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An X-Ray Photoelectron Spectroscopic Study of Charge Distributions

in Tetracovalent Compounds of Nitrogen and Phosphorus

Winfield B. Perry, Theodore F. Schaaf, and William L; Jolly*

Coﬁtribution from the Department of Chemistry, Univefsity of California
.and the Inorganic Materials Research Division of the

Lawrence Berkeley Laboratory, Berkeley, California 94720

Abstract: Core electron binding energies for ten ﬁhqéphorus and four
nitrogeh cbmpouhds have been measured by X-ray photoelectroh spectroscopy
in the gas phase. The chemical shifts have been correlated.by tﬁe 3
electrostatic ﬁotential equation using charge distributions from

extended Huckel tﬁéory an& CﬁDO/Z:molecﬁlar orbital calculations. The

- data indicate that resonance structures of the type

'qon;:ibute'significantly tq the charge distributions‘in thé»tetraéovalent
" compounds. - The data for the phosphorus compounds can bg qdéﬁtitétively
fationalized»without tﬁe ihclUsion‘of any pm>dnw bonding between the
ceptral atom and‘tﬁe X ligand, but the effeﬁts of elec;ronic réléxation

upon the core binding energy chemical shifts must be included.
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Introduction

The'bonding in four-coordinate compounds of nitrbgen'and phosphorus

can be represented by the following type of valence-bond st:ucture.‘

7However, because these compounds generally have short M-X bond lengths
and high M-X stretching frequencies, multiple bond character has been
postulated for the M-X bonds. Such multiple bonding can be explained

. by hyperconjugation, i.e., no—bond-resohance: ?

R-—~—-M&::::X

R
When the central atom is phosphorus, however, it.is conceivable that the
phosphorus 3d orbitals may significantly participate in the bonch'.ng,z—4

In this case, a resonance structure having no formal charges, such as the

following, would be appropriate.

-

The latter structure implies pm>dm bonding between the central phosphorus

atom and the peripheral X ligand.
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To help resolve the question of the bonding in these compounds, we
héﬁé measured the core bindiﬁg energieé, by means of X-ray photoelectron
spectroscopy,5 of the foliowing tetrécbvalent compouﬁds: N(CH3)aBH3,
N(CHs) 30, P(CHs) 3BHs, P(CH3) 5CHa , P(CH3)3NH, P(CH3) 30, P_(CH3)3S,,.P’OC13?
and PSClj. We have alsé ﬁeésufed'bindihg'energiés'for the.simpler
compounds N(CH3)3, P(CH3)3, PCls, NH; and PHj. These binding energieéz
were_measured for gas-phase samﬁles and représent true molecular ionization
potentials, free from sqlid—State effects such as éample charging, contact’
»potentials, and lattice poténtials. We have interpretgd the chemical
Shifté quaiitatively using simple electronegativity»concepts.'and quantif’
tativel& using results from éxtended Huckel theory"6 (EHT) and CNDO/27'
molecular orbital calculations. | | |

Experimental Section

Anhydrous NH; and N(CH3); were obtained froﬁ the Mathesdn Company
: and.weré uséd as'received. PCl; was obtained from ;he Mallinckrodt
Chemical Wbrks; PQCl3.was obtained from the Matheson, Coleman,‘and Bell
Company; PSCl; was obtained from tﬁe Résearch Organic/Inorganic Chemical _
Corporation. All three were distilled under dry nitrégen, and their
boiling points (f6f,.106°, and 123°, respeétively) agreed with literatufe
values.8 Trimethylamine?N—oxide'dihydrate was obtained from the

Eastman Kodak Company and dehydrated by distillation with.dimethyl—
vsulfoxide followed by vacuum subliﬁation; the melting point (96°—98°) of
tﬁe product agreed with the lite_rature-value8 for the éﬁhydfous form 6f
triméthylaminé—N—oxide. Trimethylamine bofang from the Caliery Chemical
 Com§any was used as received. Phosphine ﬁés prepared from hypophosphorous

acid;9 its vapor pressure (170 torr at -111°) agreed with the 1iterature.?
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Trimethylphosphiﬁe sulfide was prepared from P(CH3)3'HgC1 and ammonium
polysulfide;lo'its melting point (152-153°) agreé&vhith the literature.1
The soﬁrces of the other compounds have beenldescfibed in a previous
publiéatidn.ll

All spectra were obtained for samples in the gas phase using the
Berkeley iron-free, double—fécusing magnetic spectrometer.12 Gaseéus
samples and the vapors of liquid and volatile solid samples were lééked“
"into“the irradiation chambef together Qith argon gas. Sample pressure
and argon pressure in the irradiation chamber were approximately 40-50u
and 20—30ﬁ, respectively. Léss volaﬁile soli& samples were plaéed’diréctly
inside the irfadiation_chamber, which resembles an effusioh cell, and
spectré-were taken of the vapors over ﬁhe splids. Argon was simultaneouély
leaked into ﬁhe irradiation'chamber to maintain a pressure of about 10u.

