Methylsilane is one of the simplest stable molecules containipg a

SiH. has

carbon-silicon bond. The absolute value of the dipole moment of CH 3

1-3

3
been known for some time to be 0.73 debyes. Sinde'carbon is usually

cbnsideréd to be more electronegative than silicon (2.5 for C as opposed to .
1,8 for Si on Pauling's scaleh), it might appear reasonable to assume that the

electric dipole moment of methylsilane points toward the carbon, that is

-C Si+. However, recent molecular Zeeman effect_measurements by Shoemaker and

vFlygares have challenged this assumption. If the dipole'moment is -C Si+,

Shoemaker and Flygare find the molecular quadrupole moment along the C Si axis

to be +(11.7h * 0.46) ><v10_26 esu-cmz. However, if the dipole is oriented

- +C Si-, the quadrupole moment is -(6.31 * 0.46) x 10—26vesu-cm2. Citing several

arguments, Shoemaker and Flygare conclude that -(6.31 * 0.46) is the correct

value of the quadrupole moment and hence that the dipole moment of CH3SiH3

points toward silicon, i.e. +C Si-. BShoemaker and Flygare close their
|

communication5 "the large difference bet&een‘the two choices (of the quadrupole
. o »
moment ) should make an ab initio calculationiﬁsef?l in the differention.”

! : i '

‘ v o . N
The only previous ab initio calculations on CH381H3 of which we are

aware are those of Veillard.sv Veillard's interest was in the barrier to internal
rotation, which he predicted to be l.hh.kcal/molé, in good agreement with

T

experiment, 1.7l kcal. In the present paper we report ab initio calculations
on methylsilane in an attempt to predict reliagble values of the electric dipole

and quédrupole moments. Several other molecular properties are also repdrted,]’

and, in additiocn the electronic structure of the molecule is discussed per se.
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i Details of .the Calculations
The basis set used was of @ouble—zeta—plus—polarization8 quality. For

9

carbon, we uSed.Dunning's (4s 2p) contraction’ of Huzinaéa's (9s 5p) primitive
gaussian basis.lo For poiarization, six d-like functioné (XX, Y¥, 22, XV XZ,
and yz) with'gaussian exponent & = 0.75 wgré added. The basis set on carbon is
the designated C(ks 2p ld)f For each hyd;ogen'étom, Huzinaga's Us primitive
gaussién_éet was contracted to 2s and a set of p‘fﬁnctions (oo = 1.0) added.

The H atom basis is thus H(2s 1p). For silicon, we used Dunning's (7s bp)
éontractionll'of Véillard's (12s 9p) primitive.set.12 'Finally a set of 3d
functions (a.= 0.6) was added to complete the silicon basis, Si(7s Lp 1d). The

full SiH_ CH
u 13 '3

from 117 primitive gaussians. The computations were carried out using a

modified13 version of POLYATOM.lh’15

.basis is thus comprised of 72 contracted functions, constructed

The complete self-consistent-field (SCF)
caléulatioﬁ (ihcluding.the listing and'computation of one- and twé—électron.integralé
"and the SCF iterations required for cdnvergence) ﬁsing thev72 éontracted |
function basis required iS minutes of CDC T600 computer time.-

The geometry chosen for the calculations was close to the experimental

geometry. The assumed geometry (with experimental values2 in parentheses)‘was

R(C-51) = 1.87A (1.8668 + 0.0005A)
R(C-H) = 1.10& (1.093 + 0.005A)
= 1.40& (1.484 + 0.005A)

R{Si-H)

H C Si angle = 110° (111.2 * 0.5°) .

. © C'SiH angle = 110° (110.7 * 0.5°)
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C3v geometry was assumed and only the staggered geometry considered. The
cartesian coordinates corresponding to our assumed geometry are given in

Table I.

Table I. Assumed cartesian coordinates, in bohr radii, of the atoms in
méthylsilane.v The geometry is described in terms of bond angles and bond
distances in the text.

