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DISCLAIMER
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Government. While this document is believed to contain correct information, neither the
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assumes any legal responsibility for the accuracy, completeness, or usefulness of any
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United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
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Contribution from the Department of Chemistry, University
of California, and the Inorganic Materials Research Division,

- Lawrence Berkeley Laboratory, Berkeley, California 94720

d Orbitals and Hyperconjugation. An X-Ray Photoelectron Spectroscopic

Study of Some Isoelectronic Compounds

Steven C. Avanzino, William L. Jolly,* Marc S. Lazarus,

l
Winfield B. Perry, Richard R. Rietz, and Theodore F. Schaaf"

ABSTRACT

“The core electron binding energics of gascous isoelectronic transition
metal compounds show trends which differ from those.of analogous iso-
electronic nonmetal compounds. The data are consistent with the
proposition that d orbitals are important in the boﬁding of transition
metals but unimportant in the bonding of nonmetals. - The data also
suggest that hyperconjugation is important in nonmetal compounds when

the process involves a shift of negative charge density to electronegative

atoms. ‘ . | _



L
We have measured corc clectron binding cnergies;for'dxe'atomé in
several sets of isoelectronic, isostructural compounds in the gas phasec:
and have interprcted the data iﬁ terms of the nature of the chemical
bonding in these Compounds!v |
Consider the oxygen ls and chlorine 2p3/2.binding energies in.Table I.
Coing from TiCl, to Nn03C1 by the stepwise replaceﬁent of chlorine atomé
by oxygen afoms and ‘the simultaneous stepwise incfease in the atomic number
of the transition metal produces predictable changes in the atomic charges.
From simple eiectronegatiyity eonsiderafiens, one predicts that the.process
should be accompanied by an increase in the positive charge on the'transition
metal and a decrease in the negative charges on the'oxygen and chlorine
atoms. The data for TiCl4, VOClz, Cr0,Clp, and MnOzCl are consistent with_
the prediction. However, because a core binding energy is influenced by
both the charge on the atom which loses the core electronband by the
cherges on the other atome of the molecule, 1 one cannot be sure whether
~an increase in the oxygen or chlorlne blndlng energy is due pr1n51pa11y
to the increase in the charge of the transition metal or to the decrease
'in the negative charge of the ligand atom itself.
 The oxygen and chlorine binding energies for the shert series from
SiCly to SOZCiz, in Table I, and the oxygen and fluorine binding energies
| for the series from SiFy to C103F in Table II, show trends which differ
from those of the correSpondlng data of the transition metal compounds.
One difference is that the oxygen binding energy shifts are slgnlflcantly
greater in the compounds of the nonmetals. We believe that these greater
shifts are due to the fact that the charge on the central atom increases

wich more in the nonmetal scries than in the transition metal series. This
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Table I. Oxygen 1s and Chlorine.2p3/) Bindi_ng.]“:nergieé

Compound - ' » Eg, eV - Ep, €V

| | ' 0 1s o Cl 2p3/2

TiClg | A | . . 205.7_7> 0.16

VOC13 - 538.73> 0.16 . 205.93> 0.08

Cr0,Cl; 538.89> 0.54 206.01> L 27

Mn0sC1 - 539.43 ' 207.28 7 °°

sicly, | | 206.77,, 0,39 |

POC13 | 537.80> 1.54 ' 207.l6> 0.16
| 20732

S0,C15 _ 539.34

Table 1I. Oxygen 1s and Fluorine ls Binding Energies-

Compound _ ) | Eg, eV o Egp, eV

01ls  Fls
SiF4. ' - o : 694-56> 0.8 -
POF3 - 538.-9> 1 695.4 > 0.0
C10<F , ~ 541.0 6940 . ~