The spectra were takén using magnesium Ko radiation. Core levels of the
- samples and the reference gas,'argon, were alternately scanned. ‘

The spectra‘were fit by a least—squéreS'analysié to Lorentzian
lineshapes using a computer'program‘described by Fadiey.l3_ The.#bsolute
ioﬁization pdtentiéls wére céléulated on the bagis of 248.45‘§V for the
2p3/, level in argon. The Feproducibility of the data was determined
for several'coﬁpoundsito be about *0.05 eV. We were unable to measure
the N 1s level in N(CH3)3O in several attempts, despite being able to
méasure the C 1s and 0 1s levels. To énsure that the vapor from the
solid was indeed N(CH3) 30, the sample was removed from the ESCA spectrometer
| and analyzed by mass spéctroscopy. The mass spectrum éhowed a strong
.parent peak for N(CH3)3O+at m/e = 75 and peaks corresponding to the ibés

of methyl groups. at m/e = 60, 45, and 30. We believé that the N 1s spectrum
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was obscured by noise.
Experimental values of molecular geometries and internuclear distances,
which were used in the molecular orbital calculations and potential
. . 14-18 . .
correlations, were taken from the literature whenever possible. In

a few cases, where accurate geometries were not available, values were

_estimated from data for similar compounds.

Binding Energy Correlations
ESCA chemical shifts are due to the éhanges iq,the’coulombic potential
‘felt a; a cofe electron shell in atoms ih different chémicai eﬁvirpnments.s‘
- To a véry rough approximation, changesvih éore bindiﬁg energy_foria.giﬁen
_relement are -linearly related to changes in the charge‘of the atom.

That is, -

EB(A).= kQp + £ - @
’ Whére k and,z are parameters.. A more sophisticatédvﬁodel,_fhe pdint
.charge potential eqﬂations involves‘the.relation |

Eg(A) = kQy + D Qs/Rap + £ @

B#A .

This model includes the potehtial due to the other atoms. in the molecule,
which are treéted as péint charges separated from the.ioniéed‘atom by
'fhe internuclear distances. As before, k and £ éré paramefers; usually
,-,évaluated.by a 1easﬁ—squares'fit of the chargesto the bindiﬁg energies.
ihe parameter k mayAbe'int_erpreted19 as the averagé <r—1> e#pectatipn
1§alue for the valence orbitals on atom A, and L repreSeﬁts.the binding.

energy of a free atom of A.
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If,the charge distribution of a molecule is determined from a
molecular orbital calculétion; the quantum mechanical potential at atom
A can be calculated- from the dénsity matrix and the appropriéte r_l
integralé. A simpler approach, which is especially applicable to semi-
empirical MO éalculation, uses a valence potential first proposed by

Scl'xwartzlg"20 where:

Qa1 T »_Zpi<r_1>i +ZQB/RAB - (3
- deA B#A :

Here P; is the gross population in the ith valence orbital and Qg is
the net chérgé on atom B, both determined by Mulliken popuiation analysis.
Equation 3 is similar to equation 2, except that the.one—center <r—1>.
- integrals are calculated from wévefunctions rather than evaluated empirically.
Using equation 3 to evaluate Qval(A), the binding energies are>caiculated

from the relation

..EB(A)Z - 'cévél(A) + 2 o (4)
where ¢ is an adjusﬁable'parameter which helps to compénSAté for.the _
approximate nature of most semi-empirical MO theories»éﬁd £ now repreéents‘
_ thevbindiﬁg'enetgy fdr a hypothetical atom stripped of all valence
electrons. | |
| In thé preceding diécuésion; we.ﬁave assﬁmed that chemical shifts
" may be interpreted in terms of ground-state charge distributions.

:However, during photoionization, the remaining electrons in the molecule
~are attracﬁed toward the core héle; Although thé‘electronic relaxation
produces é 1érge>change.in the coulﬁmbic potential, this change is nearly

the same for similar molecules, thus allowing the use of ground¥spate



charge distributions. A more appropriate '"transition state' may,
however, be approximated in the valence potential-modei, equation 4,
by using a result of Hedin and Johansson ! together with the principle

) 22 . : 23
of equivalent cores. The hole state binding energy may be expressed

as.:

AEB(A>. = e x 310y, (A) + a1 (B )Jv + oL . )
where &, (B )»is the potential calculated for the isoelectronic cation
obtainéd-by substituting the core of atom A with the core of atom B,

the next element in the periodic table.

