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CAAPIBRI 

Introduction 

1 
As indicated in a recent review article by Urch, x-ray photon 

spectra arising from electron transitions provide a powerful tool for 

the elucidation of the electronic structure of materials. Accordingly, 

photon emission which originates in the outermost orbitals reflects 

changes that occur in the vicinity of an atom upon bond formation. 

Thus, shifts in peak positions, changes in band shapes, and splittings 

of bands provide valuable information concerning electronic structure. 

2 
As indicated by Andermann, . photon emission spectroscopy possesses 

an inherent adva ntage over other electronic methods. Due to the essen-

tially atomic nature of the initially ionized state and the large 

emission energies, photon spectroscopy of solids, for example, is 

capable of high resolution of spectral transitions, unlike u.v • 

absorption spectroscopy of solids which necessarily involves broad bands 

under poor resolution. Furthermore, x-ray photon emission spectroscopy 

is representative of the bulk sample favoring it over x-ray induced 

photoelectron spectroscopy which is representative of surface material 

3 
only. 

The effects of chemical bonding upon x-ray spectra were first noted 

4 
over fifty years ago, but lay uninterpreted primarily due to the lack 

of a rigorous bonding theory. More recently, the application of molecular 

orbital concepts has led to the resurgence of interest in x-ray photon 

emission spectroscopy. 

1 
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2 

Much of the work, at first, centered upon transition metal complexes 

due to their large transition energies and easier measurement in the hard 

x-ray region. In 1965 Best5 provided a reasonable interpretation of the 

K x-ray emission spectra of a series of tetrahedral transition metal 

oxy-anions, while Seka and Hanson
6 

interpreted the K absorption spectra 

of many transition metal complexes on a molecular orbital model. 

F . h l,B · ·1 1 d h L . . d b . isc er simi ar y reporte on t e 2 3 emission an a sorption spectra 
' 

for some titanium and vanadium compounds. In 1967 Andermann suggested 

the use of molecular spectroscopic concepts for interpretation of x-ray 

9 
emission spectra. Work was then extended to the compounds of the 

second periodic row elements, in particular to their oxy-anions. Dodd 

10 
and Glenn investigated the K emission spectra of fourfold and sixfold 

coordinated oxides of magnesium, aluminum, and silicon, while the sulfur 

11 and chlorine spectra were studied by several people including Best, 

12 13,14,15 
Andermann and Whitehead, and Nefedov, et al., all interpreta-

tions agreeing fairly well on the main spectral features. The sulfur 

and chlorine work is further supplemented by the rigorous molecular 

orbital calculations of ·Manne,
16 

Hillier, 17 and Bishop. 18 , 19 

In the considerable work done on the compounds of the elements of 

the second periodic row, however, information on the compounds of 

phosphorus is limited. 
. 14 

Nefedov and Fomichev have looked at the L 

20 spectra of one phosphorus compound, and Urch has discussed the L 

spectra of a series of phosphorus compounds, but this is rather scanty 

information. More complete is the work of Hillier17 on P04- 3 in which 

rigorous molecular orbital ab initio SCF calculations for the molecule 

in relation to the K~ and L2 3 spectra and photoelectron spectra are 
' 
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3 

discussed, The only other rigorous calculation for phosphorus is by Boyd 

21 
and Lipscomb who have done ab initio SCF calculations on the hypothe-

tical P0 2 anion; but obviously no spectral data exists for comparison. 

Curiously enough complete K and L spectra do exist for an entire 

series of phosphorus salts, the K spectra having been investigated by 

22 23 
Fichter, and the L spe ctra by Henke, but neither author offers 

molecular int erpretation, 

Studie s to date have dealt with relatively simple bonding situations 

i n which the central atom is surrounded by one type of ligand and 

pos sesses over-all high syrru:netry. Any evaluation of molecular bonding 

nee ds to be ext e nded to more general situations where more than one type 

of ligand may be bonde d to the cent r al atom and in which the molecular 

syrru:netry is reduced. In this aspect lies the rationalization of this 

thesis. It is intended to look at phosphorus bonded to a series of 

different types of ligands and in different combinations of these ligands. 

One series of compounds is of the type ~i 1-S2P(R) 2_72 , where R may be an 

alkyl or a lkoxy group, and the arrangement about the phosphorus atom is 

approximat e ly tetrahedral. In order to interpret the bonding in these 

compounds, it appeared necessary first to understand completely the 

nature of phosphorus bonding; this was envisioned to be accomplished by 

the investigation of a series of simple phosphorus salts of the type 

-3 -2 -
P04 , HP0

3 
, H

2
Po

2 
, where phosphorus is bonded to one or two different 

ligand type s in an approximately tetrahedral arrangement. The H2Po2 

was thought to be of particular advantage in the study of the 
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A complete study of bonding appeared to require the consideration 

of all electronic transitions since each spectral series contains 

unique information. Most authors have investigated only the K or L 

spectral series giving an incomplete picture of the bonding. Andermann 

12 
and Whitehead were the first to consider the K and L spectra together 

with the core photoelectron spectra for a series of chlorine and sulfur 

4 

oxy-anions. Their results raised many interesting aspects that appeared 

to require further investigation but demonstrated clearly the need for 

simultaneous evaluation of K /3 and L
2 3 

spectra . 
' 

This work, thus, involves three specific areas: 

(1) the evaluation of the bonding in phosphorus compounds, 

in general, by means of photon spectroscopy and application 

of molecular orbital concepts with specific concern to the 

effects of a second ligand type; 

(2) the simultaneous evaluation of the K~ and Lz 3 spectra for 
' 

these compounds, along with the determination of the 

corresponding molecular levels; and 

(3) the use of the concepts developed above for a series of 

"simple" phosphorus compounds as applied to a series of 

more sophisticated compounds of the type Ni L-s 2P(R) 2_72 . 
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CHAPTER II 

Theory 

As mentioned previously, it was the development of the application 

of molecula r orb ital methods that revived interes t in x-ray spectroscopy 

as a tool for electronic studies. Appendix C gives a brief description 

of the molecular orbital approach to bonding with an appropriate example. 

This section discusses the relevance of molecular orbital concepts to 

x- ray photon emission spectroscopy as a guide to the interpretation of 

the experimental results given in Chapter IV. Below, a brief description 

is provided of the x-ray photon emission process as viewed from various 

models . 

X-rays are emitted
24 

when inner shell vacancies are filled by 

electron transitions from outer shell orbitals. This process is shown 

diagramma tically in Figure 1 for the K and L spectral series of an 

isolated atom . The energy, hJ, of the emitted photon corresponds to the 

difference in the energy between the two states; i.e.' hJ = E1 - E2. 

The opposite absorption, results 24 when an inner process, x-ray 

shell electron is excited to one of the empty valence orbitals, as 

indicated in Figure 2. X-ray emission and absorption spectroscopy 

together are capable of locating both filled and empty valence orbitals, 

In molecules the valence orbitals are directly involved in bond 

formation, producing a new set of energy levels from which transitions 

are possible. Two theories have been offered to explain the resulting 

x-ray spectra. 

5 
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. 25 
According to valence band theory, the bonding orbitals comprise a 

delocalized valence band of varying electron charge density. Ignoring 

selection rules, the resulting transitions then represent a density of 

states for the valence band. The energy level diagram for this model is 

shown in Figure 3. This model may be appropriate for bonding situations 

in which each atom is bonded to many other atoms in a truly delocalized 

lattice, for example, in a semiconductor such as silicon • 

Molecular orbital theory, on the other hand, proposes a set of 

discrete ene rgy levels resulting from atomic interactions of "nearest 

neighbors" as representing the valence electron charge density. 26 This 

situation is shown for a molecule of Td syrmne try in Figure 4. Representa-

tive of this model are chemical compounds in which certain atoms are 

directly bonded together into a' discrete entity which has little inter-

action with other such species. This network of strong and weak bonding 

results in an essentially isolated molecule giving sharp spectral lines 

as compared to the broad-band spectra for the valence band model • 

In the aforementioned diagrams, transitions to inner levels are 

shown as arising from certain selected outer orbitals, indicating the 

transition probabilities governing x-ray transitions. For the isolated-

atom model under the Russell-Saunders coupling scheme, electric dipole 

27 
transitions are allowed only when the changes in quantum numbers in 

changing states obey the following conditions: 

AL = ± 1, AJ = 0 or ± 1 

where L is the resultant orbital momentum for the atom produced by the 

coupling of electron's individual angular momentum, and J is the resultant 

total angular momentum produced by coupling of the resultant orbital (L) 

and spin (S) momenta. 
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Therefore K spectra arise from p ---7 s transitions whereas L 

spectra represent s ---t p or d ----7 p changes. The ability to so 

distinguish electrons of different symmetries due to their spatial 

selectivity gives x-ray spectroscopy particular advantage over photo-

3 electron spectroscopy. 

9 

Furthermore , the essentially atomic nature of the inner level offers 

x-ray spectros copy as a viable and superior alternative to u.v. absorp

tion spectroscopy. For solids the interpretation of u.v. absorption 

spectra is hindered by the numerous possible states to which the valence 

electron may be excited. Along with the inherently low resolution, 

mentioned previously, this makes the assignment of transitions difficult. 

Solution work offers no alternative, as solvent-solute interactions 

prohibit an accurate description of the excited, as well as, the ground 

state. 28 Also, possible charge transfer transitions from solute to 

solvent complicate the resulting spectra and interpretation. 

Molecular orbital theory is concerned with the "local environment" 

of an entity as determined by the specific atoms bonded together in a 

discrete unit. Application of molecular orbital concepts to photon 

spectra may then be considered as describing the environment of the 

emitting atom probed by x-ray spectroscopy. This environment is describ

able in terms of molecular symmetry. Since the Hamiltonian operator 

commutes with the symmetry operator, the eigenfunctions for a molecule 

may form a basis for the irreducible representations of the symmetry 

group to which the molecule belongs, thereby incorporating group 

theoretical concepts into the molecular orbital arguments. It is here 

that the molecular situation, while derived from the linear combination 
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10 

of atomic orbitals, deviates significantly from the atomic. For example, 

in an atom, 's' and 'p' orbitals are clearly of two different types; but 

in the molecule, a group of 's' orbitals arranged tetrahedrally about a 

central atom are no longer 's' in character. They now transform as an 

a 1 + t 2 group of orbitals and may interact with the 'p' orbitals of the 

central atom which transform as t 2 . It is then possible for 's' orbitals 

in molecules to participate in transitions which are forbidden atomically • 

Most importantly, an atomic orbital may contribute to several molecular 

orbitals of different energies, thus splitting a single characteristic 

atomic emission line into two or more distinct lines. These molecular 

transitions are also governed by selection rules reflecting transition 

probabilities, and thus retain in the molecule the spatial selectivity 

inherent in the atom . 

For photon spectroscopy these selection rules may be derived 

analogously to u.v. absorption transitions. In order· for a transition 

to be "allowed," the transition matrix element R must be of finite mn 

magnitude; i.e.: 

(1) 

where ~11 is the final state molecular orbital function, 'f'11 the initial 
I\ 

state wave function and ~ is the electric dipole moment operator. This 

transition matrix element will only be non-zero if the triple product, 

represented above, transforms as or contains the totally symmetric 

representation.
29 

But this says nothing of the intensity of an allowed 

transition which is determined by the squares of the atomic coefficients 

comprising the molecular orbitals • 30 According to Manne, the intensity 

for the molecular situation is derived analogously to the atomic; for a 
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dipole allowed transition the spontaneous emission probability, I, is 

related to the transition energy, E, and the transition moment, R , 
mn 

through: 

where Rmn =< y I m 

electric dipole vector. 

These wave functions are approximated by the molecular orbital 

wave funct ions for the ground state of the neutral molecule each with 

one electron missing. Under this condition, Rmn reduces to the one 

11 

electron dipole matrix element between the two vacated molecular orbitals • 

For K~ one of these is the central atom ls orbital and the other is the 

delocalized molecular orbital~ i' which is expressed in terms of the 

available valence atomic orbitals as: 

(3) 

to give: 

(4) 

In sunnnation, all but the dominant one-center central atom terms 

(Y-1sle"fi\ Y--2p) are neglected; then 
2. 

I --- L c Kt (5) 
l{.:2p 

i.e., the relative emission probability will depend only on the amount of 

'p' character of the central atom in the molecular orbital describing the 

vacancy in the final state; all other atomic contributions will be 

negligible. Manne' s assignment for K ~ transitions then is on an inten

sity model; most others have concurred. Andermann and Whitehead, 12 on 

the other hand, have argued for the possibility of significant contribu-

tions from all other atomic orbitals, as well as lattice perturbations, 
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12 

to explain any unpredictable intensity contour . Their assignment, then, 

considers a combined scheme of an energy plus an intensity model. 

While the intensity problem currently inhibits the full quantitative 

interpretation of L2 3 photon emission lines, it is seen from a detailed , 
evaluation of interpretation of the K~ spectra, that Kp transitions will 

result from molecular orbitals with large 'p' contribution. According to 

Manne's rules, the L2 3 spectra will reflect significant 's' and 'd' , 
character in molecular orbitals, provided that 3d orbital population is 

high for compounds containing second row elements. 

For a molecule of high symmetry, following Manne's arguments, the 

K(3 and L
2 3 

spectra will exhibit few common features. As the syrmnetry is , 
lowered there is significant orbital mixing which may result in molecular 

orbitals capable of producing both K and L transitions and thus mutua l 

spectral features. Andermann and Whitehead
12 

have proposed such a model; 

if: 

(6) 

where Ei is the energy of the ith molecular orbital in which a transition 

originates; h~ is the photon emission energy which is experimentally 

determined; and V is the binding energy of the inner orbital electron, 

as determined by photoelectron spectroscopy; then it should be possible 

to show that: 

h { - V k "' h~ L - V L 

i.e., for certain transitions: 

E. (K) 
l. "' (7) 

However, any two such mutual transitions will not necessarily be of 

equal intensity in both spectra, either under Manne's or Andermann's 
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13 

arguments. For example, band C for c103 in the L2 3 spectrum, as shown 
' 

in Figure 5, has been attributed by Andermann and Whitehead
12 

to an a
1 

molecular orbital. This same molecular orbital has been designated by 

16 
Manne as the origin of band G in the KP spectrum shown in Figure 6 . 

While the band is quite prominent in L
2 3

, it is barely resolvable in Kf. 
' 

Determination of any such mutual spectral transitions then necessitates 

the simultaneous evaluation of KP and L2 , 3 spectra • 

Molecular orbital concepts are fairly well established for molecules 

involving atoms of the first periodic row; however, difficulties are 

encountered when it is assumed that models using simple collections of 

atomic orbital functions are also applicable to molecules of the second 

row elements. When this model attempts to incorporate 3d orbitals into 

the bonding schemes to describe the bonding of penta- and hexa-coordinated 

structures, the 3d orbitals are found to be so diffuse that overlap with 

ligand orbitals is negligible. This suggests that either 3d orbitals do 

not contribute significantly to the bonding or that they are modified 

drastically in a molecular environment to make bonding feasible. This 

h b . . db 1 1 1 31,32,33,34,35,36,37 aspect as een reinvestigate y severa peop e recent y 

leading to the possible involvement of 3d orbitals in the bonding on two 

factors: the number of 'd' orbitals in the bonding configuration and the 

magnitude of formal charge induced on the central atom. This evidence is 

qualitative and argumentative. However, more recent work has presented 

quantitative evidence for inclusion of 3d orbitals in bonding. Hillier 

38 
and Saunders have found molecular properties consistent with experiment 

and over-all decreases in molecular energy as a result of ab initio SCF 

1 1 . . f d 1 1 Al B d d L . b21 ca cu ations on a series o secon row mo ecu es. so oy an ipscom 
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have indicated large 3d orbital contribution to the hypothetical P0 2- as 

a result of rigorous calculations. Thus the correlation of theoretical 

calculations with observation is better when 3d orbitals are included, 

it being necessary to include them in order to obtain results comparable 

34,36,38 
with the few ab initio calculations available. 

In the above discussion it has been shown that, for the most part, 

computational and experimental considerations have been extended to 

simple bonding situations in which all ligand atoms are of the same type. 

The more general bonding scheme, however, may involve a combination of 

different ligand atoms. Each of these ligands may interact with the cen-

tral atom in its own unique manner and may further interact with one 

another to produce a set of energy levels significantly different from 

that for the unsubstituted molecule. It is the main intent of this 

thesis to consider exactly these sorts of problems. 

16 Manne has investigated such a situation for S0
3
F and predicts 

-2 
three additional energy levels to those for so3 ; but since the experi-

mental spectrum does not split out these levels, he attaches no signifi-

cance to the location of the additional levels. He further finds a 

significant decrease in all the energy levels over that for so3- 2 or 

This is the only example available correlating molecular orbital 

calculations with x-ray emission data for evaluation of different ligands 

on a central atom. More complex systems may exist, of course, depending 

upon the size of the ligand substituted and the difference between the 

bonding ligands. -3 For example, if oxygen in P04 is replaced by sulfur 

-2 to give Ps 2o2 , d orbitals may be available in both phosphorus and 

sulfur adding to the basis set that must be considered • 
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A more subtle change in bonding may occur with a less drastic change 

• in ligand. 
-3 -2 

For example, if P0
4 

is converted to P0
3

(0H) , crystallo-

h . d 39 h h d'f f h h grap ic ata suggests t a t t ere are two i -erent p osp orus-oxygen 

bonds formed and, therefore, two different ligands are present • 

• The concepts discussed here have been used as basic tools to 

interpret trends in experimental results. A truly quantitative evaluation 

of bonding is beyond the scope of this thesis, but experimental work 

• should provide material to evaluate existing concepts. In this respect, 

. 38,17 
Hillier and Saunders, while predicting significant 3d orbital 

contribution from rigorous calculations, have investigated photoelectron 

• d . . 17 f . 1 'd f h . 1 1 an x-ray emission spectra or experimenta evi ences o t eir ca cu a-

tions. It is experimental interpretation that evaluates quantitative 

predictions. This is the purpose here, to look for experimental evidence 

• for effects of changing ligand or for 3d orbital participation on the 

basis of previously developed molecular orbital concepts . 

