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The Correlaﬁiqn‘of,Core Electron Bindipg Ene:giés'with'Cﬁarge
Distributions for\Compqunds of Carbon, Silicon,'and GermaniUm

-

- \

Winfield B. Perry and William L. Jolly-

'__ContributiOn from_the Department-of Chemistff,‘University of California,
and the Inorganic Materials Research Divisioya Lawrence Berkeley Labora-

tory, Berkeley, California . 94720
o R

ABSTRACT
éofe elecfron binding energies fqr énalogousfcﬁmﬁounds‘of carbon;
silicon, and»germanium\have been measured by X-réy ph5telecﬁron épectro—
scopy in the gas phase. The chemical shifts havelbeen corrélated by the
electrostatié poteﬁtial equation using charge dist;ibutions froﬁ extended
Hiickel theory, CNDO/2, and an electronégativityi§Qualization methbd;_ The
data can be retionalized wifhoﬁtrahy cOnsiﬁérétioh?éfrpn »‘dn.bohding in

the silicon and germanium compounds. o ;



. _-.l =
The chemical shift associated with atomic core'électron binding

energie51 isah electrastatic effect associated with the céulombic poten-—

tial at the nucleus of the core-ionized atom or, more exactly, at the hole

2,3

site itself. These Shifts'aré’uSuallyviﬁtérﬁreted; using Koopmans'
 theorem,_in terms of grdund-state_eléctronic distiibutioﬁé.4_7 We have
measured the core binding. energies for aﬁalogoﬁé c%rbon, siiicon and ger-
‘manium coupounds andvhaye pbirelated tﬁé ';hemiCéliéhifts Witﬁ changesbin
the caléﬁiatgd charge distributions of the.compouhdé. A p;incipal aim of
the work was to determine whethér the‘Qaleﬁce~shell d'orbifals of siiicon

and germanium are important in determining the charge distributions in

compounds of these elements.

%ﬁkﬁK&R&é' The garbon cqméounds were obtained from commercial sources
and were used gs received. ihé CH4; C2H6’ (CHB)ZQ, CF4, CHacl, andeHgBr
were obtained from the Matheson Co.; research grade C(CHj)4 was obtained
from the Phillips Petroleum Co.; analytical feagént?gradé CCl4 was obtained
from Mallinckrodt Chemicél'Works, and CBr4 Waé'dﬁfgiﬁéd from the Eastman
Kodak Company. A

Silané‘was prepared by the‘fééCtion of SiCiAgwiﬁhjLiAlH4;8 the infra-
.nedvspectrum agreed with the lit'erature.'8 Methyl silane was prepared by
treating SiCl CH: With L_i‘AlH4 uéing a pracedure S§hilér to thaﬁ used for

3703 WA

SiH,. The vapor pressuré9 (190 torr at -83.6°) andvinfrared'Speétruml

4
agreed with the literature. A sémple of Matheson, Cbléman,.and Bell prac~
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| tical-grade Si(CH was used and was found to:be.pure by infrared spec-

34

trometry.l; Disiloxane was prepared by the hydrolysis of SiH,Cl and was

3
"purified”by'vacuum‘distillation._ Its vapor presSure (15 torr at -83.6°)
and infrared spectrunlz agreedeith the literature.. Silicon tetrafluoride

13

was prepared by pyrolysis of BaSiF6, the infraredZSpectrum agreed with

the-literature.14 Silyl chloride was prepared by the reaction of SiH4 and
:AgCl;ls its pressure (39.torr at.—83:6°) and 1nfrared spectruxnl-6 agreed
,'with the literature yalues. Silicon tetrachlorideft99.87 from'Matheson,
Coleman and Bell) was vacuum distilled and checked for purity by infrared
spectrometry.17- Silyl bromlde was prepared by treating SiH Cl w1th excess
HBr; its vapor pressure _(82 torr at -45 2°) and 1nfrared spectrum19
agreed w1th the literature. Silicon tetrabromlde:was'prepared by'the reac-—
tion of Si with Br220 and was vacuum distilled; the b0111ng p01nt (150 )
agreed with the 1iterature.20

Germane was prepared by a standard procedure,21 its vapor pressure
(180 torr at —111 6°) and infrared spectrum agreed with the literature.?‘,1
Methylgermane was prepared by treating GeH3C1 w1th LiCH3 and was purified
by vacuum'distillation; the infrared spectrum agreed with‘the literature;2