~ Results and Discussion

Core binding energies for the nitroged compouqu afe given'in Tablé I.
Similar data for the'phosphorus éompounds appear in Table II. The prder
of these binding energies can be aimost exactlyvpredictéd using two simple .
no;ions:rthat, for a given element, the charge on an atom is approximately
linearly related to the sum of the Pauling electronegativities of the’
other atoms to which the atom is bonded, and thaf the eofe binding energy
isvlinearlylfelafed to charge. " On this basis,.the nitrogen binding
energies shoﬁld Be-ordefed: | | |

NHj < N(CH3)3 < N(CH3)3BH;
For the phosphorus seriés, the order shouldkbe;
PH3 < ?(Cﬂa)s < PCia < P(CH3)3BHs < P(CH3)3CH, ~ P(CH3)3S
€ P(CH3)3NH < P(CH3) 30 <vPsCiai<'P001g
Except for the misﬁlééements.of NH3,>PH3 énd PCl3, these orders were
observed experimgntally. In the folloﬁing sections;.we‘diSCUss more .

sophisticated, quantitative methods for correlating the chemical shifts.



Compound
NHa

N(Cﬁa)a

N(CH3) 3BH3

_ N(CH3) 30

P(CH3) sNH
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Table 1

Experimental Core Binding Energies for

Compounds of Nitrogen (in eV)

Eg(N 1s)?
405.43
404.63

406,51

402.38

Ep (C 1s)?

291.09

291.80

291.60

290.63

Some

@ The uncertainty in the experimental'values is approximateiy +0.05 eV,

except for $0.1 eV in the O 1s binding energy of N(CH3)3O.

The binding energies are for the B 1s and O 1s levels.
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Table IIX

Experimental Core Binding Energies for Some

Compounds of Phosphorus (in eV)

Compound" ~ Eg(P 2p % EB(R)a’b Eﬁ x)®°¢
PH3 136.87 — —
P(CH3)s - 135.76 290013 R
P(CH;)sBHa. _ 137.00 - 290.79 192,76
P(CH3)3CHy 137.03 _ 290.40  287.83
P(CH)sNH 137.39 290.63 402.38

| p(cua)sq' | 137.63 - 290.57 E 535.88

 P(CH3)3S 137.45 290,60 166.91
PCls 139.60 © 206.27 -

Cpocls . 140.87 : . 207.16 537.80
Pscl; 14045 20671 168.70
a

The uncertainty in the experiﬁeﬁtal.values is approximately *0.05 eV.
The firét six‘entéred binding energies are for the.C 1s level in‘the
.methyl.grogps;.the last ;htée binding energies are for the Cl ZprF
“level. | | |

The binding enérgies.ére qu the B'1ls, C ls, N‘ls,vO 1s, S2py,, O 1s

and S 2p3/, levels.



~10~

FHT Correlations. " The valence potential model, equation 4, was;
used to correlate binding energies with EHT charge distriﬂutions. The
" original formulation of the EHT method by qufmann6 was used for these
calculations. The ionization energies and wavefunctions ﬁsed in our
progrém have been described previously.24 A valence, é,‘p basis sef.was
used for &l1 the atoms ex;ept hydrogen (an s basis set) and'phosphorus
(for which-valence d orbitals were aléq includedj. The calculated _
valence potentials are given in Table III. This table also includes the
parameters c and £ for each element .and,when more than two binding energies
for a given'elément were éorrélated, the sfandard deviation and ;orrelation’
coeffiéient. | The corrélatiéns of the Carbon; nitrogen, and phosphorus‘
binding.energies involve enough data to warrant individual discuésion.

The higﬁ‘correlation coefficients obtained for the carbon ls and
nitrogen 1s binding energies show that, to a good aﬁproxiﬁation, the EHTV
ground-gtate potentials are linearly related to the binding energies.
The values of'é'(0,185 and 0.205 for carbon and nitrogen, reépectively)
are m&ch smaller than unity and ipdiéate fhat EHT-calculated chérge
separations are exaggerated. A plot of calcﬁiated vs eiperimental
binding energies for the carbon 1s déta is shown in Fig. 1. .. It can be
seen that ihe binding ehergy of the CH2 carbon invP(CH3)3CH2 ié very low,
as wouid be expected fromits negative formal charge. |

The correlation coefficient of the.phosphorus 2péé‘binding energies
and the EHT potentials is relatively low, and the corfesponding pléﬁ,

in Fig. 2, shows considétable scatter. The phosphorus compounds appear

to fall into three groups: -the six trimethyl compounds, the three



Ground State Valence Potentialsa from EHT Caiculations and

Table 1I1I

Data from the Correlations of Core Binding Energies with EHT Potentials

<I)val(Cl)

R

® Dev(X) = Eg(X) - [exdyal(S) + £g](eV).