• 

• 

• 

• 

• 
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CHAPTER III 

Experimental 

In this section the instrumental features of the double-crystal 

x-ray spectrometer, as modified for phosphorus evaluation, will be 

discussed in detail before surrunarizing the instrumental operating 

conditions and sample preparation. 

The spectrometer available to this lab was a Norelco vacuum single-

crystal spectrometer which, with a PET (002) crystal, and 0.020 inch x 

4 inch collimation of the beam incident upon the crystal, and 0.010 inch 

x 5/8 inch collimation of the reflected beam, gave a resolving power of 

350, as shown in Figure 7 for second order Mn K~1 2 . Figure 8 shows a , 
representative single-crystal scan for one of the phosphorus salts, 

Ca3 (P04 ) 2 , with a resolving power of 200. It was this kind of low 

resolution which had precipitated the design of a high resolving double-

40 
crystal unit by Whitehead, Layfield, and Andermann. A brief diagram-

matical representation and description of this continuously scanning 

instrument is given in Appendix A. Obtaining high resolution spectra 

for phosphorus on this instrument proved to be rather complex, as 

modification of the doub.le-crystal unit into a novel "hybrid spectrometer" 

was necessary . 

The double-crystal unit was designed so as to be attached onto the 

20 arm of the single-crystal mount thereby replacing the detector, as 

discussed in Appendix A. The instrument was provided with ability for 

simultaneous scanning of both crystals or for independent rotation of 

17 
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the second crystal. ·The first arrangement is more connnonly used and 

is capable of covering a large spectral region while producing a faithful 

intensity contour. The second arrangement, however, while generally 

capable of high resolution, covers a very limited spectral region the 

width of which depends upon the angular spread of the beam incident upon 

the second crystal. Both methods were investigated here, the results 

will be discussed below, but first an explanation of the crystal system 

used is necessary. 

Resolution capabilities with a double-crystal spectrometer are 

highly dependent upon the type of crystals and their physical condition. 

40 
Whitehead, et al. had previously determined that two calcite crystals 

were capable of 1 2 eV resolution for the soft x-ray region, and it 

was desired to employ a double calcite crystal system here. Furthermore, 
0 

calcite's 2d spacing (6.0706 A) would provide optimum dispersion for 
0 0 

phosphorus radiation (5. 80 A). However, mechanical limitations of 116 29 

on the goniometer prohibited this arrangement . In fact, the long wave-

length of phosphorus radiation severely limited the choice of crystals. 

Three factors must be considere d in the choice of crystals: 

1) resolving capabilities 

2) reflectivity for maximum intensity 

3) a large f.../2d value for maximum dispersion. 

No one crystal qualified in all three respects for phosphorus, and the two 

best qualified--quartz and calcite--were eliminated for mechanical reasons; 

the third choice of two PET crystals fulfilled the second and third re-

quirements fairly well, but the resolution needed to be evaluated . 

Second order Mn Kl{1 , 2 and first order PKP for NaH
2

Po
4 

were scanned by 
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simultaneous rotation of both crystals; the resultant spectra are shown 

• in Figures 9 and 10. Resolving power of about 450 was obtained corres-

ponding to only 5.4 eV resolution fo r phosphorus which was clearly 

ina ppropriate for the work to be done here. Apparently the presence of 

• exte nsive mosaic structure in PET did not allow good resolution. 

22 
Fichter ha d previous l y inves t i ga ted the K~ spectra for a series 

of phosphorus sa lts using a curved quartz-crystal spectrometer with a 

• r es olution of 1.5 eV. For c omparison with Fichter 's work, a resolution 

of 1.5 to 2.0 eV is needed he re. 

As alre ady mentioned, independent rotation of the second crystal 

• provides hi gh r es olution; this position was thus provided with a calcite 

crysta l whil e maintaining PET in the first position. Such an arrangement 

is not so strictly limited by mechanica l considerations due to the 

• destruction of the 2:1 geometrical relationship between the two crystals, 

0 
extending the upper limit of operation to 147 28. The resulting crystal 

arrangement is shown diagrammatically in Figure llb. The alignment of 

• this hybrid spectrometer is similar to that for the normal two-crystal 

operation. Third order Fe K~ 1 2 radiation was employed for the alignment , 
since its wavelength lies quite close to that for phosphorus K~. Since 

• the double crystal unit is attache d to the 2G arm, the detector is placed 

in the second crystal position, as se e n in Figure lla, and the first 

crystal is then aligned so as to focus the beam reflected from PET onto 

• the center of rotation of the calcite crystal. The detector is then placed 

at a position appropriate to the calcite crystal which is now placed on 

the 28 arm, as se en in Figure llb. Further alignment of the second crystal 

• is made by adjustment of the crystal holder support on the 20 arm and by 

• 
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adjustment of the holder itself. Thus radiation reflected at 41.60°29 

by PET (002) is reflected ai 72.83°28 by calcite (100), a difference of 

31.23°28 ove r the double PET arrangement. 

An evaluation of the double-crystal arrangement was accomplished 

using second order Mn KP.'1 2 reflected from PET and first order Mn Kq1 2 ' ' 
r ef l e cted from ca lcite; third order Fe Kot1 2 was also evaluated. 

' 
Seve ral sca ns we re made to che ck the r eproducibility, stability, and 

ins trume nta l var iables; the resulting Mn K~1 2 spectrum is given in 
' 

Figure 12. The resolving powe r increa sed from 450, for second order 

Mn K~1 , 2 from the double PET arrangement, to 525 for first order Mn K~ 1, 2 

from the PET-calcite system. More significant is the resulting spectrum 

0 
for third orde r Fe K~1 2 which, since its wavelength (5.80 A) lies closer 

' 
0 

to that for phosphorus KP than does II Mn K~l 2 (4.20 A), should better 
' 

describe the spectrome ter's performance for pho s phorus. The spectrum 

is shown in Figure 13. Figure 14 shows the single PET crystal scan for 

comparison. A resolving power of 1400 is obtained for the PET-calcite 

arrangement; peak positions for four successive runs were reproducible 

within 0.06 eV supplying the necess a ry resolution and instrumental 

stability. Also shown in Figure 15 is a spectrum of III Fe Kc{l 2 ' 
obtained by simultaneous rotation of both PET and calcite crystals. Tre 

resolving power has been decreased to 900 and the intensity contour has 

been significantly distorte d. The independent calcite r .otation at fixed 

settings of the PET crystal clearly offers the best spectral performance 

for this "hybrid spectrometer." 

With sufficient resolution thus available, . the spectrometer was 

applied to phosphorus Kf studies. Figure 16 is a scan of Ca3 (P04) 2 ; 
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comparison with Figure 8, while exhibiting superior resolution, indicates 

that only half of the Kr spectrum has been covered by the independent 

second crystal scan--clearly demonstrating the limitation of this method. 

In order to investigate the full K~ spectrum it appeared necessary to 

obtain calcite scans at several settings of PET and then to piece 

together the resulting normalized sections. 

This dependence of the spectral distribution upon the first crystal's 

setting necessit a ted an evaluation of the effect of this crystal's 

properties upon the resulting spectra. Three factors were considered: 

1) 29 setting of the PET crystal 

2) mosaic structure of PET 

3) collimation of the beam incident upon PET 

These were investigated with respect to their effect upon the III Fe Kq
1 

to III Fe Kof
2 

ratio which ideally is 2; therefore, the angular range 

over which the prope r intensity ratio can be obtained represents the 

extent of a faithful intensity contour for a second crystal scan. The 

results are shown graphically in Figures 17 to 19; the plateaus represent 

the angular range for proper intensity contour within about 15 percent 

deviation . 
0 

For the first PET crystal studied a range of 0.12 20 was 

obtained which, together with the III Fe Kq1 - III Fe Kq
2 

separation of 

4.33 eV represents a useful range of 6.5 eV. Outside of this region 

distortion increases greatly. Therefore, in order to obtain a true 

representation of the full 20 eV Ko( spectrum three settings of PET would 

be necessary. 

In substituting a PET crystal of a more mosaic structure, Figure 18, 

an angular range of 0.275°28 corresponding to about 10.0 eV is obtained 
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necessitating two PET settings for a true intensity representation • 

Therefore, the mosaic structure of the first crystal directly determines 

the intensity distribution produced by the second crystal and affects 

the applicability of this hybrid spectrome ter . 

Figure 19 represents the effects of collimation of the beam 

incident upon the first crystal; the mor e "perfect" crystal was used for 

this investigation . When the 0.020 inch primary collimation \vas replaced 

by a 0.005 inch x 4 inch collimator, a decrease from 0.12°20 to 0.012°2~ 

in fle xibility of setting of the first-crystal results; this corresponds 

to a 4.5 eV range which would require four settings of the PET crystal 

for full spectral eva luation. These effects are directly a result of 

the Bragg equation. The more coarsely collimated beam, being more 

divergent, contains many different rays which can form the proper Bragg 

angles with the mosaic structure of the crystal so that there is a range 

of angular settings over which the crystal may be positioned and still 

yield a reasonably faithful intensity distribution. As the beam becomes 

more parallel or the crystal more nearly "perfect," the angular range of 

the crystal becomes more limited. Fine collimation and a nearly perfect 

crystal would, therefore, represent the most restrictive situation for 

this type of hybrid spectrometer arrangement. Obviously, the simultaneous 

scanning of two identical crystals would not exhibit this distortion as 

the wavelength range reflected by crystal A forms the proper Bragg angles 

with the second crystal B without restriction. Increased mosaic structure 

may decrease the over-all resolution, but would not distort the i 'ntensity 

distribution . 

Evaluation of the full phosphorus spectra, therefore, entailed three 

separate scans of calcite at different settings of PET #1. Although 
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PET #2 gave a larger angular range, it produced considerably lower 

intensities which could not be afforded. The normalization and combining 

of the three spectral regions was possible by the scanning of a standard 

sample as a reference at each setting of the first crystal . 

Sample spectra for Ca(H2Po
4

) 2 and III Fe K~1 2 
at each setting of 

' 
PET are given in Figures 20 to 25; the extent of distortion may be 

realized from the deviation of the III Fe Kc{1/III Fe I<q2 ratio from the 

actual value of 2:1. 

The normalization processes are discussed fully in Appendix B; a 

brief discussion is offered here . 

The energy scale normalization is necessary due to the independent 

scan of the second crystal which is rotated by a dial calibrated in units 

of 12 seconds of arc which must be converted to 28 values for each crystal 

used. This conversion was accompli s hed by standardizing and applying 

the dispersion relationship to the III Fe Fq 1 2 spectrum for which the , 
Fe emission lines are known exactly • 

The dispersion for the antiparallel arrangement is the sum of the 

dispersions for the two crystals. 

D 
d9 
df\.. 

n + n (8) 

and thus the dispersion increases nonlinearly for increasing angular 

setting of each crystal. Therefore, the dispersion will change both 

with setting of the PET crystal and during scanning of calcite. The 

experimentally determined dispersion is shown graphically in Figure 26 

which represents the calcite position as a function of PET setting. 

It is seen that both III Fe ~ and II! Fe I~2 emission lines change at 

the same rate and that this change is approximately linear over the range 
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useful here. The III Fe ~l - III Fe ~2 separation therefore served as 

an experimental dispersion from which an energy scale could be derived. 

A dispersion value was obtained for each setting of PET used, but due to 

the linear relationship observed above (Figure 26) the dispersion was 

assumed constant during any one scan. 

Results appear to be quite good; two lines were needed for 

evaluationo On the high-energy side, PI<(> for red phosphorus was 

determined to be 2139.89 eV; Fichter reports a value of 2139.85 eV. 

Unfortunate ly, no standard emission line was available on the low-energy 

side for comparison. The K ~ - KP' separa tion for Ca3 (P04 ) 2 was, there

fore, compared to that for Na 3Po4 as published by Fichter. 22 According 

to Fichter, K~ = 2137.70 eV and Kf3' = 2124.50 eV, a difference of 13.20 

eV; for Ca3 (P04 ) 2 ca lculated from the experimental dispersion, K{3 

2137.97 eV and Kf' = 2124.48 eV, a difference of 13.49 eV and an apparent 

discrepancy of 1.5 percent in the separationo 

The intensity normalization is discussed in Appendix B. Figure 27 

shows a spectrum for CaHP03 obtained at PET 83.40°2e and a corrected 

spectrum obtained from the nonnalization and piecing together of the 

three spectra obtained at PET settings of 83.05°, 83.40°, and 83.60020 . 

As seen, the scan at 83.40°20 fairly well approximates the true intensity 

contour; the remaining spectra in Section IV are, therefore, uncorrected 

spectra obtained at a PET setting of 83o40°2e • 

The successful calibration of the instrument and the reproducibility 

of spectral features to within 0.06 eV indicate that our "hybrid 'double-

crystal spectrometer" is capable of quantitative, as well as qualitative, 

evaluation • 
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Operation 

Before any double-crystal work was attempted, all of the compounds 

were investigated for effects of decomposition. 

The sodium salts of the phosphorus oxy-anions were found to 

decompose rapidly in an inexplicable manner upon irradiation, as was 

previously noted by Wiech,
41 

while the calcium salts proved quite stable 

in the x-ray beam. Figure 28 is an example of the stability of the 

calcium salts. Each compound was irradiated for a total of three hours, 

spectral data being recorded each hour; decomposition effects were small 

over -all and negligible for the first 90 minutes. The salts were all 

reagent grade chemicals and no further purifica tion was made. 

The Ni l-S
2

P(R)
2
_7

2 
compounds donated by Professor Quintus Fernando 

of the Unive rsity of Arizona, Tucson, also exhibited neg ligible de composi

tion effects; a sample of radiation effects is shown in Figure 29. One 

of the compounds, the pyridine adduct of Bis (0 O' diethydithiophosphinato) 

Nickel (II), exhib ited a tendency to lose pyridine unless kept in a 

pyridine atmosphere . Exposure to radiation may also have induced 

pyridine loss, as would be indicated by the change in color from green 

to purple characteristic of the parent compound. However, no significant 

spectral changes were observed on the phosphorus K~ spectra. 

All samples were ground manually to a fine powder from which a 

briquette of "infinite" thickness was prepared. Spectra were run in a 

helium atmosphere at 45 kv and 60 ma with a 3 kw chromium tube and gas 

flow proportional counter with P - 10 gas set at 1600 v. Pulse-height 

analysis was used to discriminate against stray tube radiation and 

background radiation from calcium; the use of a 1.0 v baseline and 3.0 v 

window increased the peak to background ratio by a factor of 2 . 
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0 4 0 0 Three settings of PET were used, 83.05 28, 83. 0 28, and 83.60 29; 

• one-hundred-second counts were taken for each point and each spectrum 

required from 70 to 100 points. III Fe K<i
1 2 

standard was run after 
' 

each phosphorus point-by-point scan to provide a constant check on the 

• wavelength stability of the system, and to provide a standard for wave-

l ength and intensity calibration . 

Where any spectra l feature was suspect, a fresh sample was scanned 

• ove r tha t particular region as a check. The running of each spectra 

averaged from 90 to 120 minutes . 

• 

• 

• 

• 

• 

• 

• 
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CHAPTIR IV 

Results and Discussion 

In this section the experimental results and their interpre tation 

will be present ed; the interpretation will be semi-quantitative as 

appropriate CND0/2 calculations have been performed . 

Two serie s of compounds were studied; the results of the phosphorus 

oxy- anions will be prese nte d first, then the Ni 1 s
2

P(R)
2
_/

2 
compounds 

will be discusse d on the basis of information gained from the phosphorus 

salts. 

The following phosphorus oxy-anions were investigated: 

Ca
3

(P0
4

) 2 CaHP0
4 

Ca(H
2

Po
4

)
2 

Hro 
3 4 

CaHP0
3 

Ca(H PO ) 
2 2 2 

Td c3v c c c c 
2v 3v 3v 2v 

Ca3 (P04) 2 , CaHP0
4

, and Ca(H2Po
4

) 2 are the tri-, di-, and monobasic 

salts of phosphoric acid, H3Po4 . Data in Table 1 indicate one type of 

-3 
bond for P04 and two distinct bonds for CaHP0

4
, Ca(H

2
Po4 )

2
, and H

3
Po

4
. 

It was on this basis that the symmetries were assigned . 

The K~ spectra for all compounds were obtained in this lab; the 

-
L

2 3 
spectra for H Po

4 
, 

) 2 
-3 while that for P04 was 

-2 
not available for HP04 

-2 23 
HP0

3 
, and H PO were furnished by Henke 

2 2 

published by Wiech. 41 The L
2 3 

spectra were 
) 

and H3Po4 ; however, this does not appear to 

have hindered the assignment made here. 