Atom ' x ' y b4

H, © -1.6916Mk 97669 424476
B, o 1.6916h L. .9T669  L.2UkT6
Hy | | 0.0 ~ -1.9533k L. 2kk76
c | 0.0 o o - . 3.533719
si 0.0 : ,f o.}o - 0.0

H, '- 0.0 - 2’3614588 | -.96302
He -  2.201k0 T 1zeesh 96302
Hg | -2.291L0 | , | 1.3229k -+96302



b - LBL-629

‘ R ' - Results
We first consider the effect of polarization basis functions on the
calculated total energy, dipole moment, quadrupole moment, and Mulliken atomic

populations of CH SiH3. These results are seen in Table II.

3
For comparison, the lowest SCF energy obtained byIVeiliards for
staggered methysilane was -330.23234. The fact that our final SCF energy_ié

95ll'contraction of the

.0.06695 hartrees lowef is primarily due to the_improved
s and p gaussiéns centered on C and Si.‘ Table iI shows thét the delétion of
hydrogen 2p fuﬁcfions from the basis set raises the SCF energy by 0.01738
lhartrees. The further deletion of carbon and silicon d functions raises éhe
SCF- energy &an édditional 0.05héé hartrees.  The total énergy lowering obtained

from'both kinds of polarization functions, 0.07160, can be compared to that

obtainedl6 for the'diatomic closed shell species SiO0, 0.0833 hartrees. From

an energy standpoint, it is seen that polarization basis functions are no more

impoftant in methylsilane than in neighboring diatomic molecules.

The three calculations in Table 1T yield the same sign of the dipole

moment, +C Si-, and rather close agreement as to the magnitude of p. The final

s ) ) ) 4
value, 0.58 debyes, is T9% of the experimental value, and the deviation from
experiment, 0.15 debye, is about as small as can reasonably be éxpected from

a Hartree-Fock calculation. If our calcﬁléted‘SCF dipole moment were of the

wréngvsign, then the error in U would be (0.58 + 0.73) = 1.31 debyes. - Experience

suggests8 that an error of this magnitude from the present type of calculation
is unlikely; Thus we conclude; in agreement with Shoemeker and Flygare,5 that
the sign of the dipole moment of CH SiH, is +C Si-.

Our calculated quadrupole moments are more difficult to reconcile with

"experimenﬁ'thanvthevdipole‘moments; "All three of the calculatedbquadrupole
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Table II. Some SCF properties of CH_.SiH, as a function of basis set.

3773

Experimental values are in parentheses.

| 1 2 | 3
Basis c(4s 2p) C(ks 2p 14d) C(4s 2p 14)
Set Si(7s Lp) ~ 8i(7s bp 1d) Si(Ts Lp 14)
Property H(2s) ‘H(2s) - H(2s 1p)
T?ﬁiitfﬁii§y -330.22769 ' ~330.28191 -330.29929
Dll?gigylzg??nt' " 0.50 o 0.56 - 0.58(0.73%)
+C S8i-
Quﬁcol;zﬁgle -0.68 -0.63  -0.62(-6.31%0.46)

b
(10-26 esu-cn) | or 11.7L*0.46"7)

Atomic

Populations ‘ , ” .
H(bonded to C) ) 0.811 0.820 - 0.881°
c | @.8h7 - 6781 | 6.607
si Co1sale ; 13.286 13.138
H(bonded to §i) } 1.156 o 1.158 1.20k

®References 1, 2, and 3.

bReference 5.

i 3
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moments albng the molecular axié"are sﬁail.and negative; The negativé sign
means that the elecfronic cohtribution to 6 is lgrger than the nuclear
contribution. .In our largest calculation, thé nuclear c;nifibution is +105.6L
and the electronic contribution ~106.26 X 10—26vesu-cm2. This means, assuning - |
thé-experiménfal ® of éhoemaker and Flygare is the cqrfect value, that éur

¢ ‘

calculated value of (22 ) is in error by 5.69 x 1072 eSu-cmg. Although such

an error is by no means'inconcéivableg experience suggests that it‘is unlikely.17
We hasfen‘to pqint out'that our predicted valué of 6, —0.62 X 10—26 esu;¢m2,
is in much worse agreemént with the alternate experimental quadrupole moment ,
that obtaihea dssuming the dip6le moment is ~C Si+. Thus our caléﬁlétedb
quadrﬁpolevﬁoménts, although in poor agreement with‘eXpériment, do support
\Shoeﬁaker and‘Flygare's interpretation of their data. .