? This.binding energy was not measured.

Compound 2,21 () Dev. (?)® 8,21 (M) Dev. (¥)° a1 (C) pev. (C)° 01 (®) 0, ,(0) 0y, (S)
: - : : : : s
NHs — ——  153.68  0.09 = -=- e — — — —-- o
N(CH3) 3 - — 157.22 - =0.01L . 91.60 0.12 - —- —- —- .
N(CHs)sBHs  —-—- iem 147.59 -0.07  89.65  0.45 55.98 — — - -
N(CH3) 30 — -— 131.37 ¢ 87.48  -0.13 — 222.55 — — b
PHj 74.83 1.10 — e S — -— -—- -— - &
P(CHs) s 72.94 -0.45 — _— 95.81 0.0 -_— — _— _— Ao
P(CH3) 3BH; 65.48 -0.94 -— -— 93.24 0.10 58.09 -— — -— <
P(CH3)3CH2  65.39 ~-0.93 _— _— 93.36  -0.27 - — — — o
— J— -— ——-  108.97  0.05 _— — — —_— P
P(CHa)sNH . 64.41 -0.80 168.04  =0.03 93.00  =0.10 -— — —— _— o
P (CHs) 30 62.55 ~0.99 — — 92.40  -0.24 — 27.39 —-- _— .
P(CHs) 3§ 63.34 -0.99 —- — 93.75  =0.03 — -— 107.66 —
PCls . 66.51 1.89 — — _— —- — —_— — 135. 54
POCls 58.74 1.36 -— -— - - -— 224,01 - 131.57
PSCLs 57.96  0.76 — _— — _— _— _— 108.60  132.06
e 0.232 0.204 ' 0.185 0.209 0.376  ~-1.904 0.188
153.16 436.66 307.90 204.87 621.45  -38.10  231.73
Std. Dev. 1.15 0.07 0.21 — 044 —- 0.18
Corr. Coeff. 0.737 0.999 0.981 — 0.903 - 0.914
2 a1l potentials are negative and in eV.
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trichloro compounds, and phosphine. The two dashed lines iﬁ Fig. 2
repreéeﬁt separate correlations for the trimethyl and trichloro comﬁounds.
Tﬁe parameters for these lines are, for the trimethyl compounds;

c = 0.179, std. dev., = 0.07‘eV, cofr.‘coeff. = 0.994,Vand for ﬁhe trichloro
compoﬁnds,'c = 0.125, std. aev. = 0.260 eV, corr. coeff. = 0.916. | Theée
parameters indicate much better corfelations than obtained for all the
data, and suggest that, élthough the EHT calculations éan‘give meaningful
.relative charge distributions for a fairly hoﬁogenéous series of ‘molecules,
the method is less usefﬁl in qpantitatively‘predicting éhanges in.markedly
different molecules.

EHT transition state pdtentials foi phosphorus were calculated using
Eq..5; the data are listed in Table IV. A slight.improvement in the
correlation waé.obtaiﬁed by this method. '_if ﬁhe transition state
potentials for_the six ﬁrimethyl and the three trichloro éompounds are
corfelated separately, better fits are obtained than with the ground‘state
potentials. Thé transition state correlations givé the following |
results: for the trimethyl ¢ompou§&s,'c % 0.168, sﬁd. dev. = 0.05 eV, 'i
corr. coeff; ?'Q.998, and, for the trichioro compounds,Lc = 0.126;
std. dev.‘= 0.21 eV, corr. cbeff. ¥-0.994. " Thus, the inclﬁsion of even .
crudely estimated relaxation effects improves the correlations. : . ;

Although pﬁosphdrus.valence d orbitals were inciuded»in the EHT
basis sets, they>héd little effect.on the composition of the filled
ﬁolecular orbitals aﬁd hence on thé calculated charge distributions..

The good correlation of EHT potentials with the P Zpyz_bindihg energies
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of the organophosphorus compounds may be interpreted either as showing
a constant amount of d orbital bonding in that series or as showing that
such bonding is unimportant, at least in determining charge distributions.