Figures 30-36 show the Kr spectra for phosphorus and its salts 

while the L2 3 spectra are presented ih Figures 37 to 41. , 

48 
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• Table 1 

Crysta llographic Data for Phosphorus Oxy-Anions 

Compound Bond a Angle Degrees a • Length 

PO - 3 
4 

P-0 1. 56 ~ 0-P-O 109.5 

HPO - 2 0 

lj. P-0 1.519 f; OH-P-0 108.4 

• P-OH 1. 576 A 0-P-O 110.5 

0 
114. 2° H2Po4 P-0 1.498 t 0-P-O 

~ P-OH 1. 606 OH-P-OH 112.2° 
0-P-OH 107.6° 

• 0 

i~~:i: H
3

Po
4 P-0 1.503 ~ OH-P-0 

P-OH 1.553 A OH-P-OH 

-2 0 
109° HP0

3 
P-H 1.17 A H-P-0 

• P-0 i. 51 R 0-P-O 110° 

0 
109° H

2
Po 2 P-H 1. 39 A0 H-P-0 

0 
P-0 1. 505 A H-P-H < 109. 5 

0-P-O ) 109. 5° 

• a 
Bond lengths and bond angles given represent average values.39,42,43,44,45,46 

• 

• 

• 
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The first step in the spectral assignment is the determination of 

the appropriate selection rules from equation (1) and using group 

theoretical arguments. Table 2 gives the al lowed transitions for Td, 

c
3
v, and c

2
v symmetr ies for both the K~ and the L

2 3 
spectra. It is , 

seen that as the symmetry decreases from Td to c
2
v, the resulting loss 

of degeneracy allows many more transitions to occur which may lead to 

complex spectra . 

Next, simultaneous evaluat ion of K~ and L
2 3 

requires determination 
' 

of the values for equation (6) (Ei = h) - Vi). Table 3 lists the Vi values 

47 
for the 2p level as determined by Jolly, et al.; the ls binding energies 

were not directly available but were derived from 
22 

binding energies and Fichte r's ~ information. 
1 

Jolly's data for 2p 

Setting KC{
1 

equa l to 

the 2p binding energies of Jolly, h~ is the K«
1 

transition energy and 

then: 

E. (K) 
l. 

These ls binding ene rgies are also given in Table 3. 

In order to calculate Ei(K) and Ei(L), it is necessary to subtract 

the tabulated Vi values from the observed transition energies , hJ. The 

result s for Ei(K) and Ei(L) are given in Table 4. 

Molecular orbital calculations are also necessary for the ordering 

of molecular orbital energy levels and atomic coefficients in these 

b . 1 H'll' l? h f d b ' . ' SCF 1 1 ' or ita s. l. ier as per orme rigorous a initio ca cu ations 

-3 
on P04 but no calculations at all have been done for the other 

compounds. Therefore, CND0 /2 calculations were performed for all of the 

compounds including P04 -
3 

for comparison with Hillier's calculations . 
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• 
Table 2 

• Selection Rules for Ta, c3v and c 2v Symmetr ies 

Spectral f m 

A 

cpn 
Allowed 

Symmetry Transition --« Transitions 

• K~ (l s) (x,y,z ) Td al t2 t2 t 2 ~ a 
1 

L2 3 t2 (2p) t2 (x ,y,z) a1 ,e,t1,t
2 ' 

al --7 t2; 
e --t t2; 

• t1 --t t2; 
t2 --t t2 

c3v K~ a (l s) a 1(z) a 1 , e al --ta l; 

• 1 e(x,y) e ~al 

L2 3 a 1 ,e (2p) a 1 (z ) a1 ,a2,e al --4 al; 
' e(x,y) e --t a1; 

a 1 ~e 

• e ---7 e 
a 2 ---7 e 

c2v Kr a 1 (ls) a 1 (z ) ;bt (x ); al;bl;b2 al --1 al; 

• b2(y b1 ~al; 
b2 ~al 

L2 3 a 1(z);bJ(x); a (z); al;a2; al 
' b2(Y b1t x);b 2(y) b1 ;b2 bl --t al 

• b2 

al 
a2 ~bl 
b1 

• al 
a2 ---7 b2 
bz 

• 
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• 

' 
Table 3 

• Binding Energies for K and L Shells 

a v 47 Compound VK L ,. 
p 2143.82 eV 130.l eV 

PO - 3 
4 

2146.57 132. l 

• HPO - 2 2147.15 132. 7 4 

H2Po4 2148.34 133.9 

• H3ro4 

HPO - 2 
3 2147.28 132.9 

• H2Po 2 2146.62 132.4 

• 
a 
Derived from Fichter's values of 11) for Kq and lolly's 

values for 2p binding energy applied to: Ei = h J - VK . 

• 

• 

• 
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• 
Table 4 

Transition Energies and Corresponding Ei Values 

• 
Line h~ -E. (K) 

l. 
Compound Line hJ -E. (L) 

l. 

Kf.> 2139.85 eV 4.00 p L(A) 125.5 eV 4.6 
Kf x 2137.25 6.60 L(B) 119 .1 11.1 

• K ~ 2137. 70 8.87 PO - 3 L(A) 126.4 5.7 
Kr ' 2124.50 22.07 

4 L(B) 119. 6 12.5 
L(C) 107.8 24.3 

K0 2138.23 8.92 
HPOlf-2 

L(A) 

• Kfx 2134.86 12.29 L(B) 
K13 ' 212lf. 21 22.94 L(C) 

\ 

K ~ 2138. 50 9.84 L(A) 125.5 8.4 
K(3x 2135. 78 12.56 l-1/04 L(B) 121. 2 12.7 
K~' 2124.60 23.70 L(C) 108.0 26.0 

• Kp 2138.54 L(A) 
K~x 2135.93 H3Po4 L(B) 
K~' 2123.30 L(C) 

K~ 2137.70 9.58 -2 L(A) 125.0 7.9 

• K0 2133. 30 13.98 HP0 3 L(B) 121.0 11. 9 . x 
K~ ' 2124.20 23.08 L(C) 108.0 25.0 

Kr 2137. 75 8.87 L(A) 126.0 6.4 
K~x 2133. 03 13. 59 H

2
Po

2 L(B) 119.4 13.0 
K(,' 2124.20 22.40 L(C) 108.0 24.0 

• 

• 

• 

• 
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Hillier had included 3d orbital participation in his calculations on the 

basis of valence photoelectron data, L2 3 emission spectra, and the , 
better correlation between his calcula tions and experimental results 

when 3d orbitals are included. On the basis of Hillier's findings, 

therefore, 3d orbital participation has been assumed for the other 

molecules and ha s been incorporated into the CNDO calculations. Their 

inclusion makes a significant effect upon the subsequent interpretation • 

In performing the calculations for the oxy-anions the cations were 

neglected, as were the neighboring anions and matr i x properties. In 

effect, then, the phosphorus oxy-anions were considered isolated anionic 

species. 

The CNDO program and calculations are discussed more fully in 

Appendix C. The resulting molecular energy leve ls, and their eigen-

values and atomic parameters are given in Tables 6, 8, 10, 12, 14 and 15. 

Tab le 5 gives the results of Hillier's calculations on P04- 3 

The atomic parameters listed for the CNDO calculations are merely 

the sum of the eigenvectors for each atomic orbital; they are listed 

either as bonding or as antibonding with the central atom. For example, 

-3 
for 2t 2 of P04 the atomic parameter of 1.48 for the phosphorus 3p 

orbital represents the sum of the eigenvectors for Px' Py' and pz; an 

analogous situation exists for the five 3d orbitals; the phosphorus 3s 

coefficient is zero. The coefficients of the individual ligand orbitals 

are then similarly summed and referred to each phosphorus orbital as to 

whether it is bonding or antibonding. Oxygen then has a total 2s atomic 

parameter of zero with respect to phosphorus' 3p bonding parameter of 

0.49. Similarly, the 2p bonding parameter is 5.05 while the antibonding 
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• 

• Table 5 

Hillier's 
-3 

Calculated Electronic Structure of P04 

Atomic Components ( %) 

• Valence Orbital Energy Phosphorus Orbital Oxygen Orbital 

3s 3p 3d Zs 2p 

ltl 15.3 eV 100 

• 
3t2 13.5 13 1 86 

le 11. 8 21 79 

• 
2t2 9.0 28 2 6 63 

2a 1 6.1 28 21 51 

• 
lt2 -8.9 12 3 84 1 

la1 -11.6 26 71 3 

• 

• 

• 

• 
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is 1.87; this is then considered as strongly bonding with phosphorus . 

These values are not meant as a quantitative measurement of the contri-

bution of atomic orbitals to the total bonding molecular orbital, but 

rather are a qualitative representation of the extent of bonding between 

two atomic orbitals based on a geometric model. 
-3 

Thus, for 2t2 in P0
4 

, 

phosphorus 3p may be considered as antibonding with oxygen 2s but strongly 

bonding with oxygen 2p. In a case where the bonding and antibonding 

contributions are equal, the orbitals may be considered as nonbonding 

with the central atom orbital. 

The actual CNDO eigenvalues and eigenvectors obtained from the 

program are given in Appendix C. 

This presentation does not provide a quantitative rationalization 

of the observed intensity contour. To a first approximation , as shown 

30 
by Manne, the intensity of the transition may be taken as the sum of 

the squares of the central atom's atomic coefficients. For the 2t
2

, 

the intensity of the Kf band wou ld then be proportional to 0.54 

Although this neglects the contribution of ligand atoms, according to 

Manne's arguments it is a · reasonable approximation and will be invoked 

here in the assignment of spectral bands . 

Comparison of the CNDO calculated molecular energy levels (E.) with 
1 

the experimental Ei values shows that the calculated values are consis-

tently higher than the experimental; there is therefore no direct 

correlat ion between the two on an absolute value basis. However, the 

theoretical and experimental results may be correlated on a relative 

basis by comparing the differences between levels. For example, although 

E. (K) #- £
1
. and E. (L) #- E.., where £.. and E. are the calculated ith and 

1 J J 1. J 
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jth molecular energy levels respectively, Ei(K) - Ej(L) may be correlated 

with E i - Ej. Similarly, comparing two bands in the same spectrum: 

Ei(K) - Em(K) may be correlated with£i _£m. Such a correlation is 

made here both as an evaluation of the CNDO program and as support for 

the a s signments made. 

-3 Compar ison of the CNDO results for P0
4 

with those obtaine d by 

Hillier indicate the limitations and usefulness of this approximation 

approach. First of all, the CNDO calculation has r eversed the ordering 

o~ the 2t2 a nd l e levels; l e is a rr bonding leve l consi s ting of phosphorus 

3d and oxygen 2p bonding, while the 2t
2 

level is pre dominantly a CJ bond-

ing l evel which gives rise to the main spectral ba nd in K(3. In view of 

the cons iderable separation between these two levels (2.8 eV) indicated 

by Hillier' s calcula tions, this is the most serious discrepancy in the 

CNDO calculation. The second notable feature is the over-all lower 

energies obtained by the CNDO me thod, which may be attributable to the 

choice of atomic parameters used to describe the molecular system. This 

discrepancy does not hinder the assignment. A significant discrepancy 

does exist, however , in the atomic components listed for the 3t 2 leve l. 

According to Hillier , this level consists of pho s phorus 3d and oxygen 

2s and 2p; the CNDO calculation, however, indicates a significant 

contribution from the phosphorus 3p. In effect, then, according to 

Manne's intensity agruments, two transitions would be observed in the 

Kf according to Hillier's ab initio calculations (lt 2 and 2t 2), while 

three transitions are possible according to the CNDO results (lt 2 , 2t 2 , 

3t 2), although the transition due to 3t 2 would be weaker than that from 

either lt 2 or 2t 2 . Note in Figure 31 that only two KP bands are observed 

in agreement with the more rigorous calculations. The CNDO calculations 
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do, however, give a fair qualitative representation of the bonding • 

While the relatively close-lying levels may be reversed, the over-all 

ordering is in fair agreement with more rigorous calculations and the 

qualitative atomic contribution to molecular orbitals may be deduced • 

The CNDO calculations offered here are not meant as a quantitative 

description of the electronic structure of the molecules but rather as 

a qualitative guide to assignment of spectral features and understanding 

of the over-all, general bonding. In particular, it is desirable to 

have CNDO-calculated evidence for the origin of the Kfx band noted 

experimentally in all of the molecules except P04- 3 The growth of 

this K6 band with increasing substitution of a hydroxy ligand for an 
Ix 

oxygen ligand suggests that it may be due to the presence of two different 

types of ligands and not nece s sarily to just a lowering of symmetry . 

CNDO-calculated evidence for a set of energy levels due to the presence 

of a second ligand type would yield considerable support for such an 

assignment . 

With all of the necessary information now available, each compound 

will be discussed individually. 

Ca 3 (P04 ) 2 (Td): Tribasic ca lcium phosphate 

Since only t 2 ~ a 1 transitions are allowed in Kf3 the assignment 

follows irmnediately, in accordance with identical assignment for these 

- -2 12 transitions for Cl04 and so4 , as shown by Andermann and Whitehead • 

K~ 2t 2 ----> ls 

Kf' lt 2 ~ls 

According to the energy-level diagram (Tables 5 and 6), a transition from 

3t 2 is also allowed on the high-energy side of the Kf, but this is not 
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• Table 6 

CNDO-Calcula ted Electronic Structure of Po4- 3 

Val ence Atomic Components 

• Orbit a l Ener gy Phosphorus Orbital Oxygen Orbital 

3s 2:3p f3d _[2s L:_2p 

lt1 11. 71 eV 0 0 0 (0)(0)* (7 .15) (0) -1< 

• 
3t2 10 .49 0 0 . 76 (0)(0.52)* (5.71)(0. 80 )* 

1. 22 (0.09)(0. 86 )"' (9. 91) (0. 90 )-1< . 

• 2t2 6 . 93 0 1.48 (0)(0.49)* (5.05) (1. 87)* 
0.86 (0 . 77) (0.08)* (4.60)(4. 84 )~'< 

le 6.90 0 0 1.24 (0) (0)-f< (5.70)(2.44)* 

• 2a1 5.53 0.53 0 0 (0) (0.80) ~'< (2.04)(0)* 

lt2 -10.06 0 0.94 (4.43)(0)* (0.20)(0.12)* 
0.87 (7 .26)(0)* (0 .17) (0. 27)-f< 

• 
la1 -12.19 0.49 0 0 (1.72)(0)* (0.30)(0) -f< 

• *Indicates ant ibonding contribution . 

• 

• 
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16,17 
observed here or for other similar compounds. This is in agreement 

with Manne's arguments, since the 3p atomic contribution to this molecular 

orbital is small (CNDO) or zero (Hillier). 

The assignment of the L2 3 spectrum is less straightforward as 
' 

a 1 , t 2 , e and t 1 are all allowed. As seen in Table 4, Ei(Kp ) lies 

almost directly between Ei(L(A)) and Ei(L(B )) so that apparently these 

three molecular levels produce separate transitions, with L(A) and L(B) 

originating in molecular orbitals lying respectively above and below 

tha t for KP L(A) is then associated with the (3t 2 + le) levels and 

L(B) with the 2a
1 

level . 

Ei(L(C)) is of about the same value as Ei(Kp'), suggesting a 

transition from a molecular orbital with a large oxygen 2s coefficient. 

However, this value is about 2 eV below that for Ei(Kf3'), this being 

approximately the difference between Ei(K~') and E
1

(L(C)) for all subse-

quent compounds, suggesting that the lower-lying la1 ·is involved. Since 

l a 1 has a large 3s coefficient and lt 2 a large 3d coefficient, both 

orbitals may be active in L2 3 . 
' 

A reasonable L2 3 spectral assignment is then as follows: 
' 
L(A): 3t

2 
+ le 

L(B): 2a1 ~ 2p 

L(C): la1 + lt 2 ~ 2p 

2p 

The lt1 orbital has not been included in the L(A) band since it is 

composed solely of oxygen 2p orbitals and is nonbonding. 

Furthe r evidence for the above assignment comes from comparison of 

the relative internal consistency of the experimental results with the 

calculations of Hillier and those of our CNDO program. These data are 
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given in Table 7. In the first column is given the experimental 

Ei(K)-Ej(L), Ei(K)-Em(K), or Ej(L)-En(L) values, while the corresponding 

calculated £i- l' Ei-tm or lj-fn values are given in columns 2 and 3. 

The values in parentheses under the CNDO column are the values obtained 

when only 3t 2 instead of 3tz+le is used for the L(A) band, since the 

CNDO calculation reverses the order for 2t 2 and le, thus giving too low 

a value for le. When this value in parenthesis is us ed, the correlation 

with Hillier's calculations improves greatly. Agreemen t between Hillier's 

values and experimental values is very good and lends considerable 

support to the assignment made above. A correlation diagram aligning 

the K p and L2 3 spectra with one another by means of their Ei (K) and 
' 

E.(L) values is given in Figure 42. This diagram further directly 
J . 

correlates the experimentally determined Ei values with the theoretically 

determined Ei values; the s, p and d intensity parame ters determined by 

the sum of the squares of the individual eigenvectors in each molecular 

orbital (see equation 3) are also indicated for each level. It is these 

intensity parameters that determine the intensity of a transition 

according to Manne's arguments. Thus all of the pertinent spectral and 

calculated data are correlated on a single scale by this diagram . 