| ‘The Mulliken atomic pbpﬁlations seén>in Table II suggest that a
functions do not change the qualitative features of the electfoﬁic structure

373

predict (in the admittedly naiive point-charge picture) carbon to be negatively

of CH.SiH_. 'xDespite the sign of the dipole moment, all three calcéulations

charged and silicon to be positively charged, by 0.862 electrons in our final
calculations. This seeming inconsistency can be partially rationalized by the
fact -that the H atoms bonded to carbon are "positivély charged" while the

three hydrégéﬁs bonded to Si withdraw electrons, yielding a negative charge

in the Mulliken picture. However, in the final redkoning, the analysis of ' 'Kf.

the dipole moment using the Mulliken. charges is not meahingful; since it yields.  “*2

a -C Si+ vaiﬁe_of M, which is inconsistent with that obtained as the expectation

value of the dipole moment operator:
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Z 7, & -/qf Z T, | var
k nuclei' i electrons i

It is elso worthwhile to report the populations associated with the .
polarization basis functions. The carbon d orbitals here population 0.059,
while the silicon d orbitals have a larger population, 0.128. For comparsion,
earlier calculations18 of an analogous type on SiHh yielded a Si 4 function
population 0.108 electrons. The p functions centered on each H atom adjacent
to carbon carried a population of 0.019 electrons, while those adjacent to Si
were less important, 0.009 electrons.

'The’poer agreement between calculated and experimental quadrupole

moments led us to carry out an additional calculatlon at the precise experlmental

geometry, which differs by as much as 0. OO7A.1n bond lengths from that assumed

in Table I. No polarlzatlon functions were used since we were looklng for -
qualitati?e improvements. Thus the basis set wes‘that labeled "1" in Tabie II.
The total energy obtained was —330 22801 hartrees, or O. 00033 hartrees lower
than the original calculation. The calculated dipole moment was 0.60 debyes,
compared to the original calculation 0.50, and experiment 0.73. However, the
quadrupole moment was -0.L49 X 10—26 esu-ém2, in slightly poorer agreement‘with‘

experiment than the original calculation. Thus it would appear that the

‘ discrepancy between experimental and theoretical values of the quadrupole moment

of CH3SiH3 is a real one.

Table III contains & summary of the preéent energetic results.. Of.

primary interest here are the orbital energies, which may be associated with

19

ionization potentials via Koopmans' theoren. The interpretation of Table III



Table III. Orbital energies, ﬁbtential energies, kinetic energy, and virial theorem for methyl silane.

/

‘Basis Set

‘Total Energy"

"Potential Energy
; .

One-electron potential energy

. Two-electron potential energy

Nuclear repulsion energy
Kinetic Energy =

-V/T

-Orbital Energies~

-

la
2a
3a
La
Sa
6a
Ta

e R I S S S

le'
2e
3e

1

-~ -330.
-660.
-910.
186.

62

330.

22768
50779
2k2kh
92873

;80592
28009

.9998k

782k
.2166.
.1382
.24L7
95194
.T1135
15302

L2hh7
56740
46500 -

The three different basis sets are described in Table‘II and the text.

2

-330.28190
66018671

-910.48915
187.19652
62.80592
330.20479

2.00023

~68.7664
- -11.2145

-6.1177
© =4, 2243

-.9LThs

-. 70057

-.45537

=k, 2247
-.56639
-. 46864

3

-330.29928
-660.47875

-910. 54465

;87;25998 i

62.80592
©330.17945

2.00036

-68.7646
-11.2165.
-6.11L8
~4.2216
-.94651
-.69835

45361

-4,2217
-.56397
-.beT61

-5

- 629-141
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is aided by the realization that the le, 2e, and 3e orbitals are doubly
degeherate, i.e.; they are each occupied by four electrohs. All three cal-

culations predict the same ordering of orbital energies with the 7al orbital

-being the highést occupied. We hope that our calculatibns will provide a

useful qualitative guide to the photoelectron spectroscopygo of methylsilane.
Some'additional computed properties of CH3SiH3 are seen in Table IV.