Tetramethyl germane was kindly provided by Dr. C Riddle, its infrared spec—-

.trum agreed w1th the literature.23 Germanium tetrafluoride was prepared by

. the pyrolysis of BaGeF6;24_the infrared spectrumfagreed_with the literature;25

Germyl chloride was prepared from GeH and AgCl; 15 the vapor pressure9

4
(68 torr at f22.8 ) and_infrared spectrum26 agreed with the literature Ger-

manium tetrachloride was prepared by the reaction'o,ffGeO2 with HCl;27 its
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vapor pressure (23 torr at Oa) agreed with the 1iterature;9‘ Germyl bromide
wés‘prépafed by treating GeH3Cl wifﬁ exéeSS'HBr;fthe'vapér pressure9 (28
torr at —22.8°)-and infrared spectrum26 agreed with the literatufe. Ger-
ménigm tétrabromide wasvprepafed by treating Ge QiFhiszzo and was purified
by vacuum distillation. Thevmelting point (25°) éé?eed wi@h the iiterature.zo
Hydrbgénkchloride and_H§r4§er¢ obtained in lecture bottles from the

Matheson Co. Chlorine and bromihe_Were obtained from the J. T. Baker Chem-

ical Co. : :
o /
8&5&¥m€E%E%%%%%%L%%v%B%EEE%" Spéctfa Were‘obtained.usidg the Berkeley
viron—free,_d0ub1e¥focuSing mégnétic speccrometer;2§ ‘Magnesium Ka X~-rays
(1253.6 eV) wére used for all speétra except_thﬁseréf germanium compounds,
-fér wﬁich’aiuminum K& X?ra§s (1486;6 eV) were uSed.{ The speétra were meas-
ured.with sample pressures éfv30—40u in the spec#fometer'irr:diation chamber.
Argon, at 20-30U .was Simultaneously leaked int§:the irradiation chamber forv
a referen;é, ihg argon 2p3/2 core'binding‘epergy (248.45 eVv) was‘used as a
standard for all our measurements. Binding enérgiés_weré determined by a
least-squares fitting of both sample and referené¢ e#§eri@ental data to
-vLorentziaﬁ iineshapes, The_;eproducibility of thé_déta was determined for -
severQIICOmpounds to be about i“.CS eV. The energiés correspond to absolute
free—molecule ionization pofentials inasmuch as théy were measqred af low
pressure'in the gaé phase égd wefe éalibrated agéiﬁst é standard.qf known
- enérgy. - |
| Mos; of the carbon ls shifts have been pieviously rgported by,other

workers. However, to obtain a series strictly comparable with respect to
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reference énd precision, we remeasured these binding energies.

-Aﬁfﬂﬂﬂh&h@%%%ﬁ' Charge distributions for}usé_in the p§ten£ial model
were calculated using three different methods: ékﬁéhded Huckel theory29

0

(EHT),'CNDO/2,3 and an electronegativity equalization methodl(CHELEQ)

devised by :hé authors.a;v

-~ The simple exteﬁded Hngel theory of Hoffmann was used,zg- The diagonal

:elements7ﬁf‘fhe.Hamilténian métrii were one§¢;eétrbn;orbitai'energies from_a
atomic,.éé_initio calculatibné_bY'C1emen£i,32 ratﬁéf tﬁan empirical valence-
state ioniéafion.pqteﬁtials;j The off;giégoﬁal eléméhts used the relation
.Hij“=_0-87'5(Hi-i+.Hjj')Sij‘ R )
‘The overlap iﬁtegrals‘werécalculated from Slater type orbitals, usipg'e3po—'
: .nenfs and_pripciplé quantﬁﬁ:ﬁumbefs fitted fo near:HartréeFquk atomic wave-
.functionslby Cusaché égd Cor:ingtoh.33‘ The basis:3§t.inéludes d ofbitaié
on.siliéon-and'gefmanium étoms aé parameterizgd By C?rrihgton.34. Atomié'
charges.énd:Orbital_populations wefe obtained-ﬁﬁfﬁulliken analysié.

Our program for the CNDO/ZVmolecular'érbitai-ﬁefhod was véry similar-
to that found in Pople and-Bevéridge's book.30 '
parémefers for the first-row elémenté and for hydrogen. We have followed |
Segal and.saﬁtry;s359method for'paramgtefization.of.ﬁhe second row_élements,
~ but havé‘utiiizéd"ﬂinze and Jaffé's36»37 qrbital"ioﬂizatioﬁ éhergi;é and

,electtonvaffinities and Cusachs and Corrington's33 valence s orbital wave-

-functions. As discussed previously, these wavefunctions came from near

| We have not altered Pople's




" ments.

s

Hartee-Fock results and are less arbitrary for’second‘énd third-row elements
than are exponents obtained using Slater's rules,38’ The CNDO program was . .
expanded to third-row non-transition elements by this same method. Because