Note that the Ei(K) and Ei(L) values occur in the order: 

in agreement with the calculated molecular energy level sequence: 

Hillier et al. have made the same assignment and further cite photoelectron 

data to support the assignment . Hillier's group observes three spectral 

regions upon ionization of the valence ·shell; first, a low-energy broad 
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Table 7 

Compar ison of Calculated Eigenvalues (£ ) with 
Experime nta l Ener gy Level s (E) 

PKf - PL( B) 
-8. 87 - ( - 12.5) 

3.6 eV 

PL(A) - PL(B) 
-5. 7 - ( - 12.5) 

6. 8 eV 

PL(A) - PKf 
-5.7 - (- 8.87) 

3.2 eV 

PL(A) - PL(C) 
- 5. 7 - ( - 24. 3) 

18.6 eV 

PKP - PK/3 I 

-8.87 - ( - 22.07) 
13. 20 eV 

2t2 - 2a 1 
9.0 - 6.1 

2.9 eV 

(3t 2+le ) - 2a 1 
12.7 - 6.1 

6.6 eV 

(3t2+le ) - .2t 2 
12.7 - 9.0 

3.7 eV 

(3t2~;~~ : ~~tl.6) 
24.3 eV 

2t 2 - it 2 
9.0 - (-8.9) 
17.9 eV 

2t2 - 2a 1 
6.93 - 5.53 

1.40 eV 

Ot 2+le) - 2a1 
8.70 - 5.53 

3.17 eV (4.96) 

Ot2+le) - 2t 2 
8.70 - 6.93 

1.77 eV (3.56) 

Ot2+ le) - la1 
8.70 - (-12.19) 

20.89 eV (22.68) 

2t 2 - lt 2 
6.93 - (-10.06) 

16.99 . eV 
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band is assigned to the (lt 1 + 3t 2 + le) molecular orbitals and is taken 

to repre sen t 3d orbital participation in the bonding of P04 -
3

; at higher 

energy, a doublet with 2.5 eV separation is attributed to the (2t 2 + 2a1) 

orbitals; and at about 11.6 eV to higher energies, a not-well-resolved 

doublet is assigned as ionization from the la1 + lt 2 levels. 

This information then correlates with Hillier's Kf and L2 3 
. ' 

assignments which are the same as made here. However, Hillier bases 

Po 
-3 14 

his 1 2 3 assignment for 4 on spectra obtained by Nefedov et al., 
' 

but KH2Po4 was used for their experimental work, and we have assigned a 

Czv not a Td symmetry to this compound. Our 1z 3 spectrum is from 
' 

Wiech
41 

who used Na 3P04 which i s of Td symmetry and reflects the true 

bonding situa tion. For his photoelectron work , however, Hillier does 

use a Td phosphate, Li3P04, and his work is not suspect . 

The assignment of Kf and 1 2 , 3 spectra made here stresses three 

factors, First, for P04 - 3 the K f and 1 2 , 3 spectra ar·e mutually exclusive. 

Second, it is important to consider both energy and intensity factors in 

making spectral assignments; as witnessed, for example, in the inclusion 

of both la1 and ltz in the 1(C) band and in the absence of a transition 

in 1~3 from the "allowed" 3t 2 level. Third, evidently 3d orbital 

participation is significant in bonding for phosphorus, as seen in the 

assignment of the 1(A) band and the significant 3d coefficients resulting 

from Hillier's ab initio calculations. The Kf spectrum then consists of 

transitions from molecular orbitals with large 3p coefficients, while the 

1 2 3 spectrum reflects significant 3s and 3d contributions to the' molecular 
' 

orbitals. To make a significant spectral contribution it is not sufficient 

for a transition to be merely "allowed," it must be of sufficient intensity 
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to be "observed." This consideration is particularly interesting in 

the contention made here for 3d orbital participation in the bonding. 

The absence of a transition in Kf for 3t
2 

suggests that either the 

3t 2 + le + lt1 orbitals are completely nonbonding and are localized on 

oxygen, or that the electron density has been significantly shifted to 

othe r orbitals on phosphorus. The former case would give transitions 

which, according t o Manne' s argume nts, would not be observed in either 

Kf or Lz,3, but the latter ca s e would give a transition active either in 

Kf or in L
2 3 depending upon whether the oxygen 2p orbitals have become , 

bonding with phosphorus 3p or 3d orbit a ls. Assuming the participation 

of phosphorus 3d orbitals in bonding, this then would be the situation 

for the observance of band A in L2 3 and the lack of a transition from 
' 

3t 2 in Kf. If phosphorus 3p orbitals participate at all in this bonding, 

then the transition would become active in Kf, and it is possible to 

calculate where this band would be observed; it may, for example, be 

active but concealed in the main Kf band. If both phosphorus 3p and 3d 

orbitals participate in this bonding with oxygen 2p then the same molecular 

orbital will give rise to both K{3" and L2 , 3 (A) bands, Ei0)8") = Ei(L(A)) = 

-5.7 eV, and then: 

h·J- v k = -5.7 eV 

h) - 2146.57 eV = -5.7 eV 

h)(I~~ ") = 2140.8 eV 

Examination of the KP spectrum at 2141 eV reveals a region removed 

from the main lzf band and of small intensity, suggesting that phosphorus 

3p orbitals do not participate in the bond and that 3t 2 is not active in 

K{3--in agreement with Hillier's calculations and the KP assignment made 

here • 
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It is interesting to note, however , that 2141 eV is the region for 

the occurrence of the main band PIZ(3 for elemental phosphorus (Figure 30). 

Furthermore , Table 4 shows that Ei(K~) and Ei(L(A)) are in good agreement, 

suggesting that the high-energy bands in both spectra originate in the 

same molecular orbital. This orbital may then reflect P3p-P3d bonding 

which, fr om intensity arguments alone, would give transitions active in 

both r<p and i.2 , 3 . Upon formation of the oxy-anions, this high-energy 

band in Kp is suppressed, whi l e tha t at 2137 eV participates in bond 

-3 formation as observed, for example, in the spectrum for P04 Although 

this band disappears in K/J, it increases in intensity in L2 3 as may be 
! ' 

e xpected due to greater e l e ctron density available in oxygen which can 

be transferred to pho s phorus 3d. Since oxygen 2p has, in effect, 

replaced phosphorus 3p in this bonding, this band would not be observable 

in K{3 according to Manne 's arguments. 

Although these spectra l features are offered as further experimental 

suppor t for phosphorus 3d orbital participation in bonding , it is not 

meant as conclusive evidence . It does, however , form substantial basis 

for inclusion of these orbitals in the spectral assignments made here. 

In assigning the KP and L2 , 3 spectra for the other oxy-anions, a 

few spectral features are worth noting beforehand. First, the L2 3 
' 

spectra for all of the compounds strongly res emble that for Po4- 3 , 

suggesting analogous transitions for these lower symmetry molecules . 

Furthermore, all molecular L2 3 spectra are very similar to that for , 
elemental phosphorus. Second, the L(A)-L(B) separation of about 4.5 eV 

is approximately the same as that for Kf - Kfx • suggesting mutual 

t rans itions • 
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CaHP03 (c3v): Calcium phosphite 

For c
3
v' two transitions are allowed in K(i: e----? a1 and a1 ____,. a1 

(Table 2). 

This leads to the assignment of the main band in K~ (Figure 35) to 

the close-lying 3a1+2e levels which must be the orbitals split from 2tz 

in decreasing symmetry from Td to c3v. These orbitals have significant 

3p coefficients and are bonding with oxygen 2p orbitals as seen in 

Tab le 8. The 3e level lies about 3 eV above 2e and its inclusion in 

K ~ is questionable; however , it has a very large phosphorus 3p contribu-

tion and a strong bonding coefficient with oxygen 2p. In view of the 

-3 good correlation between the spectral assignment made for Po4 and 

Manne's arguments, this orbital is included in the KP assignment. 

Furthermore, for HP03- 2 , inclusion of this orbital accounts for the 50 

percent increase in half-width for HP0 3- 2 PKp (3 eV) over Po4- 3 (2 eV), 

and also considerably improves the correlation between exberimental and 

theoretical peak separations . 

Pli3 ' lying about 14 eV below Pry3 must be due to the le level which, 

as seen in Table 8, reflects very large oxygen 2s coefficient which is 

strongly bonding with phosphorus 3p . 

EiC1)4x) lies 4 . 40 eV below Ei(Kf ). According to the energy level 

sequence in Table 8 only one molecular level lies between Kf and Kf ' , 
this is the 2a1 level which, according to the CNDO calculations, lies 

4. 9 eV below the average energy value for the (3a1+2e+3e) levels in good 

agreement with experiment. While the K~ band corresponds to a transition 

from orbitals predominantly oxygen 2p and phosphorus 3p in nature, this 

2a1 level is predominantly phosphorus 3s and 3p and hydrogen ls in 
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• Table 8 

CNDO-Cal culated Electronic Structure of RPO - 2 
3 

Atomic Components 

• Valence Phosphorus Hydrogen Oxygen 
Orbital Energy Orbital Orbital Orbital 

3s _L)p :Z:3d ls 2:2s ~2p 

• la
2 

4.18 eV 0 0 0 (O)(O)* (0)(0)* (2 .16) (o) ·:, 

4e 2.89 0 0.24 (0)(0)* (0) (O.Li5).,., (5.42)(2.93) ;'< 
1. 34 (O)(O)* (0.27) (0. 71)* ( 10. 24) ( 4. 24 )?'< 

4a1 2.28 eV 0.10 (0)(0.46);'< (0)(0.15)* (1.80) (O) ;'< 

• 0.11 (0.4 6) (0).,., (0) (0 .15)-l< ( 1. 80 ) (O);'< 
0;43 (0.46)(0)* (0)(0.15)* (1.39)(0.41)'.i< 

3e 1. 52 0 1.00 (0)(0)* (0.05)(0.52);'< ( 5. 84) ( 0 .5 3 );'< 
1.08 (0)(0)* (0.67)(0.67)-l< ( 6. 44) ( 6 . 3 6) 7< 

• 2e -1.39 0 0.6 8 (0) (O);'< (0) (0. 29);'< (2.57) (1.37);'< 
0.98 (0) (O)"k (0. 29) (0. 29)-1< (5.06)(2.50)* 

3a1 -1. 53 0.23 (0) (0 .18)•k (0) (0.39);'< (1.50)(0.75);'< 
0.43 (0 .18) (O)''< ( 0) ( 0. 54) .,., (l.50)(0.7S)·k 

0.13 (0)(0.18)* (0. 39) (0)-l< (2.11)(0)>'< 

• 2a 1 -5.36 0.46 (0. 60) (O) ;'< (0) (0.60)-l< (1.14) (0)-l< 
0.35 (0. 60) (O)-l< (0. 60) (O);'< (0)(1.14)* 

0.12 (0. 60 ) (0)-l< ( 0 . 44) ( 0 • 7 0) .,., 

le - 18.25 0 0.82 (0) (0) -l< (4.20) (0.60);'( (0. 21)(0 .11)* 

• 0.91 (0)(0)* (4.54)(0);'< (0.14)(0.17)-1< 

la1 -20.62 0.47 0.11 0.09 (0.14)(0)* (1.47) (O)* (0. 25) (0)'.1< 

• *Denotes antibonding contribution • 

• 
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character , and thus represents a strong bonding between hydrogen and 

phosphorus. KA and K4 must then be considered as reflecting molecular r rx 

orbitals formed by two different ligands with the central phosphorus 

atom . 

The KP spectrum is then assigned as: 

K~ 3a1 + 2e + 3e ~ ls 

Kf\ 2a1 --f ls 

Kf' le ~ ls 

where Kf3 and Kp' may be considered as representing the phosphorus

oxygen bonding and KO the phosphorus-hydrogen bonding. 
Ix 

Again the L2 3 spectral assignment is more dif ficult as a 1 , a 2 
' 

and e are all active . The mo st obvious feature is the low-energy band 

C in Figure 39, corresponding to an Ei(L(C)) equal to -25 eV . This is 

-3 
analogous to the P04 spectrum and again Ei(L(C)) lies about 2 eV below 

EiCKf'), as seen in Table 4, and is attributable to the la1 and le levels 

reflecting a large oxygen 2s contribution to the phosphorus-oxygen bond . 

The L(A)-L(B) separation is 4.0 eV, compared to 4.4 eV for PKf 

and PKfx > a good correlation if these bands are attributable to the same 

molecular levels. However, both Ei(L(A)) and Ei(L(B)) lie on the high

energy side of Ei(K(f)) and Ei(K0x) by about 2 eV. Also, the strong 

-3 resemblance between this spectrum and that for P04 suggests an analogous 

assignment. Lying above the orbitals active in PKp are 4a1 , 4e and la2 ; 

la 2 is nonbonding and will not be observable; on the other hand, 4a 1 and 

4e have large 3d coefficients with oxygen 2p; they are assigned as the 

source of the L(A) band . 

The L(B) band's origin is not immed iately obvious. The band lies 

almost directly between Ei(~) and Ei(I<{Jx), as seen in Table 4, and 
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cannot be associated with either of these levels. There is no molecular 

energy level lying between 2a1 CI11x> and 3a1 + 2e + 3e (Kf) to which 

this band may be assigned. 

Ei(L(B)) has a value of -11.9 eV, corresponding very nicely to the 

average value of Ei(K(3) and EiCK{Jx) (-11.8 eV), and it thus appears 

that L(B) contains contributions from 2a1 and 2e + 3e levels. This 

assignment is, furthermore, consistent with an intensity assignment, as 

2a1 has a significant 3s coefficient while 2e and 3e have very large 3d 

coefficients, and thus all three levels must be active in both KP and 

1 2 3 . Higher resolution of the 1 2 3 spectrum is needed to resolve these 
' ' 

two contributions to the L(B) band, but note that the L2 3 spectrum 
' 

bands are quite broad and may we ll conceal two or more transitions. 

While the K,~ spectrum is nicely correlated with the P - 0 and P-H 

bonding for Kf and Kfx' respectively, the bands in 1 2 , 3 are not so 

clearly defined. The L2 3 assignment is then as follows: 
' 

4a1 + 4e --7 2p P1(A) 

PL(B) 2a1 + 2e + 3e ---7 2p 

P1(C) la1 + le ----) 2p 

Further support for the assignment comes from fairly good correlation 

between experimental values and the CNDO calculations, as seen in Table 9. 

The correlation diagram is shown in Figure 43. 

Ca (H2P02) 2 Cc2v): Calcium hypophosphite 

For c2v, al, b1 , and b 2 are all active. The K~ spectrum (Figure 36 ) 

for H2P02 -2 is similar to that for HP03 , suggesting the spectral distinc-

-tion between the P - 0 and P - H bonds for H2Po 2 . 
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Table 9 

Comparison of Calculated Eigenva lues (t:) with 
Experimenta l Levels (E) 

E. - E. 
1. J 

P~ - PKp 
-9.58 - 13 ·.~8 

4.40 eV 

PI0 - PL(R) 
-9.58 - (11.9) 

2.30 eV 

PL(A) - PL(B) 
-7.9 ( -11.9) 

4.0 eV 

PL(A) - PK(' 
- 7.9 - (-9. 58) 

1. 7 eV 

PK(3 - PK{) ' 
-9.58 - (-23.08) 

13a50 eV 

HPO -2 
3 

£· - £.. (Cl\TDO) 
1. J 

(3a1+2e+3e ) - 2a1 
-0.47 - (-5.36) 

4.89 eV 

(3a 1+2e+3e) - L(2e+3e)+2a1_7 
-0.47 - (-2.72) 

2.25 eV 

(4a1+4e) - L(2e+3e)+2a1_/ 
2.59 - (-2.72) 

5.31 eV 

(4a 1+4e) - (3a1+2e+3e) 
2.59 - (-0.47) 

3.06 eV 

(3a 1+2e+3e) - le 
0.47 - (-18.25) 

17.78 eV 
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Investigation of the CNDO calculated electronic structure for 

-
HzPOz , Table 10, reveals three close-lying levels 2bz, 3b 2 , 3a1 with 

significant phosphorus 3p coefficients and which are strongly bonding 

with oxygen but nonbonding with hydrogen. These levels then define the 

P - 0 bonding and may be denoted as the Kf band. 

About 4 eV below these levels lies another set of molecular energy 

leve ls with large phosphorus 3p coefficients which may give rise to the 

Kp band. The lb1 level is only slightly bonding with both hydrogen .X 

and oxygen, wh ile the 2a1 level has large bonding coefficients with both 

hydrogen ls and oxygen 2s. The 2b1 level, however, has the largest 3p 

coef ficient a nd is strongly bonding with hydrogen ls only. 

The t wo lowest-lying molecular levels, la1 and lbz, again represent 

orbitals with very large oxygen 2s bonding coefficients and constitute 

the Kp ' band. -2 Note that for HP03 the lower-lying la1 level wasn't 

active in K~ although it has as large an oxygen 2s coefficient as does 

-
lb 2 for H2Po 2 ; th~s is a typical example of the greater orbital mixing 

resulting from a lowering of symmetry. 