Conversion factors between atomic units and conventional units are given in an

17

earlier paper. The calculated second moments, third moments, potentials,

and diamaénetic shieidingsvare quite insensitive to baéis set. We shquld note
that the second and third moments are computed relative to fhe center of mass
and the fepdrted'values can be used2l to obtain the.diamagnetic susceptibility
and octupole momentvtensors. The forces on the nuclei, particularly the fofces

on the hydrogen atoms, are greatly reduced by thevgddifion of polarization

functions to the basis. Since.the force oﬁ‘each atom will be zero for the |
. . ) ! P

" exact wave function at equilibrium geometry; this is one respect in which the

larger basis set yields a superior wave function. The change in calculated

electfic field gradients with addition of polarization functions varies from

~ 5% for q(Hl) to 30% for the carbon field gradients. Experience suggests that

the field gradients computed with our largest basis set are within ~ 20% of the
true Hartree-Fock values. The Hartree-Fock field gradients in turn are

probably with 20% of the ‘exact values.
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Table IV. Properties of methylsilane. H

1
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is bonded to carbon and Hh is bonded

to silicon.

‘ Basis Sat
Property

Second moments of the
electronic charge

distribution (1016 cn®)
{xx )
(yy )
(zz)
Third moments (10-2h_cm3)
of the electronic
charge - Cyyy )
distribution (zzz)
(xxy )
A xxz )

(yyz )

Potential at each ﬁucleus (a.u.)
@(Hl)
(c)
$(si)
fqﬁ(Hh)

Diamagnetic -
shielding (a.u.)
‘ (1/r,
B

(
. l/rc)
_(l/rSi>

" {1/r.. )
. H)

c(lis 2p)

' 51(7s bp)

H(2s)

-1,
-18.
Th
.26
.26

-8.

-20.

o=52.

.52
.52

Th

.0807
7463
.2572
.1033

oL78.

7263
6626

1551

C(Ls 2p 14d) © 5

Si(7s Lp 14d)

H(2s 1p) %

-9.42
-9.h42
-31.54

Co1.72
~18.74

-1.0943
-14.7403
-49.2736

-1.1263

~-8.0614

~20.7202

—52.6789 e

-8.1781°

(continued)
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Table IV {(continued)

Cc(4s 2p) ; C(ks 2p 14)

: v .Basis Set - Si(Ts k4p) ' Si(7s Lp 14d)
Property . H(2s) _ H(2s 1p)
Force at each
nucleus (au.) _ _ .
| Fx(Hl) | : -0.0525 -0.0004
Fo(H)) 0.0303 . 0.0002
F,(H,) - 0.0326. ~ 0.0053
FZ(C) : 3 0.0727 . . 0.0108
F_(s1) 0.0364 0.0350
Fy(Hh) ' 0.0886 o ©0.0019
F_(H,) ~0.0332 o -0.0021
Electfic field » ‘ ; \
. gradient at ‘ : |
each nucleus (a.u.) . . :
a (H) "-0.1615 - ~0.1526
ny(Hl) o o.os66» | _ 0.0506
qZZ(Hl) ' o.1o§9« 0.1020
a,(H) ., 0.1888 S 0.1760
., (H) 0.1382 - ©0.1271
a,, (Hy) - -0.0798 | -0.073k4
q,(C) -0.0588 : - -0.0T70
(c) . ~0.0588 . -0.0770
a,,(C) w0 0.1176 o 0.1540
a. (81) . =0.0569 -0.0647
(si)  -0.0569 ~0.064T-
q,,(51) o 0.1137 ©0.129%
q,, (), _ 0.09k2 _ 10.0737
: | -0.153k4 . -0.1201
a,, (Hy) | 0.153 | |
a,,(H),) | ©0.0591 0.0L6L

qyz(Hh) o 0.0890 - 0.0701

W 1
I
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