CNDQ'useé the same :adiél fqncﬁiqn for,gll basig fUnctionsrop a giyen atom,
d orbitals are ﬁoorly descfibéd,'énd one 6btains fgsultszﬁhich-are quite
different from those of ab initio calculations;’3.9  éonsequent1y, for all
elements above hydrogen‘we uséd only an s,p baéi;wséf, ;Orbitai populétions
in'CNDO ére dirgctlyvobtained from the diégénalzéleéehts of ;he density“_

| matri#.k . o |
The CHELEQ method‘for éstimating étOmic:chérges.is Baéed'on the equal-
'.ization.of orbital eléctronegativities.3l This'émpirical_method is based

" on the Icékowski a€d_Maréra§e definition of eleéfrbnégaﬁivity4o and, as fér
as possible, uses Hinée and Jaffé's orbital éiectroﬁégativities.16’17

There is no provision for d orbitals in this ﬁéthgd, The method has suc-

cessfully correlated binding energies'for a.largé number of first row ele— -

%%éw@%%%%é%%%u%%%%&' Using Koépméné' theo?gm;”éﬁe may easily derive
the poféntial‘model from the Roothan equations..ifhe“binding'enefgy of a -~
1s electron,'for“example, is given.byvthe expréséiéﬁ ‘_.

Eis :'<%lslH M Glxl;> l>  1’ | o @)
Vhere, for simplicity, we have assumed that the core moiecular orbital is
/almost entirely‘locatéd.on the ls orbital, gl;, ofvatom A,'affirst;}ow'

element.. If we neglect the ékchange integrals of atoms not3directly bonded

to atom A, Equatidn 2 may be expanded and arranged as follows.

, .



A~

2: 2:? [(1sls|ij) - ”'%(lsjllsi)]‘+'

1€A#ls J - T :

[22P13(1s15|13)+22 ]+ S ('3) i

i€A J D ‘ ‘ _
R 1 : : ;3

[u1515\+ »2_(lsls|lsls)]

. . -""_"_ . " T . ' . 7.. ‘ -

The empirical point charge potentlal equatjon is written

= kQ+V + & ' ‘ @)

&ov.\ole' SRR

‘The term kQ corresponds to the firstﬁeummation of. Equation 3; hence |3 has

.

v.the value
k'z_Zz:N,L(Fbv(ls,_zz) - Eck(;s,zz)] e

where 32 is the fractional occupancy of the Lth valence subsﬁell (s,p,d,...)

and Eb and G, are two-electron Slater integrals from atomic Hartree—Fock

k
-calculatiOns. 'The v in Equation 4 and the terms in the.second bracket of -
Equation 3 represent an electrostatic potentlal at’ A ~'In the point charge

approximatlon this is s1mp1y

where QB is the net charge on each_atom B. The last terms in.Equatidns 3
and 4 are constants for a given element.
‘Schwartz has further identified Equation 3 withtthe "external poten-

._tial,"-¢gxt, plus a constant.? This may be writtennas'

_' . L -1y, . -1
‘ _sls - d)ext +4 s ';Pij (ler _]J) + L'.ZARAB + 2 (7_) _
_ i,J © o bRAS L _
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Equation 7 is applicable to semiempirical caléulations by restricting the

first summation to valence electrons and by stbstituting Zcore for Z.

41

This modified pofential is called ¢ the valenéefpotential. For

val’
use with CNDO semiempirical calculations (to retain invariance and to sim- :
plify-ca1¢ulétions), the diagonal two-centered ma;tixlelements are approxi-

mated as R ' and Equation 7 becomes

-1 -1
E, = -2 P.&. D0+ Y QR + & (8)
B jepa 1T 1 B%,BAB )
This very simple form42 may be used with extended—Hﬁckel theory by using
Mﬁlliken'gross orbital pdpulations in place of the CNDO density matrix

terms Pii’ 'Equation 8 has the form of the point charge potential model,

where k may.bé written for a Slater type orbital.aS'
k= XN B 9)
| ot ' ‘ -

where ﬁz is the valence orbital exponent and n is the valence qrbital quantum
number.

Another method of estimating the free—atom‘yalue"of k uses the prin-.
ciple of equivalent coré$.43 The chemical shiff Bétwaen the gaseous atom

A and the gaseous ion A+.is the energy of the follbwing reaction, .

*+ 2+

AT AT oA+ AE = AE (10)

B
where the asterisks refer to core holes. If we let”Bistand for the ele-
ment following A in the Periodic Table, we may write another equation hav-

ing practiﬁally the same energy as that of Equation'lO:



st +_A+ = A +VBZ+‘ TAE § bE, : (11
For a free atom,

k = dE#/dq > AEB/AA ‘ _ :  | | | .(12)
From Equatiéﬁ 11 aﬁd 12 qne.obtainsv

k, = 12(3)} I,(A) | | R - @3)

where IZ(B) is the second ionization potential of atom B and Il(A) is the
first ionization potential of atom A.