CNDO/Z Correlations. - The valence potential model was also used to

éorrelate binding energies with CNDO/2 chafge'distributiéns. - For atoms
lighter than neon, the procedures and parameters described by Pople and
Beveridge7 were followed. Two . sets of_pa:ameters for thé second row
elements were used — those proposed by Santry and Segal,25 included in
the. Pople and Beveridge book,7 and those which we-pfeviously used for
calculations-invélving second and third row elements.24 The iatter

A}

parameters are based on orbital ionization potentials and electron

é26’27vand Slater s orbital

affinities determined by Hinze and Jaff
wavefunctions porposed by Cusachs and Corrington.28 © Values of B, were
estimated using the method of Santry and,Segal.25 In the s,p,d calculations

‘USing the Hinze—Jaffé parameters, the quantity- %(Id + Ad)'was_simply

set to zero for P, S, and Cl,

Four sets of correlations of binding eﬁergies-with,CNDO/Z ground- .
state valence potentials%were made. Potentials for the first'set'wefe
vcalculated using an é,p,d, basis set and Santry-Segal pafameters for
VSecond—rpw atoms.‘ Potentials for the second set of correlations.élso
included s,p,d basis sets for second row elements, but used the‘Hinze—Jaffé-
ﬁased parametérs. Potentials for the third set were calculated using
Santry—Segal parameters and s,p basis sets; potentials for the féurth

set were calculated using the Hinze-Jaffé based parameters and s,p basis
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Table IV
Hole State Valence Potentials® for Phosphorué from EHT Calculations and
Data from the Correlatioh of Phosphorﬁs Binding

"Energies with the EHT Potentials

Cbmpound : ' @val(P) : Dev(P)b
PH3 | 80.66 1.07
P(CHs3) 3 79.51 -0.31
P(CHs)3BH3 72,26 | ~0.76
P-(CH3)3CH2 71.70 ~-0.86
P(CH3) 3NH : 70.29 - -0.83
P(CH3) 30 68.18 ' -1.09
P(CH3)3S . 69.65 - -0.92
PCls | 72.26 1.84
POCL3 63.88 1.15
 PSCls | 63.83 | 0.72
cp ' 0.234
Lp , 15464
Std. Dev. | 1.08

Corr. Coeff.- . 0.770

2 a1 potentials are negative and in eV.

® Dev(p) = E(P 2p3p) - [kpdya1 (@) + Lpl(ev).
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sets. As measﬁred by the chrelation coefficients and standard
deviatiohs, the correlations using s,p,d potentials were worse than the
cbrrelations'dsing s,p potentials, énd,we conclude that ﬁhe vélence_d
orbitals of pﬁosphorus are not important in detefminihg:the chgrge
distributions of these compounds. | - |

-Tﬁe third and fourth sets of ground—state‘correlations, involving
S,Pp poten;ials, Vere of comparable quality, In Table V we bresent the
data for thé calculations using the Hinze-Jaf fé parameters. " We also
made calculations with s,p basis sets.and'boﬁh types of parameters for
transition-state potentials, u§ing eq. 5. These transition—ététe
vpotentiéls, which should better represent the.charge distributidhs
corresponding to the chemical shiffs, did in_fagt improve the correlations
.for the qarbon, nitrogen, and_phosphorus binding energieé, the three:
:series for whichvwe have a meéningful'number-éf data. .. Again the quality
‘of'theVCOrrelations for the two sets of parameters weré comparable, bUt _
tﬁe transition state S,p potentiéls using the Hinzé-Jaffé—based parameters
gave better corrélations. Data for the latter calculations are given
in Table VI.' |

The values of the parameter cc for the grognd-state binding énergy

éorrelation, 0.386, and.for'the transition-state correiation, 0.499, are
lafger than the value for c¢ from the EHT Correl&tioﬁ, in&icating that
the CNDO/2 charge distributions are, as expected, less.polarized than

EHT charge distributions. However, even for the transition-state correlation,

Cc_is considerably less than one. This result isfdifficult'to<explain since
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other carbon binding energy correlations using CNDO/2 potentials have

given values of cg much nearer to unity, the theoretical value.lg’20

In o
the transition-state correlations for cafbon, illustrated'in Fig.‘3, the l,v
points for both the nitrbgen and phosphorus compounds fit a single line
very well, whereas, in a corresponding plot of the grouﬁd—statedata the carbon v o
points representing N(CH3)3s, N(CH3)3BH3; and N(CH3)36 all are appreciably
above the least-squares line. This observation suggésts that there is a
greater amount of electronic felaxation in the ionization of a methjl
carbon atom in a phosphorus compound than in the corresponding nitrogen
compound. In other words, PR, and PR2X are more electronically pdlarizablev
groups than are NRz and NR2X.