SNFz 695.0
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result can be understood in terms of simple valence bond structures. The
transition metal compounds, in which metal 3d orbitals are importantly

involved in the bonding, can be rcpresented by structures such as the

following
<|:1 | ' o
| o:xlr—c1 | . 0=Cr=0
T c1

The fprmal-charges'of all the atoms in such structures are zero, and
consequentiy the various metal atoms do not differ greatly in charge.
However, the nonmétal compounds , iﬁ.which the 3d orbitals of the central
atom$ are not as importantiy involved in.the bonding',2 can be represented

by structures such as the following

| (‘I,_l ' | (|:1
“0— Il)+4—c1 : | “0—s& 0"
- C

1 Cc1

-The formal chai'ges3 of the central atoms increase with increasing atomic
number (from zero in SiF4 to 3+ in Cl03F), and therefore the actual

charges of the central atoms increase more than in the analogous transition

metal compounds.d—6

We believe that the oxygen chemical shifts in the
nonmetal series are primarily-caused by changes in the coulombié pdtential,
whiéh is affected mainly By changes in the charge of the central atom. .
Another difference between the transition metal and nonmetal compounds
can be seen by comparing the chlorine binding energyléhifts in fhé TiC14-Mn05C1

series (Table I) with the fluorine binding energy shifts in the SiF,-C103F series



(Table 11). Whéréus the chlorine binding eﬁergics increase continuously
from TiCi4vt0’hmO3C1,.the fluorine binding engrgiesvincrease_between

SiFy and POFz, remain constant between POFj and SOZFZ, and decréase between
SO,¥F, and C103F; We believe the reversal of the trend in the fluorine
binding engrgies is caused by'an'opposing trend in the fluorine atom
charge. The»treﬁd due to the increasing charge of the central atom;»
'v.which we have already discussed, dominates befween.SiF4 and'P0F3. We
propose that the second trend,‘which.dominates between SOzFp and C10sF, is
caused by an inérease in the negative charge of the fluoriné atom dﬁe'to
hyperconjugation. .Hyperconjugation (Sometimes called "no-bond resonaﬁce")

corresponds to the contribution of resonance structures of the following

type.
0=—=P*—F . o=s%¢ O:f13+ F

Foo _ F ‘ ~ 0
This‘type of bonding transfers some of the negative formal charge of
oxygen atoms to fluorine atoms. On goihg from POF3 to C10zF, the number
of oxygen atoms which can transfer negative charge increasés from one to
three and the number of fluorine atoms which can accept negative charge
dééfeases from three fo one. - Consequently fhe fluorine atoms acquire an .
increasing amount of negative fbrmél charge in this series. The effect
of the changing formal charge on the actual charge of the fluorine atoms
is apparently most marked between S0,F, and ClOéF. |

~The compounds SiF4, POF3, and SNF3 constitute an isoelectrdnic series

~ formed by the hypothetical transfer of one, and then two, protons from one
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of the fluorinc atom nuclei of SiF, to the siliﬁon.nucleus. The amount
- of hypcrconjﬁgation would be expected to increase becausé of the decrcase
in e]ectrdncpativity‘on going from I' to O to N. Tﬁevdccfease in the
fluorine binding energy between POF3 and SNF3 is consistent with this
expectaﬁion.‘ |

Bindingfénergies for anéther isoelectronic series of compounds,
ranglng from P(CHz)3BH3 to P(CH3)3O are glven in Table III. Data for
P(CH3)3 are included for comparlson The phosphorus blndlng energies for.
~ the tetracovalent_compounds are'con51derab1y more positive than that for
P(CH3) 3; thi; result is expected bécause of the'%lzfprmallcharge'on the
phosphorus atoms of the tetracovalent.compounds.' Within the set of |
tetracovalent'compounds the phosphorus binding energies increase from
P(Ch3)3BH3 to P(CHz)30 because of the increase in electronegat1v1ty on
~going from boron to oxygen. The carbon 1s b1nd1no energies for the methyl
groups oﬁﬂtetracovalent cqmpounds are slightly higher than that for P(CHz)s3;
this small difference is again pfobably attributable to the increased positive:
charge on fhe phOSphorus atoms in the tetracovalént compounds and does not
rule out the possibility that the methyl carbon étoms are more pegati?e
than those in P(CH3j3 because of hypercpnjugation{' The cofe binding,energies
of the boroﬁ, cafbon; nitrogen and oxygen atoms in the groups BHz, CHp, NH,
and O (each‘bondedlto P(CH3)3) are, respectively;'192.76, 287.83, 402.38,
and 535.88 eV. To our knowinge these binding energies are the lowest
which have ever been recorded for these elements.: It ‘appears that hyper-
conjugation in this series of compounds is less pronounced than in the

compounds of Table II.
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Tablec 17I. Phosphorus 2p3/2 and Carbon 1s Binding Encrgies