- -2 The assignment for . . H2Po 2 is then analogous to that for HP03 ; 

Kf3' la1 + lb 2 ---7 ls 

It is interesting to note that the K(3 band for H2Po 2 has a half-width 

equal to that for HP0 3-z (3 eV), which is consistent with the number of 

active molecular orbitals assigned to each band. 

The Lz 3 spectrum (Figure 40) resembles that for P04- 3 and HP03- 2 

' 
and an analogous assignment is anticipated. Ei(L(C)) again lies about 
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• Table 10 

CNDO-Calculated Electronic Structure of H2Po 2 

Atomic Components 

• Valence Phosphorus Hydrogen Oxygen 
Or bital Energy Orbital Orbital Orbital 

3s 2:. 3p ~3d 2=_ ls ..E2s 2: 2p 

• la
2 

-5.92 0 0.02 0.43 (0) (0)-1< (0)(0.08)* (2.40) (1. 68 )-J< 

4a1 -6.80 0 0.10 (l.19)(0)*(0.02)(0 .02 )* (1.34)(1.34)-J< 
0.74 (l.57)(0)*(0.04)(0.02 )* (1.82)(2.1 8)?'< 

3a1 -7.12 0.07 (0) (0.59)"' (0) (0. 20)'"' (1. 78) (O)* • Oo41 (0.59)(0. 33)*(0)(0.40)* (3.56)(0) -J< 
0.48 (0.59)(0.33)*(0)(0.36)* ( 2 . 72) ( 0. 84) ?'c 

3b2 -7.68 0 0.25 (0) (O)"' (0)(0.14)* (1.36)(0.58)'" 
0. so (0) (0)'" (0.14)(0.14)-J< (1.94)(1.94)* 

• 2b2 -7. 71 0 0.41 (0) (0)?'< (0) (0. 22)"' (1. 98) (0)?'< 
0.31 (0) (O)-J< (0.22)(0.22)* ( 1. 94) (1. 94)?'< 

2bl -10.53 0.01 0.81 0.02 (1.23)(0)?'< (0)(0)* (1.16) (1.16)?'< 

lb1 -10.64 0.08 ( 0) ( 0. 17)-l< (0)(0.18)* (l.14) (0.84)* • 0.51 (0.17)(0.10)*(0)(0.36)* ( 2. 08) ( 1. 68 )7< 
0.51 (0.20)(0.17)*(0.36)(0.18)*(4.80)(0.84)* 

2a1 -14.58 0.60 (0. 80) (O)-J< (0) (0.44)-J< (0. 88 ) (0)-1< 
0.34 (0.82)(0)* (0.88) (O)-J< (0)(0.76)* 

0.33 (1.20)(0.40)*(1 .32 )(0)* (0.34) (0.54)-1< • 
lb2 -27. 62 0 0.32 (0)(0)* (1.. 30) (O)* (0.03) (0.03)?'< 

0.33 (0)(0)* (2. 60) (0)?'<' (0.08)(0.04)* 

la1 -29.26 0.41 (0.16)(0)* (1.22)(0)?'< (0.14) (0)'" 
0.27 (0)(0.16)* ( 2. 44) ( 0 )-1< (0 . 28) (O)-J< • 0.26 (0)(0.32)'" (3.66)(0)'" (0.18)(0.10)'" 

• *Indicates antibonding contribution • 

• 
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2 eV below Ei(K{3 ') and is attribu table to the l a1 + lb 2 levels with 

l arge oxygen 2s coeffici.ents. Note that whereas for HP03- 2 the lower 
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energy of Ei (L(C)) compared to Ei (K/3') was due to the inclusion in L(C) 
I 

of the lower energy la1 level, for H2Po 2- both the la1 and lb 2 levels 

are active in both K~ and L2 3 , and the same energy may be expected for 
I ' 

Ei (I~~') and Ei. (L(C)). The occurrence of Ei (L(C)) at lower energy than 

Ei ( ~3 ') may then be attributed to the much higher intensity of the l a1 

molecular level which will tend to "shift" the intensity maximum to a 

lower value. 

Ei (L(A)) lies about 2 eV above Ei 01'3) and may be attributed to the 

bonding between phosphorus 3d orbitals and its ligands. The 4a 1 and la2 

molecular orbitals with their negligible 3p and large 3d coefficients 

are inunediately assignable to the L(A) band. However, the 3a1 and 3b 2 

levels, assigned to 1S, also have significant 3d coefficients --and they 

lie quite close in energy to the two higher energy orbit a ls. For H2Po 2 

as for HP03- 2 there is, then, overlapping transitions in K/3 and L2 , 3-

a result of the low symmetry of these molecules. It may be noted that 

the 4a1 level is strongly bonding with hydrogen but nonbonding with 

oxygen. Hydrogen then participates in bonding with both phosphorus 3p 

and 3d orbitals. 

-2 As for HP03 , the interesting spectral feature in L2 , 3 for H2Po 2 

is the L(B) band. Ei(L(B)) lies only 0.60 eV above Ei(~3x ), sugge s ting 

that the same molecular orbitals are active in both spectra. lnvestiga-

tion of the table shows that the 2a1 and lb1 levels do have significant 

3s and /or 3d coefficients and will be active in L2 , 3 . The 2b 1 level, 

however, will not contribute due to insignificant 3s and 3d coefficients; 
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this is the orbital that has the largest hydrogen-bonding coefficient 

and it therefore follows that, as for HP0 3- 2 , there is no clear distinc-

tion between P - 0 and P - H bonding in Lz 3 as appears to be the case 
' 

with K(L 

The L2 3 spectrum then is assigned as : 
' 

L(A) 3b 2 + 3a1 + 4a1 + la2 __.., 2p 

L(B) 2a 1 + lbl --1 2p 

L(C) l a 1 + lb 2 ____, 2p 

The correla tion diagram for K(..l and L2 , 3 for H2Po 2 is given in Figure t~4-. 

Ca(H2Po4 ) 2 (C2v): Monobasic calcium phosphate 

The K~) spectrum for H2Po4- (Figure 33) shows two high-energy bands 

-2 which, in analogy with HP03 and H2Po 2-, may be due to the presence of 

two ligand types, although oxygen and hydroxy are not as distinctly 

differentia ted as are oxygen and hydrogen, and the intensity of the Kfx 
band is quite intense here. Investigation of the CNDO calculated 

structure, Table 12 reveals two molecular levels, 3a1+ 2b 2 , with significant 

3p coefficients, which are strongly bonding with the hydroxy ligand but 

exhibit very small coefficients with oxygen 2p. These levels are about 

4 eV below the next set of levels, 4a1, 4b 2 , 5bz, and 4b 1 , wh ich have 

significant bonding coefficients with oxygen but not with hydroxy. It 

therefore appears tha t there are two sets of energy levels again generated 

by two different types of ligands. However, there are two molecular 

orbitals, 2b 1+3b 1 , lying between those assigned to P - OH and P - 0 

bonding which are antibonding and non.bonding, respectively, with hydroxy 

and only slightly bonding with oxygen. In energy they lie closer to the 

orbitals defining P - 0 bonding. The bonding in H2Po4 does not, then, 
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Table 11 

Comparison of Calculated Eigenvalues (~) with 
Experimental Energy Levels (E) 

E. - E 
J. j 

PK/3 - PK.f3x 
-8. 87 - (-13.59) 

4.72 eV 

PK{) - PL (B) 
-8.87 - (-13.0) 

4.13 eV 

PL(A) - PL(B) 
-6.4 - (-13.0) 

6.6 eV 

PL(A) - PK~ 
-6.4 - (-8.87) 

2.47 eV 

PK~ - PK0' 
-8.87 - (-22.40) 

13.53 eV 

E. - £. 
1. J 

(2b2+3b2+3a 1) - (2a1+lb 1+2b1) 
-7.50 - (-11.92) 

4.42 eV 

(2b21-3b 2+3a1) - (2 a 1+lb1) 
-7.50 - (-12.61) 

5.11 eV 

(3b 2+3a 1+4a 1+1a 2) - (2a 1+lb 1) 
. -6.88 - (-12.61) 

5. 73 eV 

(3b 2+3a1+4a1+la 2) - (2b 2+3b 2+3a1) 
-6.88 - (-7.50) 

0.62 eV 

(2bz+3b 2+3a1) - (la1+lb 2) 
-7.50 - (-28.44) 

20.94 eV 

89 



• 
90 

• 
CNDO 

•• 
s p d 

-5 

• 
-10 

-{2b'~~lb 
-10 

• - .D1 .13 .12 I 

k:- --

K/3 x 201 .3 6 .06 .03 
-15 - -15 

• >: >: 
(U Q) 

-20 

• K/3' 
~ L(C) ...... 

.......... 
.......... 77 

I / 

-25 f 
/ \ -25 

I 
/ \ 

' 
/ 

i I \ 
I I \ • tlb2 0 .09 

06 j \ 

.16 .04 .03 la 1 

• Figure 44 . 

Correlation Diagram for H2Po 2 

•• 



• • • • • • • • • • • 

Table 12 

CNDO-Calculated Electronic Structure of H
2

Po
4

-

Atomic Components 
Valence 
Orbital Energy Phosphorus Orbital Oxygen Orbital "Hydroxy""''''° Orbital 

3s .E3p .L3d 2:. 2s L. 2p .2::2s E2p 

6a1 -5.90 0 0.10 -- (0. 03) (O)>'< (1.01)(1.33)>'< (0) (O)'>'< ( 0. 68) ( 0. 68 )>'< 
0.29 ( 0 ) ( 0 • 04 )>'< (2. 78) (0.36)>'< (0) (O)>'• (1.10) (0. 94)>'< 

6b2 -6.60 0 0 0.28 (0) (O)"'' ( 1. 73) ( 0 )>'< (0) (O)"'' ( 1. 04) ( 1.04)>'< 

4b1 -6.66 0 0.49 -- (0) (0.36)>'< (2.16)(0)>'< (0) (O)>'< (0.56)(0.56)>'< 
0.39 (0) (0.48)>'< (2.36) (0. 57)>'< (0) (O)>'< (0.78)(0.68)'" 

5b2 -7.30 0 0.17 -- (0) (O)-J< (1.02) (O)>'< (0)(0.08)>'< (0.42)(1.10)''< 
0.24 (0) (O)>'< (1.02) (0.52)>'< (0.16)(0)''< (2.62)(0.42)>'< 

5a1 -8.44 0.33 -- -- (0) (0. 32)>'< (0. 99) (0. 08)>'< (0) (0.24)>'< (0)(0.70)* 
0.11 -- (0.16)(0.32)>'< (l.08) (0.81)"' (0 .48) (0)''< (1.40) (O)>'< 

0.52 (0.16) (0.48)>'< ( 2 • 44) ( 0 • 16 ) .,., (0. 72) (O)>'< (1. 74) (0.36)'" 

4b2 -10.60 0 0.19 -- (0) (O)>'< (0.68) (O)>'< (0)(0.14)>'< ( 0 • 9 8) ( 0. 84) ,., 
0.44 (0)(0)* (0.68) (0.34)>'_< (0.28)(0)''< (l.68) (1.96)* 

4a1 -10.81 0.18 -- -- (0) (0.22)>'< ( 0. 86) ( 0 )'~ (0)(0.06)'>'< (0) (0.22)>'< 
0.45 -- (0.11)(0.22)>'< ( 1.40) (0. 61)>~ (0 .12) (O)>'< ( 0 • 44) ( 0 )>'< 

0.49 (0.22)(0.22)* (1. 75) (0.87)>'< (0.06)(0.12)>'< ( 0 • 2 2) ( 0 • 44) .,., 

'° I-' 
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Table 12 (Continued) 

CNDO-Calculated Electronic Structure of H2Po4 

Atomic Components 
Valence 
Orbital Energy Phosphorus Orbital Oxygen Orbital "Hydroxy">'d' Orbital 

3s .L3p ~3d L:2s ~2p Z:::2s ~2p 

3b1 -12.09 0 0.43 -- (0)(0.21)'" (0.75)(0.24)'" (0) (0)7' (1.68) (1.68)7' 
0.38 (0.29)(0)'" (0.82)(0.54)''' (0) (0)7' (2. 32) (2 .42)>'< 

3b2 -12.17 0 0 0.54 (0) (O)'" (0.93)(0)'" (0) (O)''< (l.58) (1.58)'" 

2b1 -12.20 0.05 -- -- (0) (0 .11)>'< (0.21) (O)'k (0) (0)7< (1.46) (0. 72)'" 
0.29 -- (0) (0 .11)''' (0.21)(0.13)"' (0) (O)"' (1.44)(2.90)'" 

0.47 (0 .11) (0 .12)>'< (0.14)(0.32)>'< (0) (O)>'< (5.08) (1.46)7' 

2b2 -14.66 0 0.36 -- (0) (O)"' (0.28)(0)'" (0.20) (O)i< (1. 74) (O)* 
0.15 (0 )(0)* (0.14)(0.28)>'< (0.40) (O)>'< (3.48) (O)"' 

3a1 -16.15 0.38 -- -- (0)(0.28)>'< (0.30)(0)>'< (0.06)(0)"' (1.52)(0)'" 
0.26 -- (0.28)( 0.14)>'< (0.20)(0.30)'" (0 .12) (O)"' ( 3 • 04) ( 0 )''< 

0.17 (0.42)(0.14)''' (0.02) (0 . 64)''< (0.18)(0)>~ (2.88) (1.68)'" 

lb1 - 27. 92 0 0.42 -- (1.93)(0)'" (0.01) (0.02)'" (0) (0)7< (0.10)(0.08)'" 
0.37 (2.57) (0)'" (0) (0.03)"' (0) (0)"' (0.16)(0.14)'" 

2a1 -28.89 0.31 -- -- (1. 21) (O)"' (0) (0. 08)'" (0) (0. 30)>'< (0.18)(0)"' 
0.33 -- ( 1. 21) (0. 61)>'< (0.09) (0.05)'" (0.60) (0)'" (0)(0.36)* 

0.34 (1.82)(0.61)'" ( 0 . 15) ( 0 • 04) '" (1.80)(0)>'< (0.12) (0.42)'" '° N 
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Table 12 (Continued) 

CNDO-Calculated Electronic Structure of H
2

Po4-

Atomic Components 
Valence 
Orbital Energy Phosphorus Orbital Oxygen Orbital 

3s ~3p Z3d £.2s 2:.2p 

lb 2 - 32.42 0 0.24 -- (0) (O)·k ( 0 • 04) ( 0) >'< 

0.26 (0) (O)>'< ( 0 . 0 2) ( 0. 04) >'< 

la1 -33.27 0.35 -- -- (0.27) (O)>'< (0 . 09) (0)''< 
0.16 -- (0.13)(0.27);'< (0.06) (0.09);'< 

0.17 (0.26)(0.27);'< (0.01)(0.08)"' 

*Denotes antibonding contribution •• 

• • • 

"Hydroxy"7°'< Orbital 

>2s 

(1.22)(0)* 
(2.44)(0)* 

(1.18)(0)* 
(2.39)(0)* 
(3.54)(0)* 

£2p 

(0) (0.08);'< 
(0) (0.16);'< 

(0) (0)''< 
(0) (O).,.< 
(0) (O).,.< 

*"'<"Hydroxy" orbitals denote the orbitals of the oxygen atoms bonded to hydrogen so as to form 
the "hydroxy" ligand as compared to the non-hydrogenated oxygen ligands; the hydrogen orbitals have 
not been included in the orbitals denoted as "hydroxy." 

The term "hydroxy" is meant merely to distinguish between the hydrogenated and non-hydrogenated 
oxygen ligands. 

'° (....) 

• 
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directly parallel the case for H2Po 2-, which is of the same symmetry, 

but rather appears to offer a continuing series of molecular orbitals 

which change from predominantly P3p - o2PH in nature to predominantly 

94 

P3p - o2p' in proceeding to higher energies. This is more clearly seen 

from the bonding coefficients for the two ligands; there is a change from 

a strongly bonding hydroxy ligand to nonbonding to antibonding, and 

smaller over-all coefficients in proceeding from 3a1 through 4b1· In 

the same series the oxygen ligand' s coefficients change from weakly 

bonding to very strongly bonding. Therefore, while there is some justifi

cation for assigning the Kp and Kfx bands to molecular orbitals composed 

of phosphorus with oxygen and hydroxy ligands , respectively, it is more 

pertinent to denote the K(3 spectrum as a superposition of two K/3 emission 

spectra, one describing the P - O, and the other the P - OH bonding . 

This difference between H2Po4 and H2Po 2 is a result of the similarities 

of the oxygen and hydroxy ligands as compared with the oxygen and hydrogen 

ligands, and also because of the larger number of orbitals for H2Po4 

which may interact. 