; The cy values paradllel the cg values. For the ground-sﬁate
correlation cy equals 0.382, Whiie for the»transition—étate correlation
cN equalé 0.439. | A comparisoﬁ.of the ground-stéte and tra#sition—state
correlations discloses a typical failing of gfound-state correlations.
For groundétate potentials, @V;1(§ﬂ3) < Qvaiﬂ(CH3)3§ whereas EB(§H3) > EBS(CH3)3.. -
The transition-stéte potentials, however, do shéw thé correct order: l | L
7¢§31(EH3) > évalﬁ(CHa)é. The results indicate that there ié gréater |
electronic relaxation of a CH; group adjacent to aﬁ afom'undergoing |
photoemission than of an H'aﬁom adjacent to an atom undérgoing photoemission.
| . The cp values, 0.681 for the ground-state potentials and 0.782 for  ;

the transition-state potentials, are somewhat larger than the corresponding o

values of c¢ and cy. As was also the case for the.



Table V

Qround_State Valence Potentials® from CNDO/2 Calculations and

'Datéffrom the Cdrrelation of Core Binding Energies with CNDO/2 Potentials

2 a1l potentials are negative and in eV.
P Dev(x) = Eg(X) - [cydyay (X) + Lx](eV).

¢ This binding energy was not measured;

Compound . 8,a1(B) Dev(P)® By a1 (V) Dev(N)® 901 (C) ,Dev(C>b Byal(B)  Bya1(0)  ®,.1(S) dya1(cl)
NH; —— — 135.66 0.75 -— —— -— - — -
_ N(CH3) 3 — — 134.63 ~0.44 87.84  0.47 ——- ——- —- —
N(CH3) 3BH3 — _— 130.55 -0.12 86.17 0.52 56.85 — -— -
N(CH3) 30 - -—- 130.20 c 86. 66 0.53 —— 197.28 — -
PH; 82.98  0.92 — —- - —-- - - -—- -—-
P(CH3) 3 82.96  -0.21 — —— . 88.3%  -0.22 —- — —- ——-
P(CH3) 3BH3 80.60  =0.57 ——- —- 87.04  -0.16 56.97 -— —- —-
P (CH3) 3CH2 80.42  -0.67 - -~ 87.51  -0.36 —- -—- -- -—-
- - -—- -—- 95.31 0.08 -—- - - -
P(CH3)sNH =~ 80.54  -0.22  141.16  =0.19  86.64  =-0.47 -—- -— - -
P(CH3) 30 80.84 0.22 e -—- 87.67  =0.10 — 195.39 - —--
P(CH3)3S 0 79.87  -0.68 - -—- 87.15  -0.28 -— --- 117.14 -
PCl; ' 79.10 . 1.00 - — -— - — -— -— 143.11
POCL 5 76.26 0.34 — — — — —_— 191.84 - 142.31
PSC1s 76.19  -0.13 - -—- —- - -— .- 114.11 141,74
c 0.681 10.382 0.386 3.667  0.118  0.591  0.372
L 192.44 456.54 324.49 401.65 559.99  236.11  259.74
std. Dev. 0.61 0.52 -— 0.98 — 0.36
Corr. Coeff. 1 0.933 © 0.955 0.936 — 0.315  --- 0.576

T



Table VI

Transition State Valence Potentialsa from CNDO/2 Calculations and

Cata from the Correlation of Core Binding énergies with CNDO/2 Potentials

~ Compound 8y41(P) 'Dev(P)b a1 (N) 'Dev(N)b dya1(C) bev(C)b dyal(B)  y,71(0) éval(s)
NH 3 — — 154.39  -0.13 — —_— — — -
N(CH3) 3 - —v 156.11  -0.18 104.99  -0.03 — --- -—-
N(CH3) sBH3 — — 152.74 0.22  103.59  -0.04 68.63 ——- -—-
N(CH3) 50 -— - 152.34 ¢ 104.13 0.05 _— _— -—

PH3 91.23 -0.12 — — -— — — 220. 04 —

" P(CH3) 3 92.85  0.04 — — 106,53  =0.15 —- - —-
P(CH3) 3BH 3 '90.88  -0.26 — — 105.49 = -0.10 69.22 -— —
P(CH3)sCH2  '90.63  =-0.43 -— - 106.98  0.25 - — —-

- - —— —— 111.52  -0.05 . — — —
P(CH3) oNH 90.74 0.02 161.84  0.09  106.15  0.07 —- .