Relaxation effects during photoionization_may be accounted for by use

of the prianciple of equivalent cores and an approximationAdue to Hedin and

44

Johansson.5 The corrected binding energy is written,
#Fel o e @ +o @+ D+ 2 s
' val val S B

where @val(zo) is the potential of the ground-staté neutral molecule and
@val[(Z + l)+] is the potential of the isoelectronic cation in which the
ionized core has been replaced by the core bf the.neit higher element in

' the Periodic Table.

Resuiir
Core binding energies for the compcunds studied are given in Tables
I and II. The carbon, silicon, and germanium_chemical shifts are listed

in Table III. Cholorine and bromine chemical shifts are listed in Table



Table I

Core Binding~Energies for Carbon, Si;icon,ﬁand’Germanium

: Cbﬁpound - ' E 'Binding'Enefgyv(éV) o
o M=C | M=si M = Ge
o (1s) (2p) o (3p3/2)
- MH), ; | 290.73 107.14 - 129.19
MH CH,  - , o 290.57 N ,1‘106;68 - - 128.78
M(cHy), . 290.31  105.82 - 127.90
(M33)20-' - L 292f13 DR 107.67 | “5. : —
MF), co | 301.68 . 111.65 133.61
MH.CL : 292.3i e | '.167.97_1_ f  . 130.09

MC1, '296.22 110.25 131.98
e 291.95. 107.9% 129.90

MBr, | 294. 64 109.59 + '_ 131.21



-10~

Table II1

Core Binding Energies_for Carbon;’Oxygen, Fluorine, Chlorine, and
Bromine '

Compound o Binding Energy (eV)
X = CHy X=0  X=F X=c1 X = Br
o (1s) . .(1s) (as) . (2pg,,) (3d) -
SCHX - 290.5T7 == --  206.07 76.25
(CH,) X T 538.86 - Rl -
X, - 290.31 - 695.60  206.8k4 T6.7T4
SiH3X - 290.31 - - | 206.05 - 76.30
| (YSiH3)2X” . — 538.46 - i .... | -
SiX,, | 289.61 _— 694 .87 206.77 T6.6k
GeH X 290.19 - - 205.50  75.82
GeX), 289.59 - , 694.38 206,42 76.41
X, | - R - 207. 6k 77.23

B’ - S 207.22  77.19
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Table I1I

Carbon, Silicon, and Germanium Chemical Shifts (eV)

Compound ' AEB(C)‘ \AEB(Si) - _ AEB(Ge)
_M(CH3)h ~0.42 B T -E S R
MH,CHS -0.16 -0.46 - -0.k1
MH, . 0.0 0.0 0w
(MH3)2-'()". - 1.ko _. 6_53- B ) -
MH_Br 1.22 . .0.80. - 0.T1
MH_C1 | 158 0.83 o 1 0.90
MBr) | E 3.91 | 2.5 - 2.02
oMey, . 5.49 . 3.11 2.79-

MR, 10095 S hst b2
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1V,
Calculated binding energiee were obtained in:severallways."The val-
.enceepotential model was used with CNDO/Z'and¢EHT data. The calculated

binding energies-were‘expressed as -
| E calc _ cd + .2, N . (13)
B val 3 S -

where c and 2 are parameters'determined by a least*equares fitting of

: experimental binding energles to the calculated valence potentials. Although

.c should be unity, we have allowed it to be an adJustable scaling parameter
to compensate somewhat for the aoproximate nature_of our calculations and
for inadequaciea of parameterization.4 Both ground—state and telaxed—state
correlations‘were made for C 1s, Si.2p; and Ge So Binding'enefgies,' Only
_ground—state»correlations ﬁere made‘for the Cl'épvand’Br 3d energies;
because proper patameterization'for argon and ktypton is lacking. Figufes
1, 2, and 3 are plots of CNDO/ZVground'state‘correlationsbfor carbon; sili-
.con, and germanium binding energies, respectively
Blnding energies were also calculated from Equation 4 and.CHELEQ
“atomiC'charges, u51ng values of k and £ obtained byvleast~squaresvf1tting
of Q ana V to the experimental data. .Oﬁly groued—state charges'were used
with this.method. Figuresz4,'5, and 6 show plots of (EB - V) vs. Q for
the carbon, silicon, and germanium data, respectively. | |
Tﬁe potentials, pafameters, and standard deviations ftom the EHT car-
| bon,‘silicon, and'germanium binding energy correlatioos are given in Table

