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Contrih<.ttion from the Depal-bilcnt of Chemistry, University 

of California, and the Inorganic Materials Research Division, 

Lawrence Berkeley Laboratory, Berkeley, California 94720 

cl Orbitals and .Hyperconjugation. An X-Ray Photoelectron Spectroscopic 

Study of Some lsoelectronic Compounds 

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

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

ABSTRACT 

The core electron binding energic~ of gaseous isoclectronic.transitioH 

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 bonding of transition 

metals but unimportant in the bonding of non~etals. The data also 

suggest that hyperconjugation is ~ortant in nonmetal compounds when 

the process involves a shift of negative charge density to electronegative 

atoms. 
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We have measured core electron binding cncrgic~ :for the ntoms in 

several sets of isoclectronic, isos tructural compounds in the gas phase 

and have intc111rctcd the data in terms of the natuTe of the chemical 

bonding in these compm.mJs .. 

Consider the oxygen ls and chlorine 2P3/2 binding energies in Table I. 

Going from TiCl4 to Nn03Cl by the stcp\\•ise replacement of chlorine atoms 

by oxygen atoms and the simultaneous step1vise increase in the atomic nwnber 

of t11e transition metal produces predictable changes in the atomic charges. 

From simple electronegativity considerations, one predicts that the process 

should be accompanied by an increase in the positiv:e charge on the transition 

metal and a decrease in the negative charges on the oxygen and chlorine 

atoms. The data for TiCl4, VOCl3, CrOzClz, and :Mn03Cl are consistent with 

the prediction. However, because a core binding energy is influenced by 

both the charge on the atom which loses the core electron and by the 

charges on the other atoms of the molecule, 1 one cannot be sure whether 

an increase in the oxygen or chlorine binding energy is due principally 

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 short series from 

SiCl4 to SOzClz, in Table I, and the oxygen and fluorine binding energies 

for the series from SiF4 to Cl03F, in Table II, show trends which differ 

from those of the corresponding data of the transition metal compounds. 

One difference is that the oxygen binding energy shifts are significantly 

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 

m~<::h mcrrc in the nonmetal series than in tJ1e transition metal series, TI1is 
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Table I. O:A)'gen ls nml 01lorinc. 2P3/2 Binding .Energies 

CompoLmd En, eV 

Cl 2P3/2 

TiCl4 

VOCl3 

cra2c12 
Mn03Cl 

SiCl4 

POCl3 
so2c12 

Compound 

SiF4 

POF3 

SOzFz 
Cl03F 

538.73 > 0.16 

538 . 89 > 0. 54 . 
539.43 

537. 80 > 1. 54 
539.34 

205.77 > 0..16 

205.93 > 0. 08 
206.01 

207.28 > 1. 27 

206. 77> 0.39 

201 .16> 0 ~ 16 . 
207.32 

Table II. Oxygen 1s and Fluorine 1s Binding Energies· 

s3a.9) 1.4 
540.3 > 0.7 
541.0 

694.56 > 0. 8 

695.4 > 0.0 

695.4 > -0.4 
694.0 . . 

695.0 
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rcsul t can be tmderstoocl in tenns of simple valence bond structures. TI1e 

transition Jnetal compotmcls, in whiclt metal 3d orbitals are importantly · 

jnvolved in the bonding, can be represented by structures such as the 

follm..:ing 

Cl 
I 

O==V-Cl 
I 
Cl 

Cl 
I 

o==cr==o 
I 

Cl 

The fonnal -charges of all the atoms in such structures are zero, and 

consequently the various metal atoms do not differ greatly in ch~rge. 

Ho\\·ever, the norunetal compounds, in which the 3d orbitals of the central 

atoms are not as importantly involved in the bonding, 2 can be represented 

by structures such as the following 

).1 
- + 0-P-Cl 

I 

Cl 
- lz~ -0-S-0 

I 
Cl Cl 

3 The formal charges 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 ~ransition 
- 4-6 

metal compounds. . We believe that the oxygen chemical shifts in the 

norunetal series are primarily. caused by changes in the coulombic potential, 

which is affected mainly by changes in the cl1arge of the central atom. 

Another difference between the transition me tar and nonmetal compounds 

can be seen by comparing the chlorine binding energy shifts in the TiCl4 -l>'m03Cl 

series (Table I) with the fluorine binding energy shifts in the SiF4-Cl03F series 
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(Table II) • l\1tcreas· the chlorine binding energ1cs increase continuously 

from TiCl4 to Hn03Cl,_ the fluorine binding ene_rgies increase between 

SiF4 and POF3, remain constant betw·een POF3 and SOzFz, and decrease between 

SOzFz and Cl03F. l\'e believe the reversal of the trend in the fluorine 

binding energies is caused by an opposing trend in the fluorine atom 

charge. TI1e trend due to the increasing charge of t.fte central atom, 

whid1 1.ve have already discussed, dominates between SiF4 and POF3 . We 

propose that the second trend, Which dominates between SOzFz and Cl03F, is 

caused by an increase in the negativ~ charge of the fluorine atom due to 

hyperconjugation. Hyperconjugation (sometimes called "no-bond resonance") 

corresponds to the contribution of resonance structures of the following 

type. 

f-
o==cl3+ F-

b-
This type of bonding transfers some of the negative fonnal charge of 

oxygen atoms to fluorine atoms. On going from POF3 to Cl03F, the number 

of oxygen atqms "hich can transfer negative charge increases from one to 

three and the number of fluorine atoms which can accept negative ch~rge 

decreases from three to one. Consequently the fluorine atoms acquire an 

increasing amount of negative formal charge in this series. The effect 

of the changing formal charge on the actual charge of the fluorine atoms 

is apparently most marked benveen SOzFz and Cl03F. 