" P(CH3) 30 91.00 0.46 - _—  E—— -— 220.33 —-
P(CH3) 35 90.12 -0.41 — — 106.03  0.00 -— -—- 127.02
PC13 | 89.13 0.97 . -_— — — — — — -—
POCL3 86.22 0.04 -—- - - -—- -—- 216.70 -—-

PSCLs 86.51  -0.23 _— — - — — 124.19

o 0.782 0.439 0.499 0.746  0.346  0.633
2 | 208.36 473,41 341.50 264,38 612,78  247.25
Std. Dev. 0.43 0.19 0.13 — 0.76  =—-
‘Corr. Coeff. 0.968 . 0.994 10.993 —- 0.675  —--
| a

b

All potentials-are negative and in_éV.

Dev(X) = Ep(X) - [cxdyal (X) + £x](eV).

¢ This binding energy was-not'measured.

d The equivalent core calculation for this hole state potential did not achieve self consistency.

_81_
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CNbO/é carbon aﬁd nitrogen binding energy correlations, the transition-state
correlation for the phosphorus binding_energies is appfeciably better
“than the groundestate correlation. | Again, the most dramatic improvement
was obtained fqr-the_hydride, in this case.PH3. Tﬁe ground-state
potentials predicL the order &y,31 (PH3) < @val[gﬁCH3)3] < &,51[P(CH3) 3BH3],
whereas EB[EICHg)g] < EB(gﬂg) < Eg[P(CH3)3BH3]. When the transition—
sﬁate potentials are considered, however; both the direction and the
magnitude §f the shifts are accounted for. = Thus eésentially the entire
1‘eV shift in binding energy between PH3; and P(CH3)3; is due to the changes
in tﬁe potentials uﬁon photoemission and not to differences bétWeen the
_ground-state potentials. |

- . Because the-difference between the-ground-state and transition-state
pdténtials fér a given molecule is principally due to valence eléct:ons

' rélaxing&toward'the‘pdsitively charged ionized core, one expects that the

diffe;ence between these.fptentials, that is the valence relaxation energy

for that moleculé, should depend upon the numbér of ligénds bqnded to the

.core ionized atom, and upon the polarizabilities of these ligands. We
’pfeviously'found in a study of germanium compOundszg-that Cl and CHj groqps'
have similar valénée relaxation energies, larger than that of ‘H. In the

 case of the'trivalent phosphorus compounds, ®vai(gC13) —.@val[g(CH3)3]
‘Vhés about the same value for gréund—state potentialé.(AQQal =~ 3.9 eV) as for
t;ansition—staté potentials (Aéval = 3.7 ev). Howevef, éVa1(gCl3) —'Qval(gH3)
hés a value for ground—sfate potentiéls:(A®val 5_3.9'¢V) which is.more than

1 eV greater than the value for transition-state potentials (Adya1 = 2.1 eV)..
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This differenée is caused by the gfeater polarizabilityvof Cl relative

to H. A tetracovalent molecule P(CH3) 3X ought to have a_largef valence
relaxation energy than trivalent P(CH3)3. 'In.accord with this prediction,
the différence @vallgﬁCﬂa)gNH] - ®,,1[P(CH3) 3] for the ground—stéte potentials
is 2.4 eV, whereas fpr transitién—state potentials it is 2.1 eV.

The binding energy correlétions for boron, oxygen, sulfur, and
chlorine -have too . few data points to.justify detailéd'analysis. In the
ground state correlations of these elements; the pérameter c varies from
0.118 to 3.667. -~ These extreme values indicate that the ground-state ~
potentials poofly.deécribe the chemical shifts. The ¢ values
from ﬁhe.transition—state correlatidns, which range from 0.346"
to 0{746, are closer to those of the carbon, nitrogen, and
phosphorus cérrelatidns. Thus, it again appéérs néceSSary to consider
the transitiqn~s£ate potentials to‘quantitatively in;érpret chemicai
shifts.

Conclusions

Simple Lewis vaience bond structurés for these tetracovalent Group V
cdmpounds suggest that_the central atoms have # high.positive charge |
while the peripheral BHa, CH», NH, 0, or S ligands have a higﬁ,negative
' charge. Our.déta support this didea. The central atomrbinding energies
of all the tetracovalent ;ompounds are higher théﬁ the bindiné energies for the
¢orresponding ﬁrivalent compounds, and the binding energies of the ligand
étoms which havé negative formal charges are unusually iow for those
elements._