V. The corresponding data froﬁ the CNDO/2 calculations are given in Table

&



»

Chlorine and Bromine Chemical Shifts (eV)

Compound.
X5

XH

th

th81

the

XCH

XsiH

XGeH
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"Table IV

AEB(CJ.)
0.0
~0.42
-0.80
-0.87
-1.22
41-57
-1.59

-2.1%4

AEB(Br_)
0.0
-0.04
-0.49
~0.59
~0.82
-0.98
-0.93

-1.h1



14-

Table V

EHT Valence Potentials‘for'Carbon, Silicon, and Germanium (eV)

rel -  rel rel

(cy ¢ .(c) Q;él(Si).oval(Si). '¢vai(Ge) ? . (Ge)

Compound QYa vall

1
VMHL S —95.9 ~ -112.90 ’—h8.02A_ ~53.63 4656 -50.63
) MHCH, '—,9h.39, -112.96 —h6-86‘ -52.79 :-_h's.36- -k9.72
M(CHy)), _92.41  -113.62 -L2.89 -49.85 ~ -41.31 = -L6.L8
()0 -88.27  -~10k.95 -kB.L1 R

 MFh"' -57.83 -68.22  -39.58 -41.80 ”J. f37.o7 -38.86

MH3Cl". -88.84 -107}36, }-45.66 -51.26 -kl.27  -48.39

ey, - -T2.81  -92.63 -38.22 -43.86 o o31.02 -
M Br : 491.16 -116.77 -46.12  -32.12 :];.}uh.76 -kg.a19
MEBr) -80.09  -103.47 -39.10 -45.67 _7 ~37.92  -13.20
¢ 0.205  0.247 . 0.333  0.356  0.34T  0.363
% "318.31  318.83 122.93 125.90 - - 1LL.8l 1k7.01

sta. Dev. 0.46  0.64  1.28 0.95 ~ 1.24 0.9
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VI.. The calculated binding energies, charges, parameters, and standard
deviations from the correlations using the CHELEQ charges are listed in

Table VlI.

Phecussion
All three methods for calculating ground—state charge distributions

give good correlations with carbon binding energies, as expected from pre-

7,31, 41 42

vious work. The chemical. shifts between corresponding.pairs‘of

silicon and germanium'compounds are almost-identical, This result is not '

surprising in view of the similar chemistries and structures of silicon and

germanlum compounds, ' The silicon and germanium shifts are qualitatively

’

_similar to the carbon shifts, although the former are smaller than the

latter.
EHEN&R&&&*&X&R&&' The EHT parameterizations for silicon and germanium’

are‘nearly identical " The EHT correlation of EB w1th @ al is not as satis-

factory for the silicon and germanium coupounds as it is for the carbon com-
pounds. The poorer correlation is partly causedfby‘exceSSive calculated '
polarization,>which is partiall& corrected by the scaling parameter,c of
Equation 15. 'ln all/tnree correlations, this parameter took -a value near

. 1 . - .
0.3 and served to 'depolarize' the charges. For carbon this worked quite

well, but for silicon and germanium, polarization was more extreme - especi-

ally for the tetrahalides - and the simple linear correction given by c.

was inadequate. - Also, electronic relaxation during photoemission may affect

the chemical shifts of second and third-row elements more than those of car-

I
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Table VI

CNDO/2 Valence Pdtentials for Cgrbpn,.Silicon; and Germénium (eV)

rel

‘rel o rel | S .
(Ge) ¢ (Ge).

Compound  ¢_.(C) ¢ _.(C) "o _.(Si) o . (si) @

val val val

wy,  -88.86  -10k.76 ' -5T.hh 6484 . -58.31  -63.L1
MHCH, ~ -88.49  -105.07 =-57.30 -65.14 - -58.20  -63.73
M(CH,), . -87.56  -105.75 ~-56.88  -65.78  -5T.92  -64.52

(MH3)2O -87.25. -10k.0k  -56.54 ;  ;6h.89_; - R
MF) -79.37 -94.90  -50.90 f57}38"_'-51;66 -56.43
MHC1 '_' ;86775' -10%.03 356.08',_ -63.84 - ;56.95f *-62.&6 -
MC1) . -‘-82;83 | - _v-52.8h -61.30  -53.82  "~60.06
ME_Br  -87.22 ;105;94 -56.42 -§h.ﬁ3-" ;57.32 ;63.oé-
MBr, - =8L4.64 _"--__ ~ -5h.03 -63.01  -55.19 +-62.0k

c | 1.171 | 1.048  0.778 0.665' 0.7h2 ' 0.68k
'3 R .393.99 hor.a1- 151.41 150;473 172.00 172.71