TI1e compotmds Si.F 4, POF3, and SNF3 constitute an isoelectronic series 

fon:1cd by the hypothetical transfer of one, and then two, protons from one 
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of the fluorine atom nuclei of SiF4 to-the silicon nucleus. The amount 

of hyperconjugati_on would he expected to increase because of the decrease 

in e]ectronegativlty' on going from F to 0 to N. TI1c decrease in t11e 

fluorine binding energy beu..;een POF3 and SNF3 is consistent with this 

expectation. 

Binding energies for another isoelectronic series of compounds, 

ranging from P(CH3)3BH3 to P(CH3)30, are given in Table III. Data for 

P(CH3)3 are included for comparison. The phosphorus btllding en~rgies for 

the tetracovalent compounds are considerably more positive than that for 

P(CH3)3; this result is expected because of the +1 formal charge on the 

phosphorus atoms of the tetracovalent compm.m.ds. Within the set of 

tetracovalent compounds, the phosphonts binding energies increase from 

P(CH3)3BH3 to P(CH3)30 because of the increase in electronegativityon 

going from boron to oxygen. The carbon ls binding energies for the methyl 
fu 

groups of)\tetracovalent compounds are slightly higher than that for P(CH3)3; 

this small ~ifference is again probably attributable to the increased positive 

charge on the phosphoiUS atoms in the tetracovalent compotmds and does not 

rule out the possibility that the methyl carl>on atoms are more negative 

than those in P(CH3) 3 because of hyperconjugation. The core binding energies 

of the boron, carbon, nitrogen and oxygen atoms in the_groups BH3, CHz, NH, 

and 0 (each bonded to P(CH3)3) are, respectively, 192.76, 287.83, 402.38, 

and 535. 88 eV. To our knowledge these binding energies are the lowest 

wl1ich have ever been recorded for these elements. It appears that hyper­

conjugation in this series of compounds is less pronounced than in the 

compotmds of Table I I. 
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Table lJ 1. Phosphorus 2P3/2 ;md Carbon ls Binclin~ Er~crgies 

Compound 

P(CH3)3BH3 . 

P(CH3)3CHz 
'V . 

P(CH3)3NH 

P(CH3)30 

En, cV 

.P 2P3/2 

137.00 

137.03 

137.39 

137.63 

135.76 

290.79 

290.40 

290.63 

290.57 

290.13 
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All in all, the data support the propositions tlwt scconcl-r01-.r 

norunetallic clements Jo not accept more than four electron pairs in their 

valence shells and that hyperconjugation is significant l<:hen it involves 

a shift of negative charge density to electronegative atoms_ such as fluorine 

atoms. 

Experimental Section 

Some of the binding energies listed in Tables I, II, and III have 

been previously reported. All the data were obtained using the Berkeley 

iron-free spectrometer using techniques previously described. The 

uncertainty 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 CrOzClz 8 were prepared by well-knmvn methods; the 

measured boiling points (134 and 115°-,. resp.) agreed Hell With the 

published values (136. 4 and 117°, resp.). 1he ~1n03c1 was prepared by the 

method of Briggs, 9 taking care to maintain the reaction mixture below -45° 

to ensure the absence of other oxychlorides. The Cl03F was synthesized 

b . 1" d 10 . . 8 ° (88 ) y a 1 terature proce ure; 1 ts vapor pressure at - 3 Torr 

agreed well with the published value (90 Torr). Commercial samples of 

VOCl3 (0° vapor pressure 4.2 Torr; literature,11 4.4 Torr) and SOzClz 

(b.p. 69.5-70.0°; iiterature,12 , 69.2°) were used. 

Trimethylphosphine was prepared from PCl3 and LiCH3; its vapor pressure 

at 0° (156 Torr) agreed \vell with the literature values ranging from 154 

to 161 Torr. 13 Trimethylphosphine borane was prepared by the reaction of 

stoichiometric amounts of Bzll6 and P(CH3) 3· Trimethylphosphine methylide 

\-.'as prepared by a modification of the procedure of Koester ct a1. 14 
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Tctra:mctl1ylphosphoni1un iodide (10.3 g) '''ets addecl under nitrogen to an 

- exceSS of freshly precipitated Ki'mz dispersed in about 200 Jnl of trigl)1TI8. 

\'.l1ile the reaction mixture ,,·as refluxed, ilie product vapors \\ere taken off 

liDdcr vaculiDl and allm,red to pass through cold traps at --23° ~ -78°, and 

-196°. The P(CH3) 3Giz (2. 64 g) was obtained from the -78° trap. TI1e 

mass spectTLnll had a parent peak at m/e ::: 90. ·The pxoton nmr spectrum of 

the neat product showed n~o doublets; one at o::: -0.7 with respect to 

ThiS, J = 6Hz (intensity 1), the other at o = 1.38 with respect to TMS, 

J = 12Hz (:intensity 4. 5). Trimethylphosphineimide was isolated in an 

attempt to prepare P(CH3)3CH2 in 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. 

The melting po:int (58°-59°) agreed with the literature15 and the mass 

spectrum showed a parent peak at m/e = 91 and a strong, pressure­

dependent P + 1 peak. A proton nmr spectrum of the neat material 

showed a singlet at o = 0.1 relative to TMS of intensity of 1, and a 

doublet at o = 1.65 relative to ThiS with J = 13Hz and an intensity of 

9. Trimethylphosphine oxide was prepared from POCl3 and CHj!gBr; 16 its 

melting point' (136°-138°) agreed with the literature. 
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