Alfhough direct evidence for or against the preseﬁée of multiple

bonding in these compounds was not obtained by:the‘ﬁethods discussed in
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this paper, certain conclusions may be inferred from our data. If.the
phosphorus 3d orbitals of the phosphorus compounds participate in pm>dm
‘bonding, these interactions would be expectedvto increase the‘electron
density oézghosphorus atomsat the expense of the formally-charged perlpheral
atoms, X. Because we were able to obtain good correlations of the core
binding energies'of phosphorus and the X atoms by rhree different methods,
all of which neglected orbminimized pn+dn interactions, the following
conclusion seems reasonable. Either rhe d orbitals are of comparable
:importance in determining the charge distributions of all the phosphorus
compounds, including PHj, P(CH3)3, and PCls, or they do not significantly
affect the charge dlstributions of any of the compounds studied. We
helleve rhe latter hypothesis is correct.  Certain spec1f1c dara'also
» directly'argue against d orbital bonding. The B 1s and O 1s binding
~energies of the compounds M(CH3) 3BH3; and M(CH3)30 .are 1ower when M =
.then when M = N; "This result strongly suggestsba,greater negative
charge on the BH; and O ligands for the phosphorus compounds then for
‘the nitrogen conpounds, in agreement with simple eiectronegetivity
predictions. This behavior is inconsistent with the presence of
‘appreciable pr>dn bonding in the phosphorus compounds.

Multiple:bonding between the central atom .and a 1igand etom is still
possihle for hoth the:phosphorus and nitrogen compounds:if one considers

no-bond hyperconjugated resonance structures such as the following:

. +
Re—m M —X
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' We have elsewh.erell interpreted core binding energy data in terms of
such bonding. In this type of bonding, cﬁarge is’not transferred from
the X'ligaﬁd fo‘thé central atom as in pm>dm bonding, but rather charge
is transferred from the X ligand to the other periﬁheral ligands. Although
bond order is not a pérticularly well-defined COncepf‘in molecular orbital
descriptions of chemical bonding, we have carefully exémined the EHT and
CNDO/2 calculations for POCl3 énd PSCls3 in order to infer bondvorders for
these molecules. - The EHT Mulliken population anélyses | |
show 1little m electron density in the P-O and P-S overlap regions,
~and the P o:bitals on oxygen and sulfuf are néarly filled and exhibit
primarily 1one;péir characteristics. .Although.there are no ovérlap
populations in CNDO/2, the pT orbitals of oxygen and sulfur are again
nea?ly filled, and an examination of the eigénvéétors for the filled
molecular orbitalé again suggests that these érbitals a;e 1afgely lone
pairs. Thus, Simple molegular orbital descriptions of the ground states
of these two molecules show primarily O bonding and considerable charge
polarization. ' Howeﬁer, more sophisticated‘caiculations should be made
if the importance of'hyperconjugation in these'ﬁélecules'is to be
theoretically determined.'- The calculation of localized molecuiarrdrbitals
vﬁight be especially'helpfui in deﬁgrmining the extent of hypechnjugation.'
Our best correlations of binding energies ﬁith cﬁargg dispributions
ﬁére obtained when'fhe effect of electronic réiaxation due to the core
hole was explicitly included in the charge distributions. We feel that
fhe effects of electronic reiaxation during photoemission on core binding

energies will become more apparent as more gas phase core binding energies
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for compounds containing elements heavier than neon are measured.

These heavier atoms are.generally more polarizable than fifst row atoms,

and therefofe are nore pettnrbed b& positively charged holes in either

their own cores, orvthe cotes ot adjacent atoms. Furthermore, the increased
size of these heavier elements implies smaller one—center <r_1> expectation -
values and thus smaller chemical shifts.  Thus, the effecte of valence‘
electron relanatiOn should become felatively more ptonounoed. The |

- equivalent coree apbroach, in both.its thermodynatn:'ic22 and electrostatic
vpotentia123 appllcatlons, prov1des a 31mple ‘method of accountlng for the

valence electron charge polarization whlch occurs durlng photoem1s31on.
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‘Figure Captions"

Plot of cérbon lé binding energies»g§_binding energies
calculated from ground state EHT valence pétentials,.where
EB(calc)l= cd + L.

Plog of phosphorus 2p3, biﬁding energies vs binding energies
calculated from grouna state EHT valence pofentials, where

EB(calc) = cd + L. The two dashed lines represent correlations

of just the trimethyl and just the trichloro compounds.

'Plot of carbon 1s binding energies vs binding energies caiculated

from hole state CNDO/2 valence potentials, where EB(calc)'é cd + L.

' Plot of phosphorus 2py,, binding energies vs binding energies

calculéted»from hole state CNDO/2 valence potentials, where

Eg(calc) = cd + L.
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United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
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