© Std. Dev.  0.63 0.9 0.5 062 0.51 0.53
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Table VII ' o

CHELEQ Correlation Data For Carbon, Silicon, and Germanium

Coﬁpogndv Qéf:_  VC(ev) o a VSi(ev) o, .vGe(év)'
oMy ~ -0.060 . 0.79 -0.029 ' _o;ég;'_  -0.091 0.86
MHBCH3 -0.047 0.52  -0.013 _0.08 | 49.076 ., 0.6k
MicHy), ~0.011  -0.33 '0.035 .-0.36  -0.030 ~.=0.04
()0 b;oyg -b;761 'p.o99v_ 13 - o -
-A MF, 0.498 _5.42 0.633  -5.92  0.602  -5.19
MECL 0.020 ‘46.15' L0011 ~0.k0  0.012 0.15
Mdlh © 0256 -2.08  0.368 -2.63 0;3;6  -2.17
MHBr 0.007 ~ 0.28 - 0.057 - -0.26 g 40,003. | 0.28
MBr, f”.o.zozv 150 - 0.309 -2.03 io.zso_ -1.57
K - 30.00 16.50 . C1se
. o121 . 106.88  129.32
sta. ng;m_f ke ,\0.56 \ i 0.
\ S
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bon, leading to poorer results with ground;state charges.
ggggégvggggglggiggs Excessive polarization is not obtained with-a
| 1self—consistent field theory like CNDO/2. Thus.the fitting-parameter
¢ for the CNDO/Z carbon compound correlation is close to unity However;
for the: silicon and germanium coumpounds, the plots (Figures 2 and 3)
exhibit more scatter than‘tbat for the carhon compounds (Figure 1), and
the parameter c is approximately 0.1;5 These.resultsumay beldue to errors:
in parameterization for:silicon and germanium, The orbital ionization
potentials and, especially;;electron_affinities‘are uncertain for these
elements. 'Howeuer;.the CNDO/2 correlations are.much better than those

k given by EHT, indicating that the CNDO/2 charge distributions are: reasonable.

vgggkggveeaggbagiegs. The CHELEQ correlations for the 51licon and ger- -

!

manium compounds, shown in Figures 5 and 6 are similar to those obtained
with CNDO, perhaps because both methods are parameterized with essentially 2
the same Hinze and Jaffe data The CBELEQ correlations.are based on the
.point charge potential model, Equation 4, and it is of interest to compare -
the least-squares determined values’of k with-various-theoretical estimates7
,'v'for‘this parameter.‘ Table VIIl.lists.the empiricalvk Values and theoreticali
h valueslobtained.from Equations 5,-9, and 13. The ratios k /kc, kG /k and .
-kGe/ksi are also tabulated. Grouhd-state ionization potentials,45 corres-—
ponding to s2p2 structures, were used with the equivalent cores method of
1estimating:k (Equation 13). télater integrals calculated’hy Mannz‘.6 for

g Hartree:Fock‘calculations'were’used to obtain k values from equation 5, and

single STO atomic wavefunctions tabulated by Cusach533 were used to obtain



~19~

- Table VIII

- Theoretical and Empirical Values of the Pofential Model Parameter
'k (ev/e) : ' - ' '

CHELEQ Equétion Equation ¢e~———=Equation 9 ————

empirical 13 , 5 cation neutral anion

K, 30.07°  18.3h 19.5h  23.83  21.80  20.47
koy 16.59 11.58  11.78  13.84 12,84 12.17
'kGe C1s2  10.73 11.37  13.09 - 1231 1171

o5 X 58 0.59 o

ko /Ky 0.55 . 0.63 0.60 . 0.58 59 59
.58 0.55 0.56  0.57
kGe/kC oo 0.59 0 - 0.55 -5 0 5T
k /ksi 0.93 0.93 0.97 0.95 ~ 0.96 ,0'96