The Kf' band must again be due to a transition from a molecular 

orbital which corresponds to phosphorus 3p--oxygen 2s bonding. Three 

orbitals are active in Kf ' for H2Po4 : lb 2 + 2a1 + lb1 , all with signifi

cant phosphorus 3p coefficients, although the lb 1 orbital will probably 

contribute the most to the band's intensity. Note that the CNDO calcula

tion indicates a 4 eV separation between la1 + lb 2 and 2a1 + lb1 and, 

furthermore, indicates that the la1 + lb 2 orbitals are due to phosphorus 

3p-hydroxy 2s bonding, while the 2a1 + lbl orbitals similarly describe 

phosphorus 3p-oxygen 2s bonding. Only one transition is noted here , 

however, and it must contain contributions from both P - o2sH and P - Ozs · 
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The Kf spectrum is then assigned as: 

K~ 4a1 + 4b2 + Sb 2 + 4b1 ~ls 

Kfx 3a1 + 2b2 + 2b1 + 3b1 ~ls 

Kf I lb2 + 2a 1 + lb1 ~ls 

Again the L2 3 spectrum is more difficul t to assign, especially 
' 

here, due to the large mixing of orbitals. The Lz 3 spectrum i s shown 
' 

in Figure 41. The following Ei arrangement holds for H2POLf-, which is 

the same as for H2P02 , and may be of use in assigning the Lz,3 spectrum 

It appears that the mo l ecular orb i tals act ive in Kf3x are also active in 

L( B), while L(A) again reflects phosphorus 3d-oxygen 2p bonding. As with 

all previous molecules, the L(C) band lies about 2 eV below that for 

Ei o<p I); the lower e nergy of Ei (L(C)) must be due to the contributing 

intensity of the l a 1 orbital which wi ll "shift" the peak maxi.mum to a 

lower average value. 

The L2 3 spectrum is then assigned as: 
' 

L(A). 

L(B) 

L(C) 

4a1 + 4b 2 + Sa 1 + Sbz + 4b 1 + 6b 2 + 6a1 ~ 2p 

3a1 + 2b1 + 3b 2 + 3b1 ----1- 2p 

la1 + lb 2 + 2a 1 + lb1 ---) 2p 

This assignment shows that the L2 , 3 and the Kf spec tra share most of the 

same t rans itions with only 3b2, 6b 2 , and 6a1 being added to the L2 ,3 

assignment. The experimental and ca lculated va lues for the assignments 

made here are compared in Table 13. Note that the agreement is not as 

-3 2 good as for P04 , HP0 3- , and H2Po2-, a factor dire ctly reflecting the 

greater mixing of orbitals for the very similar oxygen and hydroxy 
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Table 13 

Comparison of Calculated Eigenvalues (£) with 
Experimental Energy Levels (E) 

E. - E . 
1- J 

£.. - E.. 
l. J 
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PKP - Pryl x 
-9.84 - (-12.56) 

2. 72 eV 

(4a 1+4b 2+5b 2+4b 1) - (3a 1+2bit-2b 1+3b 1 ) 
-8.84 - (-13.78) 

PKP - PL(B) 
- 9 . 3·4 - ( - 12 . 7) 

2.86 eV 

4.94 eV 

(4a1+4b2+5b 2+4.b1) - (3a 1+2b 1+3b 2+3b1 ) 
-8.84 - (-13.15) 

4.31 eV 

PL(A) - PK(.3 (4a 1+4b 2+sa1+sb 2+4b 1+6bz+6a1) - (4a 1+4b 2+5bz+4b1) 
-8.4 - (- 9.84 ) -8.04 - (-8.84) 

1.44 eV 0.80 eV 

PL(A) - PL(B) (4a1+4b 2+5a 1+sb 2+4b 1+6b 2+6a1) - (3a1+2b1+3b 2+3b1) 
- 8. L~ - ( -12. 17) -8. 04 - ( -13. 15) 

4.3 eV 5.11 eV 

PK{) - PKP I 

- 9 • 84 - ( - 2 3 0 7) 
13.86 eV 

(4a1+4b 2+5b 2+4b 1 ) - (lb 2+2a1+1b 1) 
-8.84 - (-29.74) 

20.90 eV 
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ligands; also note that the calculated values are generally greater 

than the experimental. 

The correlation diagram for the two spectral ser i es is given in 

Figure 45 . 

CaHP04 (c3v): Dibasic calcium phosphate 

-2 No L2 3 spectral data are available for HP04 and H3P04, but on , 

the basis of assignments made already, the K.8 spectrum for the two 
l 

molecules are interpretable. 

-2 For HP04 , the K{~ spectrum of Figure 32 exhibits two high-energy 

bands as for other c3v molecules. The Kf -K ~x separation is 3.37 eV . 

The CNDO calculation indicates two sets of energy levels corresponding 

to molecular orbitals with large phosphorus 3p-hydroxy 2p bonding 

97 

coefficients (3a 1 + 2e) and phosphorus 3p-oxygen 2p bonding coefficients 

(4a 1 + 3e + Sa1 + 4e). Notice that there is considerably more mixing of 

orbital coefficients for HP04- 2 than for HP03- 2 , which is also of c3v 

synunetry but with two distinct l y different ligands; however , the mixing 

is not as extensive as for the lower synunetry H2Po4- molecule. 

The ~~' band contains transitions from the la1 , 2a 1 , and l e mo l ecular 

orbitals, although the le level contributes the most intensity to the 

band and the peak maximum should, therefore, be centered near this 

transition. 

The KJ'.i spectrum may therefore be assigned as : 

K~ L1a1 + 3e + 5a 1 + 4e ~ ls 

Kf x 3a1 + 2e ~ ls 

ITb I 
"t 
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Table 14 

CNDO-Calculated Electronic Structure of HP0
4

- 2 

Atomic Components 
Valence 
Orbital Energy Phosphorus Orbital Oxygen Orbital "Hydroxy"'''* Orbital 

3s L.3p 2:3d .L,2s L:2p ~2s .2:. 2p 

la2 3.49 0 0 0 (0)(0)* (2 .18)(0)* (0) (O)ir (0)(0)* 

Se 2.58 0 0.10 -- (0.03)(0.30)'" (4.47) (3.31)'/( (0) (O)," (0.69) (O)," 
1.01 (0.07) (0.59)* (9.09)(7.67)'/( (0) (O)'>'< (0)(0.70)* 

4e 1.88 0.02 0.80 -- (0.09) (0.68)i< ( 6 • 2 8) ( 1. 04 ) * (0) (0)'"" (0) (0.11)">'( 
0.62 (0.09) (0.68)," (6.38)(0.84)* (0) (O)i( (0)(0)* 

5a1 -0.36 0.26 -- -- (0)(0.27), ... (1. 72) (0), ... (0)(0.15)* (0) (0.17)* 
0.22 -- (0. 27)(0),Y (0) (0. 72)'" (0) (0 .15)," (0)(0.17)," 

0.36 (0) (0.27)," (1. 65) (0 .07)'" (0.15)(0)* (0 .17) (O)i< 

3e -1. 93 0.10 -- -- (0.07)(0.19)* (1.63)(1. 77),'( (0) (0 .02)'/( (0) (0.03)i' 
0.82 -- (0.06)(0.41)* (2.16) (1.82)* (0) (O)i' (0.02)(0.03)* 

1.14 (0 .41) (0. 30)''' (5.55)(5.01)'" (0) (0) '"" (0. 02)(0.0l)i' 

4a1 -2.38 0.38 -- -- ( 0) ( 0. 53 )'" (1.63) (0.41)'"" (0) (0.07)'" (0) (0.10)," 
0.38 -- (0) (0.53), ... (1.63) (0.41)'"" (0.07) (0).,., (0 .10) (O),'( 

0.20 (1.26)(0.16)'" (3.56)(2.03)'" (0) (0.07)''( (0) (O~ 10).,., 

2e -4.59 0.01 0.39 -- (0.03)(0.33)* (1.58)(0.24),'< (0) (0)'"" (2.40)(0)* 
o. 79 . (0.33)(0.03)'/' (0. 34) ( 1. 56)'/( (0) (O)i< (2.40)(0)* \.0 

\.0 
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Table 14 (Continued) 

CNDO-Calculated Electronic Structure of HPo
4

-2 

Atomic Components 
Valence 
Orbital Energy Phosphorus Orbital Oxygen Orbital "Hydroxy"''"* Orbital 

3s 2:_3p L_3d L:2s L"2p L.2s .L:ZP 

3a1 -8.34 0.25 -- -- (0) (0. 30)'"" (0.48) (O)i: (0.13) (0)'"" (0. 70) (O)i( 
0.24 -- (0. 30) (0)"'': (0) (0.48)-i( (0.13)(0);\- (0. 70) (0)"''( 

0.11 (0.30)(0)* (0.17) (0.31)">'( (0 .13) (O)i( (0. 70) (0)"'': 

le -18.87 0.04 -- -- (1.53)(1.46)* (0.07) (0.06)">'( (0) (0.02)'\- (0.02)(0);\-
0.78 -- (4.19)(0.44)* (0.18) (0.10);'( (0) (O)'>'( (0.09) (O)'>'< 

0.81 (S.48) (O)"' (0.16)(0.15)-i: (0) (0)-,': (0) (0.07)* 

2a1 -20.61 0.42 -- -- (1.48)(0)* (0 .19) (O)'>'( (0) (0.14)-i: (0.07) (O)* 
0.20 -- (1.48) (O)* (0.19)(0)7( (0.14)(0);'<" (0) (0.07)-i( 

0.19 (1.48) (0)''( (0.06) (0.13)">'( (0.14)(0)* (0) (0.07)* 

la1 -25.91 0.25 -- -- (0. 22) (0)''<" (0.14)(0)'\- (0.85) (O)>'( (0) (0.01)''( 
0.18 -- (0)(0.22)'~ (0) (0.14)">'( (0.85)(0);'( (0) (0.01)''( 

0.14 (0)(0.22)">'< (0.06) (0.08);\- (0.85)(0)">'( (0) (O.Ol)i< 

*Denotes antibonding contribution. 

**"Hydroxy" denotes distinction between hydrogenated and non-hydrogenated oxygen ligands. 
I-' 
0 
0 

• 
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The calculated £i - tj value for Ei (K~)-Ei <1<(3 'x) is 5. 8 eV as 

compared with the experimental value of 3.4 eV. This assignment is 

shown diagrammatically in Figure 46 • 

Again, the two high-energy bands are obvious in the Kf spectrum 

for H3Po4 (see Figure 34); the lower energy band is anticipated to 

reflect the P - OH bonding and the higher energy band the P - 0 bonding . 

CNDO calculation, Table 15, shows two levels, 3a1 + 2e, which are 

strongly bonding between phosphorus 3p and hydroxy 2p, but only slightly 

bonding with oxygen 2p. These two levels may reasonably be attributed 

to P3p - o2PH bonding. The higher-lying levels with significant phos

phorus 3p coefficients have mixed bonding and antibonding coefficients 

with both oxygen and hydroxy ligands, although the over-all bonding with 

oxygen is greater than with the hydroxy ligand. The .situation here, 

then, is similar to that for H2Po4-, and the Kf spectrum may be described 

as a superimposed P - OH bonding contribution on a wide KP band • 

The KP' band, in analogy with the other phosphorus oxy-anions, is 

attributable to the phosphorus 3p - oxygen 2s bonding molecular orbitals. 

The K(> spectrum may then be assigned as: 

K(3 4a1 + Sa 1 + 4e -~ls 

Kfx 2e -1' ls 

Kf' 2a1 + le --7 ls 

The experimental 1<(3-l<fx separation is 2.61 eV; the calculated £i-fj 

value is 5.28 eV, a value considerably too large, as was the case for 

/\ c - -2 "-'Ci values for H2Po4 and HP04 • The correlation between the 

experimental spectrum and the calculated electronic structure is shown 

diagrammatically in Figure 46, 
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Table 15 

CNDO-Calculated Electronic Structure of H3Po4 

Atomic Components 
Valence 
Orbital Energy Phosphorus Orbital Oxygen Orbital "Hydroxy"*~'c Orbital 

3s L.3p 1:3d ~2s ~2p .L:2s 2::_2p 

5e -14.89 0 0.26 -- (0)(0)* (1.91)(0)-1< (0) (O)~'c (2.07)(3.43)* 
0.42 (0) (0)''< (1.91)(0)''< (0) (0)7'c (5. 33)(3 .08)* 

5a
1 

-15.57 0.29 -- -- (0) (0. 22)7'< (0. 75)(0)~'< (0)(0.24)'>'< (0) (0 .. 82)''< 
0.30 -- (0) (0. 22)'>'< ( 0. 7 5) ( 0 )7'< (0. 24) (0)7'c (0.82) (0)-1< 

0.26 (0) (0.22)~'< (0. 75)(0)'>'< (0.24)(0)7'< (0.65)(0.17)'" 

la2 -15.86 0 0 0 (0) (0)'" (0.02) (0)''< (0) (0)''< (2.18)(0)* 

4e -18.56 0 0.47 -- (0) (0)'" (1.35)(0)* (0.05)(0.52)* (3.23)(3.97)'>'< 
1.38 (0) (0)''.< (1.35)(0)* (1.04)(0.10)* (8.82)(5.88)* 

3e -20.21 0.05 0.20 -- (0)(0.04)* (0.46)(0)* (0.17)(0.07)* (3.68)(3.55)-1< 
1.66 (0) (O)''c (0.73)(0)* (0.22)(0.22)* (7.18)(6.39)7< 

4a1 -20.46 0.11 -- -- (0) (0.10)''< (0.19)(0)* (0.02)(0.01)* (1. 34) (0 0 74)* 
0.34 -- (0)(0.10)~ (0.19)(0)* (0.01)(0.02)* ( 0. 74)(1. 34 )''< 

0.48 (0.10) (0)-1< (0.08)(0.19)* (0.05)(0.04)* (3.63)(2.61)* 
. 

2e -21. 97 0.02 0.87 -- (0)(0)* (0.29) (0)''< (0.27)(0)'>'< (3.70)(0.14)'>'< 
0.25 (O) (0)''< (0) (0. 30)''< (0.54)(0)-J< (7.19)(0.57)'>'< 

I-' 
0 
w 
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Table 15 (Continued) 

CNDO-Calculated Electronic Structure of H3Po4 

Atomic Components 
Valence 
Orbital Energy Phosphorus Orbital Oxygen Orbital "Hydroxy"-!<'>'< Orbital 

3s ~3p 1:3d ~2s L.2p ~ 2s Z:2p 

3a1 -24.46 0.42 -- -- (0)(0.14)>'< (0.14) (O)>'< (0) (0.08)>'< (1.82)(0)* 
0.15 -- (0.14)(0)>'< ' (O)(Ool4)>'< (0) (0.08)-1< (1. 82) (O)* . 

0.04 (0.14)(0)-1< (0) (0.14)>'< (0) (0.08)>'< (0. 74) (1.08)-1< 

2a
1 

-36.79 0.20 -- -- (0.89) (O)>'< (0) (0.02)>'< (0) (Oo28)>'< (0.17) (0) 7< 
0.29 -- (0.89) (O)>'< (0.02)(0)>'< (0.28)(0)>'< (0)(0.17)>'< 

0.21 (0.89) (O)>'< (0.02)(0)''< (0.28)(0)>'< ( 0 . 04) ( 0 • 0 8) >'< 

le -39.79 0.04 -- -- (0.03) (O)>'< (O)(O)* (0.74)(1.97)* (0.09)(0.12)* 
0.60 -- (0)(0)* (0.04)(0)* (4.13)(2.46)* (0.11)(0.27)* 

0.67 (0) (O)>'< (0.02) (0.02)>'< (5. 22) (O)>'< (0.05)(0.41)* 

la1 -41. 67 0.40 -- -- (0.14)(0)* (0.04) (O)>'< (1.44)(0)* (0.08) (0)-1< 
0.13 -- (0)(0.14)>'< (0) (0.04)>'< ( 1. 44) ( 0) >'< (0.08)(0)* 

0.08 (0)(0.14)* (0)(0.04)* (1.44) (O)* (0.02) (0.07)-1< 

*D.enotes antibonding contribution. 

>'<>'<"Hydroxy" denotes distinction between hydrogenated and non-hydrogenated oxygen ligands. 
I-' 
0 
~ 

• 
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Although the assignment of spectra from the CNDO calculations is 

- -2 difficult for H2Po4 , HP04 , and H3Po4 due to the large number of 

orbitals and the extensive mixing of these orbitals, the spectra them-

selves are quite illustrative of the changes occurring with the change 

in bonding. As the hydroxy group in H3Po4 is replaced by an oxygen 

ligand, the ¥fx band decreases in intensity until it is not observed at 

-3 all for the tetrahedral P0
4 

, indicating the presence of but one ligand 

type. While these effects are clearly exhibited experimentally, it is 

gratifying that there is also theoretical semi-quantitative justification 

for the interpretation . 

Photon emission spectroscopy is, therefore, capable of distinguishing 

two different phosphorus-ligand bonds, a distinction verified by semi-

quantitative calculations. Further information about the bonding should 

be obtainable from other spectral features as peak shifts and half-widths 

of the spectral bands. 