Compound - Eg, eV - - Egp, eV
| | | P 2p3/3 - CiIs
P(CH3)3BH3 -~ . ©137.00 o 290.79
P(CH3)3CHy - 137.03 ©290.40
P(CH)NH 1137.39 ' 290.63
P(CH3):0 - 137.63 ‘ 290.57
P(CH3)3s - 135.76 - 290.13



- was prepared by a modification of the procedure of Koester ct al.
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All invall, the deta support the propositioos'that second-row
nonmetailic elementsvdo not accept more than four elcctron pairs in their
valence shoIls and that hyperconjugation‘is significant.when it involves
a shift of negative charge density to electronegative atoms‘such as fluoriﬁe
atoms. |

Experimental Section

Some of the blndlng energ1es listed in Tables I, II, and III have
been previously reported. All the data were obtalned ‘using the Berkeley
iron-free spectrometer using techniques preV1ously descrlbed The -
uncerta1nty of values quoted to 0.1 eV is 0.1 eV; that of values quoted

“to 0.01 eV is £0.05 eV, |

The TiCl47 and Cr02C128 Were prepared by well-known.methods; the d
measured boiling points (134 and I15°;'resp.) agreed well with the
published values (136.4 and 117°, resp.). The LmO3C1.was prepared by the
method of Briggs,9 taking care-to_maintain the reaction mixture below —45°
to ensure the absence of other ochhlorides.. The C103F was synthesized
by a 1iteratur_e"proc'edure;10 its vapor pressure at -83° (88 Torr)
agreed well with the pﬁblished value (90 Torr). Commerc1a1 samples of
VoC1z (0° Vaporspressure 4.2 Torr; 1iterature, 4 4 Torr) and QOZCIZ

12

(b.p. 69.5-70.06; literature,””, 69.2° ) were used.

Trimethylphosphine was prepared from PClz and‘L1CH3;_its.vapor pressure

at 0° (156 Torr) agreed well with the literature values ranging from 154 -

13

to 161 Torr. Trimethylphosphine borane was prepared by the reaction of

qtoichiometric amounts of Bllg and P(CHz)s. Tilmcthylphosphlne methyllde
14



Totramcthylbhosbhonium iodid¢ (10.3 g) was added under nitrogen to an
~excess of freshly precipitated KNH, dispcrsed in about 200 ml of triglymel
thile thevrcaction mixture was'refluied,rthe produéf.vapors were taken of f
undcr‘vacuum and aliowed to pass through cold traps at -23°, -78°, and
-196°. The P(CHz)3CH, (2.64 g) was obtained from the -78° trap. The
mass spectrum had a parent peak at m/e = 90! “The proton nmr spectrum of
the neatiproduct showed two doublets; one at § = —0:7 with respect to

™S, J = 6Hz (intensity 1); the other at § = 1;38 with respect to TWB;

J = 12Hz (intensity 4.5). Trimethylphosphineinide was isolated in an
attempt to-prepare P(CH3z) 3CH; ip liquid ammonia. Tetramethylphosphonium
iodide (15.4 g) was added to 100 mmol of freshly precipitated KNHz in
about 100 ml liquid ammonia. The reaction mixture was stirred for an
hour, when the ammonia had evaporated. The volatile products were
passed through cold traps at -23°, -78°,'and -196°. An oily material
which partially solidified upon standing and which evolved CH4 was collected
in the -23° and -78° traps. After two days, 0.28 g of P(CH3)3NH was

sublimed from the traps, leaving a viscous, nonvolatile oily residue. -
15

‘The melting point (58°-59°) agreed with the literatﬁre _and the mass
spectrum showed a parent peak at m/e = 91 and a strong, pressure-
dépendent‘P + 1 peak. A proton nmr spectrum of the neat material
Showed a singlet ét § =0.1 reiative to T™MS of intensity of 1, and a-
doublet at § = 1.65 reiafive'to ™S with J =:13Hz and an iﬁténsity of
9. Trimethylphosphine oxide was prepared from POClz and CH3MgBr;16 its

melting point/(136°—138°)bagreed with the literature.
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