Ge
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k values fron Qquation 9. Because cation-and anion STO wavefunctions were
also available, we included values of k for these species to illustrate the
charge dependency of k. The estimated k values calculated fron Slater
_ integrals and those calculatedfrom nuclear attraction integrals corres-
pond to sp3 atoms. All of the- ground-state estimates of k are in approxi—
nate,agreement. The empirical CHELEQ values are about SOA higher than the‘
theoretical estimates, but the ratlos of‘empirical values are‘close to the
theoretical'ratiOS' The discrepancies in absolute value are probably due
to the arbitrary nature of assigning absolute charges to atoms in molecules
by CHELEQ or any method.31

gekgxggignnggggﬁksfv.Electronic relaxation is complete in the time
recuired.fOrithe photoelectric proce95.1’4’5;7 Relaxation during photo-
enission’occurs because the-remaining electrons.arevattracted to the hole
left by the_photoelectron, with'the result that the photoelectron acquires
a higher kinetic‘energy than expected from a frozenéorbital koopmans' the~
orem description of photoemission. The success of.ground—state”wavefunc-
tions and charge distributions inﬂcorrelated’ESCA chemical shifts is due
‘not_to'this,relaxation energy being.small, but rather to its having about -
.the same-magnitude for a variety of compounds. Houeuer; nhen relaxation
is neglected for certain molecules.(CO is anvexample44); predicted shifts
are much different than experlment. Using EQuation‘l4‘ we corrected the
EHT and CNDO/2 calculations for relaxation and found that certain recurrent

anomalies in the uncorrected correlations were thereby eliminated. For

example, in all three series the experimental binding energies increase in
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373 4

the order M(CH3)4 < MH,CH, < MH,. The effect is quite pronounced for
M= Si, Ge. Héweyer, all the ground-state methods qungiy\predict

MH4 <-MH3CH3 <-M(CH3)4. /Fof M = C, bothEHT and CNDO relaxatiop—corrected
calculations giye the proper order. The corrected poténtials_for the car-
bonvséries duplicate>the observed shiffs'better than the ground state poten-
itials,47 For M = 8i, Ge, the EHT reiaxation—éorreéted caicul%tiéns only
partially correct the error. The CNDO/2 relaxaﬁion—éo;ré;ted po;éntials,
‘however, give the experimental order for Both silicon and germanium.i The
relaxétion cdrrection'did not much afféétvthé s;andard de#iatidn of tﬁe |
CNDO data; better parémeterizétion of silicon.and germanium ﬁight iﬁprbve
'thé cofreiatibhs} The overall results strongly suggesf that.the épu?ious
order for MH4,YMH3CH3, and M(CH3)4 predicted by the éround-state calcpla—

~tions 1is due.to‘neglect of relaxations. . . | -
QaREE%E%%u%QQQ%&%‘ There is consiﬂerable speculation as to the impor-
tance'of‘the.valeﬁce—sheli d orbitals in the chemistry of siliéon-ahd ger-
manium; One aiﬁ of our study was to determine, if poéSibie,-the importancé
of d orbital participationkby é comparison bf'the giliéon and germanium
shifts with the corréspsnding carbon shifts. The parﬁicipatiop éfithe
valence-shell d'orbitéls of éilicon‘or germanium in pm > dm bonding_cbrres—
ponds to a tranéfer of negétivé charge from tﬁg ligand atoms to the>central

-

atom:

ry + . S
R,SI=X B s

If such 7 bonding is significant, the core binding energy of the silicon or

germanium atom would be expected to be lower than in the absence of
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: such bonding.'.Silicon and germaniumvd.orbitalsfwere»included in the EHT
h]basis_set, but the EHT method.is too crude to yieldia neaningful ‘solution
to the problem Nelther the CHELEQ method nor our version of CNDO/Z had
any prov151on for d orbltals However, certain systematic deviations in
the CHELEQ and. - CNDO/Z plots (Figures 2, 3, 5 and 6) may be interpreted

.as_an indicatlon that d orbitals are important 1n the bondlng.

Let us f1rst consider ‘the CHELEQ plots Figures 5 and 6. The.solid
.lines in these figures were determined by least squares fitting of the
data. If d orbitals_are not important in the bondlng of these compounds;'
the slopes of these lines; i.e., the ksi’and kGéhyalues, Should be equal

to the slope of the correspOnding plot for carbon'compounds, k., times the

C.s
theoreticalﬁratios kéi/kcband kGe/kC,'respectivelyt'nWe have calculated
these theoretical.values of kSi:and Koo using thelaverage:ksi/ké and_.l

ko ke values,from Table VII. The dashed lines in Figures 5 and 6 have -
slopes equal to these calculatedvh values. These.lines were drawn through,
the points for the hydrides, SJ.H4 and GeHA, because pw -+ dn bonding in
these compounds is assumed to be negliblble Negatlve deviations of

dﬂ% - V) from the dashed lines may be attributedcto'negative_charge on‘
silicon,or gernanium due to pm -+ dT bonding which was neglected in,the
charge calculations.. The CNDO/2 plots for_silicondand germanium;'Fiéures

2 and 3, have been similarly treated. ln these plots,'the dashed lines
passing through'the;hydrides have unit slope, the:theoretically correct
value of;the fitting constantic. Again all the.renainingvpoints lie'below

these lines.