Table 16 lists the Kf transition energies and peak shifts relative 

-3 to P04 for all the phosphorus oxy-anions. As seen, there is a 

consistent shift to higher energies for Kf and Kf x in proceeding from 

Po4- 3 to H3Po4 . Although valence-level shifts are not yet interpretable 

in terms of any bonding model, it is interesting to note that the shift 

to higher energies for these bands is in the opposite direction from the 

core-level shifts as given in Table 3; furthermore, for the phosphates 

the shift to higher energies occurs with substitution of the less 

electro-negative hydroxy ligand for oxygen. These factors suggest that 

the observed shifts may be due to changes in the valence-shell orbitals 

rather than in the core levels. Also of interest here is the considerably 
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Table 16 

Spectral Shifts of Phosphorus Oxy-Anions 

Compound Line hJ (eV) eV 

p Kf 2139. 85 +2.15 
Kfx 2137.62 +2. 76 

PO - 3 K~ 2137.70 4 I 

Kl3' 2124. 50 I 

HPO -2 Kf * 2138. 23 +0.53 4 
K~x 2134. 86 

Kf' 2134.21 -0.29 

H2P04 - Kf 2138.50 +0.80 
KPx 2135. 78 +0.92 
Kf I 2124.60 +0.10 

H3P04 K~ 2138. 54 +0.84 
KPx 2135.93 +l.07 
Kf3 I 2123.30 -1.20 

HPO - 2 KP 2137. 70 o.o 3 
K~x 2133.30 -1. 50 
K' 2124.20 -0.30 

H2Po 2 
- K~ 2137.75 +0.05 

KPx 2133.03 -1.83 
Kf' 2124.20 -0.30 

*K~x values given with respect to HPo4- 2 Kpx; all other values are 
relative to P04-3 . 
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shorter P - 0 bond-length as compared to the P - OH bond-length in 

-3 proceeding from P04 to H
3

Po
4

. This factor may be related to electro-

negativity characteristics, as the more electro-negative oxygen ligand 

is better able to "back-bond" with the phosphorus 3d orbitals and to 

thus form Trbonds. It seems that electronegativities and bond lengths 

may be somehow related to spectral shifts. 

-3 -2 -Comparison of P04 with HP03 and H2Po 2 reveals similar effects . 

The main K{i band's position is about the same for all three molecules 

in spite of a considerable difference in the binding energies of the ls 

-3 -2 f shell for P04 and HP03 • Furthermore, the K x band shifts to lower 

energies compared to the phosphates' shifts to higher values. It may be 

more significant, however, to discuss the shifts of the Kfx band for 

HP03-2 and HzPOz- relative to the Kf' band -3 of P04 , rather than with 

respect to the main K~ or Kf x bands, since the P3p - Hls bonding of 

HPo3-2 and H2Po 2- more nearly parallels that for P3p - o 2s than it does 

for P3P - o2P . 

Investigation of the bonding in phosphorus oxy-anions has provided 

a wealth of information · regarding ligand effects and several conclusions 

may be drawn: first, and most important, photon emission spectroscopy 

is capable of distinguishing between two different ligands bonded to the 

same central atom. Furthermore, the presence of the second ligand type 

significantly alters the over-all bonding for a molecule with respect tn 

energy-level values, ordering of levels, and generation of new molecular 

orbitals characteristic of the new ligand. 

Second, as the symmetry decreases, certain transitions become 

active in both KP and L2 3 , as determined by means of the Ei(K) = Ei(L) 
' 

relationship proposed by Andermann and Whitehead • 
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Third, the assignment applicable on an energy basis is in agreement 

· with Manne's intensity arguments. 

Fourth, very good correlation between experimental results and 

theoretical calculations is possible for rigorously computed systems . 

Furthermore, semi-quantitative calculations give a good qualitative 

spectral inteipretation which confirms observed spectral trends. 

Fifth, invocation of 3d orbital participation was found useful to 

explain certain spectral features. While this in no way is meant as a 

conclusive evaluation of 3d orbital participation in bonding, it does 

suggest a need for further evaluation along the experimental line of 

investigation for similar evidence in other compounds. 

Finally, from the observed shifting of bands upon change of ligand 

it appears possible to anticipate the spectral position of a transition 

due to specific central atom-ligand bonding. 

For this series of compounds no L2 3 nor binding energies were 
' 

available and therefore no Ei(K) and Ei(L) values can be determined. 

However, certain conclusions can be drawn just on the basis of the Kf 
spectra presented here • 

The compounds studied were: 
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The resulting spectra are shown in Figures 47 to 51; the transition 

energies for each observed band are given in Table 18; and the CNDO 

results are given in Tables 19, 20, and 21. The CNDO calculations were 

not performed on the whole molecule but rather on just the s2PR2 

segments. This was done in this manner both for practical reasons, i.e., 

ea se of calculations and cost and limited computer capabilities, and for 

theoretical reasons, i.e., the entire molecule has n2h symmetry, but it 

is the local symmetry about phosphorus that is of interest here, and 

that symmetry is c2v. This approach is partially justified by the ionic 

natur e of the nickel sulfur bond. 49 , 5o 

The spectra of Nil s2P(OC2H5) 2_7
2

, Ni..L:-s 2P(OC2H5) 2_72 · 2py, and 

¥s 
(C2H5o) 2P, 8:NH

4
+ all resemble one another, and the assignment is similar 

on all three. CNDO calculations were performed only on NiL-S 2P(OC2H5) 2_72 

as adduct formation with pyridine apparently does not directly affect 

the bonding in the original compound, and crystallographic data was not 

available for (C 2H5o) 2P~-NH4+ 
The interpretation of the CNDO results is the same as for the 

oxy-anions except that there is a second atom, carbon, bonded to the 

ligand directly bonded to phosphorus. This second atom is considered as 

bonding or antibonding with respect to either oxygen or carbon and not 

to phosphorus, and is so designated in the table. Complete results are 

given only for the methoxy compound; the CNDO calculated eigenvectors 

and eigenvalues are given in Appendix C • 
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Table 17 

Crystallographic Data for Nil-S
2
P(R) 2_7

2 Compounds 

• Bond Lengths 
Nil SzP(OC2H5) 2_/2 Nil-S 2P(OC2H5) 2_/2 • 2py NiLS2P(c2H5) 2_72 and Angles* 

2.21 ~ 2.49 x 0 
Ni - s 2.22 A 

• 0 0 
2.01 ~ s - p 1. 97 A 1. 98 A 

0 
1.58 x p - 0 1.63 A 

p - c 1.84 ]{ 

• 0 0 
0 - c 1. 51 A 1.48 A 

0 0 
1.54 ~ c - c 1.60 A 1.46 A 

• s - Ni - s 88.0° 81. 7° 87.6° 

Ni - s - p 84.5° 84.0° 86.1° 

s - p - s 103.0° 110.4° 100.2° 

• s - p - 0 not available 113. o0 

s - p - c 113. 9° 

0 - p - 0 > 101. 7° 94.0° 

• c - p - c 101.7° 

p - 0 - c not available 121. 2° 

0 - c - c not available 107.6° 

• p - c - c 110.8° 

• *All values given are average values.48 ,~9,50 

• 
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Table 18 

Transition Energies for Nil-S 2P(R) 2_72 Compounds 

• 
Compound Kf Line Energy (eV) 

Nil-S 2P(OCH3) 2_/
2 

A 2139.76 
B 2136. 39 

• c 2131. 35 
D 2122.4 

Nil-S 2P(C2H5) 2_/2 A 2138. 54 
B 2137.00 
c 2130. 89 

• D 2121.8 

Nil-S
2

P(OC 2H
5

) 2_/2 A 2138. 84 
B 2136.85 
c 2133. 48 
D 2130. 89 

• E · 2121.5 

Nil-S 2P(OC2H5) 2_/2 . 2py A 2138.84 
B 2135. 78 
c 2132.88 
D 2129.83 

• E 2122.l 

(C2H50)2P~~-NH4+ A 2138.89 
B 2135.78 
c 2132.88 
D 2129.67 

• E 2121.79 

• 

• 
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Nil-S
2

P(OCH3) 2_/
2

: Bis (00' dimethyl dithio phosphinato) Nickel (II) 

Comparison of this spectrum, Figure 47, with that for H2Po4 

(Figure 33) suggests that the high energy band A may be due to phosphorus

sulfur bonding, whereas the B band may arise from the phosphorus-oxygen 

bonding. 

Table 19 gives the CNDO calculated electronic structure for 

NiL-s 2P(OCH3) 2_/
2 

analogously to that for the phosphorus oxy-anions, 

and Table 20 lists the phosphorus 3p intensity parameters as determined 

from the sum of the squares of the eigenvectors comprising a molecular 

orbital. Thus Table 20 represents an approximate intensity evaluation, 

i.e., from this table it may be determined whether an "allowed" 

transition will be of sufficient intensity to be observed. 

Analysis of the data in Table 19 shows that there is no sharp 

distinction between any set of levels, but rather a continuous series 

of energy levels in which the atomic coefficients reflect progressively 

lower oxygen and carbon contributions and higher sulfur contributions 

in proceeding to higher energies. This makes the assignment difficult 

on an energy basis alone, and there are no Ei(K) values to aid in the 

assignment. Therefore, the assignment made for these compounds will be 

primarily on an intensity model; this should be a reasonable approach, 

as it was found for the oxy-anions that the assignments applicable on 

an energy model agreed with that for an intensity model. An investigation 

of Table 19, then, reveals four sets of energy levels with distinctly 

different ligand atomic coefficients; these four sections may be torrelated 

with the four spectral bands noted for Nil-S 2P(OCH3)z~l2· 
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Table 19 

NiL-s
2

P(OCH3 ) 2_7
2 

• 
Valence 
Orbital Energy Phosphorus Sulfur 

3s ,L3p 2. 3d .L 3s L_3p ~3d 

• 
10a1 -3.91 0.01 0.01 0.30 (0)(0)* (2.94)(0.03)* (0)(0)* 

7b2 -5.16 0 0.01 0.36 (o) (o)~'< ( 1. 90) (O);'< (0) (0)7( 

• 
9a1 -6.96 0.01 0.60 (0)(0.54)* (1. 70)(0.08);'< (0.40) (0.11)7: 

(0) (0. 72)7( (1.59)(0.78)* (0.30) (0.40);'< 

6b2 -7.05 0 0.22 (0)(0)* (1.09) (O)* (0. 35)(0)* 

• 0.42 (0)(0)* (1.09)(0.53)* (0.39)(0.20)* 

8a1 -7.86 o. 21 (0)(0.24)* (0.58)(0.35)* (0. 65)(0.48)* 
0.06 (0.10) (0.24);'< (0.63)(0.30)* (0.07) (0.13)* 

0.64 (0.10)(0.34)* (1.68)(0.98)* (0.28)(0.33)* 

• 2a 2 
-9.26 0 0.10 (0)(0)* (0.34)(0)* (0 .13) (O)* 

0.26 (O)(O)* (0. 52)(0. 08)* (0.24)(0.02)* 

4bl -10.15 0.13 (0)(0.55)* (0. 97) (O)* (0. 26) (O);': 
0.48 (0.29)(0.55)* (1.35)(0.68)* (0.42)(0.18)* 

0.27 (0.58)(0.55)* ( 1. 62) (1. 09)* (0.58)(0.22)7: 

• 3bl -10.27 0.05 (0 .06)(0 .06);'< (0.15)(0.28)* (0.05) (0.13);': 
0.26 (0)(0.18)* (0.37)(0.54)* (0.11) (0. 27)* 

0.43 (0.18)(0.06)* (0.84)(0.43)* (0.35)(0.25)* 

5b2 -10.76 0 0.31 (0) (0)7' (0.22)(0)* (0.14)(0)* 

• 0.13 (0)(0)* (0.13)(0.18)* (0.08)(0.12)* 

7a1 -11.99 0.32 (0) (0.46)~': (0.43) (0)7: (0.11)(0.03)* 
0.20 (0.38)(0.27)* (0.30)(0.38)* (0.15)(0.15)* 

0.19 (0.27)(0.38);'< (0.30)(0.38)* (0.10)(0.20)* 

• 4b2 -13.41 0 0.16 (0)(0)* (0.09) (0.06)7' (0.05)(0.04)* 
0.25 (O)(O)* (0.15) (o)~'< (0.08)(0.01)* 

• 



• 

• 

• 
Oxygen Carbon 

z 2s L 2p Z:: 2s .L.2p 

• 
(0.04)(0.08)* (0.44)(0.40)* (0)(0.04);'< (0) (0.06)-1< 2s 

(0.04)(0.04)* (0.06)(0.06)* 2p 

(0.04)(0.04)* (0.64)(0.64)* (0)(0.06)* (0.04)(0.08)* 2s 

• (0.06) (0.06)-1< (0.14)(0.10)* 2p 

(0.06)(0.06)* (0.66)(0.66)* ( 0) ( 0 . 04 )-!< (0)(0.12)* 2s 
(0.12)(0 . 06)* (l . 00)(0.98)* (0.04)(0 . 04)* (0.12)(0.14)-1< 2p 

(0.02) (O);'< (0 . 08) (0.82)>1: (0)(0.10);'< (0.02)(0.16)-1< · 2s 

• ( 0) ( 0. 64 )-!< ( 1. 64 )( 0. 16 )-!< (2.0)(0)* (0.32)(0.12)-1< 2p 

(0)(0 . 08) (0)(1.14)-1< (0)(0)* (0.02) (0.02)-1< 2s 
(0.08)(0)* (1.14)(0)* (0) (O);'< (0.04)(0.16)* 2p 
(0.16)(0.08)* (2.94)(0.48)* 

• (0)(0.04)* (0. 73) (0.86)-1< (0)(0.04)* ( 0. 04) ( 0. 04 )-1< 2s 
(0.04)(0.04)* ( 1. 60) ( 1. 60)* (0.04)(0.04)* (0.38)(0.94)* 2p 

(0.04)(0)* ( 0) ( 0. 64 )-1< (0.02)(0)* (0.10) (0.14)-1< 2s 
(0)(0.08)* (1.28)(0)* (0.02)(0.02)* ( 0. 34) ( 0. 24 )-1< 2p 
(0.04)(0 . 08)* (0.76)(1.16)-1< 

• (0.02)(0)* (0.82) (0.50)•< (0.02)(0)* (0.20)(0.06)* 2s 
(0.02) (0.02);'( (1.32) (1.32)-1< (0.02)(0.02)* (0.51)(0.99)* 2p 
( 0. 0 2) ( 0. 04) 7< (1.82)(2.14)•'< 

(0)(0.16)* (1.64)(0)* (0.02)(0)* (0.10)(0.36)-1< 2s 

• (0 . 16) (0) -1< (1.64)(1.64)* (0.02)(0.02)-1< (0.70)(0.40)* 2p 

(0)(0.24)* (1.06) (O)* (0) (0.02);'< (0.10)(0.36)« 2s 
( 0. 24) ( 0. 24 )-1< (1.06) (1.06)* (0.02) (0.02);'< (0.46)(0.71)* 2p 
(0.24)(0.24)* (0. 90) ( 1. 22);\-

• (0.10)(0.10)-1< (1.30) (0.50)-1< (0) (0 .14) -1< (0) (1.00);'< 2s 
(0.20)(0)* (1.30)(0.50)* (0.28) (O) •'< (2.12)(0)* 2p 

• 
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Table 19 (Continued) 

• 
Ni~S 2P(OCH3 ) 2_/2 

Valence 
Orbital Energy Phosphorus Sulphur 

3s L_3p .L3d 23s 2:. 3p ~3d 

• 
6a1 -14. 65 0.20 (0.03)(0.31)* (0.12)(0.05)* (0.05)(0.03)* 

0.26 ( 0. 31)(0. 34) * (0.17)(0.17)* (0.13)(0.08)* 
0.26 (0.96)(0)* (0.27) (0.24)•'< (0.21)(0.11)* 

• 5a1 -16. 91 0.07 0.24 (0.64)(0)* (0.12)(0.08)* (0.11)(0.05)* 
0.20 (0.77)(0.13)* (0.12)(0.15)•'< (0.04)(0.12)* 

la 2 -17. 58 0 0.04 (0) (O)* (0.10)(0.02)* (0.06)(0)* 
0.21 (0)(0)* (0.22)(0)7< (0.14)(0)* 

• 4a1 -17.91 0.08 (0. 31)(0012)* (0.02)(0)7< (0) (0.02)7< 
0.11 (0.43) (O)>'< (0.02)(0)* (0.02)(0)* 

0.25 (0.31)(0.31)* ( 0 • 04 ) ( 0 • 0 2 ) ''< (0.02) (0.04)•'< 

3b2 -17.93 0 0.20 (0)(0)* (0.18)(0)* (0.11) (O)'l< 
0.13 (0)(0)* (0.14)(0.08)* (0 .11)(0.05)* 

• lb1 -19.24 0.02 0.50 (1.55)(0)•'< (0.26)(0.06)* (0.14)(0.07)* 
0.16 (2 .11) (O)* (0.18) (0.24)7< (0.07) (0.32)•'< 

3a1 -22.87 0.45 (1.00) (O)'>'< (0.29)(0)* (0.19)(0)* 
0.37 (1.00) (0.48)7< ( 0. 44) ( 0. 2 3 )"' (0.22)(0.12)* 

• 0.18 ( 1.48) (0 .48)* (0.76)(0.14)* (0.31)(0.15)* 

2b2 -25.85 0 0.11 (0)(0)* (0) (0.03)"' (0.01) (0.02)•'< 
0.22 (0) (O)"' (0.03)(0)* (0.03)(0.02)•'< 

2a1 -26.46 0.21 (0.07)(0)* (0.06) (O)"' (0.04)(0)* 

• 0.19 (0.06)(0.07)* (0.04) (0.06)''' (0.03)(0.04)* 
0.08 (0.06) (0.06)•'< (0.04)(0.04)* (0.03) (0.02)•'< 

lb2 -37.33 0 0.23 (0)(0)* (0.07) (O)* (0)(0.06)* 
0.20 (O)(O)* (0.03)(0.07)* (0.03)(0.03)* 