Although the above interpretation of the data suggests appreciable
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d orbital'anding, other cohsiderations suggest_the.opposite conclusion.
The solid slfaight line correlations which negleét d orbitals are fairly
géod.  Smé11 error;’in the parameterizétion'of silicon and germanium in
both the CﬁDO/Z éﬁd CHELEQ methods may -cause ﬁhevldw empirical values of

k and 6}  Perhéps relaxation effects can accoﬁnt fdr at least part of the '
deviations from the dashed ;1nes, especially in the:case$.of M(CHB)A’

MBra, and MC1 All in all, the data offer little support for the parti- A

4

cipation_of d orbitals in the bonding of:siliconvand germahihm compounds.
S3%85%3%v%%%vgﬁﬁ%%%%vEQ%%%%%%v§5$€5%' Core binding energies for the

halogen étoms in‘the compoundé ﬁhich we have discussed, and alsé in mole~

cular chlorine, bromine, hydrogeﬁ cﬁldride, and hydiogen bromidé Qere meas—

ﬁred and correlated with calculatédvcharge diStributions:using tﬁe'potén—

tial modeiflThe EHT, CNDO/2, and CHELEQ correlation‘data for the:chioriue

binding eﬁergies are listed in Table IX. The bromine data, listed in

Table X, closely.parallel the‘chiprine data. All of these correlations

have considerable scatter, and ihe low’standard deviations are a consequence

Qf the small range of:binding energies iﬁvolved._:Somé of the é#periﬁental

shifts listed iﬁ fable 3‘deserve comment. The chemiéal shift EB(HX) - EB(XZ)'

is smaller for X = Cl, Br than was oBserved by other'workers for X.= F.48

The'halogeﬁbiﬂdiﬁgenergies for corresp@nding silicoﬁ and cafbon compounds

are quite close, whefeas those for_the corresponding germanium cbmpognds

are shifted to lower enlergy. One might have expegted thevhaiogehs 6n cofres—

ponding silicon and germanium compounds to have'nearly the same energies.

More satisfactory correlation methods, probably including relaxation effects,



~ EHT, CNDO/2, and CHELEQ Correlation Data

Compound

c1
C1H -
C1CH
e
C1SiH
Cthl
CiGeH

3
C1),Ge

c
k
2 -

Std. Dev.

EHT .
. val:

®

-132.
f135.
~13h.

=133.

-136.
-13k.

‘_-137.

-135.

20

Loz

.83

.39
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Table IX

CNDO/?2
val

o -1k2.19

~143.69
14433
-1k2.k5
-1k4L .36
-1k2.94

_1kk.29

-142.83
0.591

291.26

0.k45

for Chlorine

vCHELEQ '

.00
.02
.52
13
.70
b2

.18

(CHELEQ
._-0.00015 0
~0.090 1
-0.081 0
-0.06L 1
-0.109‘ 0
 -0.0921_ 1
~0.096
~0.079 1
Cm
. 207.44
- 0.ko



EHT, CNDO/ , and CHELEQ Correlation

Compound

s

BrH
BrCH
BrSiH
BrhS1,
BrGqu
3

B BrhGe

Std. Dev.

EHT - °

QVal'

-116.48
~117.47

| -116.93

, -116.11

-117.98

~117.32 .

-118. 44

-117.81

0.438

127.95

0.35

=25~

Table X

@CNDO/Q

" “val

-127.59
-128.50 .
~129.03

-127.73 -

-128.92

-127.99

- -128.78
-127.89

Data

for Bromine

(CHELEQ
»o.Qod
-0.076
~0.066

© -0.050

0.508

1k1.75
- 0.38

~0.093
-0.07T
-0.078

-0.063

116.54

O TT7.01

. 0.36"

| CHELEQ

0-39
0.81
©~ 0.54

l.12 - -
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‘seem to be :ﬁe_c’éssary to understand th.eSe haldgen‘ chemical shifts.

_ WQ)@W This research was supported by "the"‘U. S. Atomic

-~

Energy ‘COmxvnis_sionv.
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Figpré Captions

carbon 1s binding ‘energy vs Qval from CNDO/2 method.

silicon 2p binding energy X§-¢val from CNDO/2 method.

v o i inding gy VS, C e ' d.
rermanium 3p3/2 binding energy Xi-®val from CNDO/2 metho
E, -V XE:Q for relative carbon 1s binding energies.

calculated by CHELEQ method.

'EB - V vs Q for relative silicon 2p binding “energies.

calculated by CHELEQ method.

- V vs Q for relative germanium 3p3/2 binding energies.

"p
caleculated by CHELEQ method.
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