• la1 -37.99 0.28 (0.12)(0)•'< (0.10)(0)* (0.04)(0.02)* 
0.16 (0.05)(0.12)* (0.06)(0.10)•'< (0.06)(0.04)* 

0.21 (0.05)(0.12)•'< (0.05)(0.10)* (0.05) (0.06)"' 

• 



• 

• 

• 
Oxygen Carbon 

L.2s 2:2p L:2s L2P 

• 
(0)(0)* (1.20) (0.44)'>'< (O)(O)* (O)(O)* 2s 
(0) (0)'" (2.40)(0.88)* (0.20)(0)* (1. 06)(0)* 2p 
(0)(0)'>'<" ( 2. 84 )( 2. 08) "' 

• (O) (0 .08)"' (1.80)(0)* ( 0) ( 0 . 04) ';\- (0.70)(0.18)"' 2s 
(0.08)(0)* (1.90) (0.80)'>'< (0.04)(0.04)* (0.98)(0.88)"' 2p 

(0)(0.22)* ( 0. 64) ( 0. 4 6) "' (0.08)(0)* (0) (0 .42)·k 2s 
(0.22)(0.22)* (1.10)(1.10)* (0.08)(0.08)* (1.14) (0.42)'"' 2p 

• (0.18)(0)* (0.36)(0.76)'>'< (0.08)(0)* (0)(0.50)* 2s 
(0.18)(0)* (0.36)(0.76)* (0)(0.12)* (1.64)(0)* 2p 
(0.18)(0.18) '>'< ( 1.12) ( 1. 12)* 

(0)(0.16)* . (1.02)(0)* (0.04)(0)* (0.68)(0.44)* 2s 
(0.16)(0.16)* (1.02)(1.02)* (0.04)(0.04)* (1.46)(1.12)* 2p 

• (0.06) (0.06)"' (0.80)(0.80)* (0.02)(0)* (0.12) (0.40)"' 2s 
(0.12)(0.06)* (1.28)(1.12)* (0.02)(0.02)* (0.78)(0.52)* 2p 

(0)(0.32)* (0.50) (0)'" (0.04)(0)* (0.24)(0)* 2s 
(0.64)(0)* (0) (l.00)* (0.04)(0.04)* (0.34)(0.24)* 2p 

• (0.96)(0)* (0.32) (1.19)* 

(0.70)(0)* (0.20)(0.16)* (0)(0.74)* (0.60)(0)* 2s 
(1.40) (O)* (0.40)(0.24)* (1.48)(0)* (0.02) (1.20)'>'<" 2p 

(0. 62) (O)"' (0.32) (0.14)'>'< (0) (0. 76)'>'<" (0 .48) (0)''< 2s 

• (1.24)(0)')\- (0.64) (0.28)'" (1.52)(0)* (0.02) (0.96)"' 2p 
(0.62)(0.62)* (0.78)(0.14)* 

(l .O) (O)* (0.14)(0.14)* (0.68)(0)* (0.38)(0)* 2s 
(2 .O)(O)* (0.28)(0.28)* (1.36) (O)•'< (0.84)(0) 2p 

• (LO) (O)•'< (0.14)(0.08)'>'< (0.64)(0)* (0;36) (O)"' 2s 
(2.0)(0)* (0.58)(0.16)'" (1. 28) (O)* (0.80)(0)"' 2p 
(2.0)(0)* (0.52)(0)* 

• 
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Table 20 

CNDO-Calculated Electronic Structure of 

• Bis (OO' dimethyl dithio phosphinato) Nickel (II) 

Valence Phosphorus Valence Phosphorus 
Orbital Energy 23p 2 Coefficients Orbital Energy r3p 2 Coefficients 

• 10a1 -3.91 0 6a1 -14.65 0.04 

7b2 -5.16 0 5a1 -16.91 0.04 

9a1 -6.96 0.19 la2 -17.58 0 

• 6b2 -7.05 0.05 4a1 -17.91 0.01 

8a1 -7.86 0 3b2 -17.93 0.04 

2a 2 -9.26 0.01 lbl -19.24 0.13 

• 4b1 -10.15 0.13 3a1 -22.87 0.07 

3b1 -10.27 0.03 2b2 -25.85 0.01 

5b2 -10.76 0.10 2a1 -26.46 0.02 

• 7a1 -11.99 0.02 lb2 -37.33 0.05 

4b 2 -13.41 0.03 la1 -37.99 0.01 

• 

• 

• 

• 
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The four lowest-lying levels, la1 , lb 2 , 2a1 and 2b 2 , have very large 

oxygen 2s coefficients which are strongly bonding with phosphorus 3p. 

These orbitals also have large carbon 2s bonding coefficients and a 

significant amount of carbon 2p is also mixed in. The sulfur coefficients 

are negligible in all four of these orbitals. These four low-energy 

orbitals may then be correlated with the low-energy band at 2122.4 eV 

and band Dis designated as due to P3p-o2sc2s bonding which would 

directly correspond to the P3p-o2s bonding in the oxy-anions (PKf'). 

Note the small phosphorus 3p coefficients and the low intensity of this 

band--in agreement with Manne's arguments • 

In the next two levels, 3a1 and lb1 , the carbon coefficients are 

quite small and only slightly bonding while the oxygen contribution has 

been significantly reduced and is nonbonding. The sulfur 3s coefficients, 

on the other hand, are quite large and strongly bonding; sulfur 3p and 

3d contribution to these molecular orbitals is small. These orbitals may 

then be assigned as the origin of band C in the K~ spectrum and are 

attributable to P3p-s 3s bonding in analogy with the P3p-o 2s bonding in 

the oxy-anions; this analogy between the sulfur 3s bonding and oxygen 2s 

bonding is not surprising as sulfur and oxygen are of ten attributed 

similar chemical properties and behavior. Note that experimentally this 

band is considerably more intense than the analogous transition for 

oxygen in band D; the CNDO phosphorus 3p coefficients predict just such 

a situation, as the sum of the squares of the 3p coefficients for the 

la1, lb 2 , 2a1, 2b 2 orbitals is 0.09 while that for the two orbitals 

attributed to band C, 3a1 + lb1 , is 0.20. Thus . the C band should be 

about twice as intense as band D . 
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The next distinct set of levels extends from 3b 2 (-17.93 eV) to 

3b1 (-10.27 eV), a considerable range. The orbitals have large oxygen 

and carbon 2p bonding coefficients and small sulfur coefficients; the 

contribution from oxygen and carbon 2s is apparently negligible . 

Although the sulfur contribution to these orbitals is small, it increases 

toward the higher -lying levels; this same trend was observed for the 

oxy- anions with hydroxy ligands. Band B may then be correlated with 

these molecular orbitals and be designated as due to P3p-o2pc2p bonding. 

The large carbon coefficients necessitate its inclusion in this designa-

tion rather than a P3p-o2p notation as was applicable for the oxy-anions • 

This appears to be a rational designation, as electron density may extend 

over a three-atom system; this may be particularly rationalized if the 

center atom is highly electronegative, as is oxygen • 

The next set of levels 4b 1 (-10.15 eV) to 9a1 (-6.96 eV) are mixed 

with large oxygen 2p and sulfur 3p components; the carbon coefficients 

are negligible here. However, the sulfur coefficients are more prominent 

and in the higher-lying levels are dominant, the oxygen coefficients 

being negligible. These orbitals are then the origin of the high-energy 

band A in the spectrum, and in analogy with the other assignments is 

designated as due to P3P-s3p bonding. 

Although there is mixing of oxygen, carbon, and sulfur in most of 

these levels above those for sulfur 3s, these coefficients are observed 

to become more sulfur- or oxygen-like in character in proceeding to 

higher or lower energies respectively, and, thus, the designation of 

these bands as due to phosphorus-sulfur or phosphorus-oxygen-carbon 

bonding in the molecule • 
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The highest-lying levels 7b 2 and 10a1 have not been included in 

the as,signment of band A because, although they have very large sulfur 

3p coefficients, their phosphorus 3p coefficients are negligible and 

they would not contribute significantly to the intensity of the observed 

band. 

The Kf spectrum of Nil-S2P(OCH3) 2_72 may then be assigned as: 

Kf>(A): 4b1 + 6b 2 + 9a1 --1 ls 
I 

Kf(B): 3b 2 + Sa1 + 6a1 + 4b2 + Sb 2 + 3b1 ~ls 

K~(C): 3a1 + lb1 ~ls 

Kp(D): la1 + lb2 + 2a 1 + 2b2 --7 ls 

NiL-s 2P(C2H5) 2_72 : Bis (diethyl dithiophosphinato) Nickel (II) 

The spectrum for this molecule is given in Figure 48. This molecule 

and the calculated results differ from the methoxy molecule only by the 

substitution of a methylene group (CH2) for oxygen. The spectral inter-

pretation is analogous to that for the methoxy compound with certain 

modifications for the absence of oxygeno 

The CNDO calculations incidate a low-energy region consisting of 

the 2a1 , lb1 , and 2b 2 orbitals which have large carbon 2s coefficients 

and negligible carbon 2p and sulfur coefficients. This would be 

analogous to the phosphorus 3p - oxygen 2s low-energy levels observed 

for the oxy-anions and the NiL-S
2

P(OCH3)
2
_7

2 
molecule. However, the 

oxygen 2s electrons in each case are not involved in~ bonding to another 

atom and may contribute considerable electron density to the phosphorus-

oxygen bonding. The carbon 2s electrons, on the other hand, are directly 

involved in () bond formation and are not as available as oxygen 2s to 

donate "extra" electron density to the phosphorus-carbon bonding. The 
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large carbon 2s coefficients in these low-lying molecular orbitals in 

analogy with the oxygen case is, therefore, surprising. However, the 

Kf spectrum for this molecule does exhibit such a low-energy transition 

although a weak one. Band D may then be associated with P3p-c2s-CZs 

bonding. 

The next set of energy levels which may be correlated with the 

spectral results are the 3a1 and 2b 1 molecular levels. The 3a1 and 2b1 

levels contain very large sulfur 3s coefficients with a small mixing of 

carbon 2p; furthermore, these sulfur 3s orbitals are strongly bonding 

with phosphorus 3p, whereas the oxygen 2p orbitals are only slightly 

bonding. These two levels may then be assigned to P3p-s 3s bonding as 

in the case for the methoxy compound. The 3b2 molecular orbital falls 

between 3a1 and 2b 1 and has large carbon 2s coefficients with zero sulfur 

3s contribution. However, the phosphorus 3p coefficient is only 0.01, 

compared to over 0 .10 for each of the other two orbit-a ls, and will 

contribute negligible intensity to the band and, therefore, is not 

included in the assignment. 

The higher-energy levels are similar to those for the methoxy 

compound in that the levels consist of both sulfur and carbon coefficients 

in significant magnitude but become more prominently sulfur in the 

higher-lying levels. The separation between the series of orbitals 

defining a particular bonding is more prominent here than for the 

methoxy compound, aiding in the assignment. Thus the molecular levels 

4a1 (-16.6 eV) and 4bz (-15.2 eV) may be ascribed to bonding between 

phosphorus and carbon. Furthermore, both types of carbon--the carbon 

bonded directly to phosphorus and the carbon bonded to carbon--contribute 

strongly to this bonding, suggesting a delocalized P3p-c2p-CZp system . 
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Table 21 

CNDO-Calculated Electronic Structure of 

• Bis (diethyldithio phosphinato) Nickel (II) 

Valence 2
Phosphorus Valence Phosphorus 

Orbital Energy L 3p Coefficients Orbital Energy L 3p2 Coefficients 

• 8a1 -4.40 0 5a1 -14.39 0.01 

9b2 -5.16 0.06 4b2 -15.17 0.12 

8b2 -5.39 0 4a1 -16.61 0.06 

• 5b1 -6.13 0.05 2b1 -18.58 0.10 

7a1 -7.39 0.18 3b2 -21.37 0.01 

7b2 -7.87 0.06 3a1 -22.01 0.11 

• 6b2 -8.58 0.02 2b2 -23.61 0.03 

4b1 -8.72 0 lb1 -23. 92 0.02 

3b1 -9.00 0.13 2a1 -26.54 0.03 

• 6a1 -11.16 0.08 lb2 -43.14 0.03 

sb 2 -13.52 0 la1 -44.49 0.01 

• 

• 

• 

• 
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The remaining levels from 6a 1 to 9b 2 have very large bonding 

• coefficients for sulfur 3s and 3p to phosphorus 3p; some levels also 

have significant carbon 2p coefficients but these are neither as large 

as nor as strongly bonding as the sulfur contribution. These levels 

• then are correlated with band A in the spectrum and are designated as 

due to P3P-s 3p bonding. 

The K f spectrum is then assigned as: 

• Kf (A): (6a 1 + 3b1 + 7b 2 + 7a1 + Sb 1 + 9b2) ~ ls 

K~(B): (4a1 + 4b 2 ) -->ls 

Kf<-C): (3a1 + 2b 1) ~ls 

• K(3(D): (2a 1 + lb1 + 2b 2) ~ls 

Although the 4b 1 , 8b 2 , and 8a1 orbitals have quite large sulfur 

coefficients, their phosphorus 3p coefficients are negligible and they 

• have, therefore, not been included in this assignment. 

• As mentioned previously, the assignment made here also applies to 

the pyridine adduct and the parent compound. 

The assignment of bands A and B as arising from phosphorus-sulfur 

• bonding and phosphorus-oxygen bonding, respectively, follows from 

arguments presented for the roethoxy compound and is confirmed by the 

CNDO calculation. The orbitals 3b1 (-10.1 eV) to lla1 (-6.9 eV) contain 

• very large sulfur-bonding coefficients with respect to phosphorus 3p • 

Except for the 10b2 level, the oxygen and carbon contribution to these 

levels is small compared to that for sulfur. 

• The molecular orbitals from 8b 2 (-11.7 eV) to 9b 2 (-10.5 eV) are 

predominantly oxygen 2p in character, with a significant contribution 

• 
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Table 22 

CNDO-Calculated Electronic Structure of 

• Bis (00' diethyldithio phosphinato) Nickel (II) 

Valence 2Phosphorus Valence Phosphorus 
Orbital Energy L:'3p Coefficients Orbital Energy ,r3p2 Coefficients 

• 12a1 -3.87 0 6b2 -15.15 0.04 

12b2 -5.09 0 7a1 -15.22 0 

lla1 -6.89 0.18 5b2 -17.90 0.02 

• llb2 -7.05 0.06 6a1 -18. 07 0.07 

4b1 -7.75 0 lb1 -18.67 0.11 

10b2 -10.09 0.04 5a1 -21.21 0.01 

• 3b1 -10 .10 0.11 4b2 -21. 48 0.01 

9b2 -10.49 0.03 4a1 -22. 98 0.04 

10a1 -10.93 0.05 3b2 -23.76 0 

• 2b1 -11. 25 0.01 3a1 -24.08 0.04 

8b2 -11.70 0.02 2b2 -32.30 0.03 

9a1 -13.40 0.03 2a1 -32.84 0.01 • 7b2 -14.96 0 lb2 -38.70 0.03 

8a1 -14.97 0.01 la1 -39.05 0.01 

• 

• 

• 
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from the carbons bonded directly to oxygen, as in the case for the 

methoxy compound, and these levels are again correlated with band B 

and designated as P3P-o 2P-c2P bonding. 

128 

The phosphorus-sulfur 3s bonding is also clearly described by the 

lb1 (-18.7 eV) and 6a 1 (-18.1 eV) levels; again the oxygen and carbon 

contribution to these levels is small. 

The la1 , lb 2 , 2a 1 , and 2b 2 orbitals are assigned to the low-energy 

band E and describe the P3p-o
2

s-CZs bonding as was observed for the 

methoxy compound. 

The calculations indicate another set of energy levels from 

3a1 (-24.1 eV) to 5a1 (-21.2 eV) which are predominantly oxygen and 

carbon 2s and 2p in nature and which become smaller in oxygen magnitude 

and greater in carbon in proceeding to higher energies. Such a situation 

was also indicated for the methoxy compound and would predict a transition 

between bands D and E spectrally. However, no such transitions are 

observed; but the phosphorus 3p coefficients are small, and these transi

tions may be concealed in the "background" radiation. 

One prominent spectral feature distinguishing this spectrum from 

that for the methoxy or alkyl compounds is band C at 2133.48 eV. This 

band is observed for all three ethoxy compounds but not for the methoxy, 

suggesting additional energy levels due to the second methylene group, 

or a splitting of the levels contained in band B for the methoxy compound • 

The CNDO calculations indicate a series of molecular orbitals from 

5b 2 (-17.9 eV) to 9a1 (-13.41 eV), just below the levels associated with 

P3p-o2p-C2p bonding which also contain large oxygen and carbon coefficients • 

However, this lower-lying series of levels contains significant contribu

tions from the carbons not directly bonded to phosphorus. Furthermore, 
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the magnitude of the oxygen coefficients increases while that for 

carbon decreas e s in proceeding to the higher-lying levels until finally, 

as the series converges with that assigned to the rf <B) band, the 

coefficients on the carbon once removed from phosphorus become negligible. 

It therefore appears that there are two bands attributable to phosphorus-

oxygen-carbon bonding, differing in the character of carbon donated to 

the bonding • 

This is not unlike the situation for the methoxy and ethyl compounds, 

however, since the levels attributed to band B become smaller in the 

contribution from the atom once removed from phosphorus and larger in 

the contribution from that directly bonded to phosphorus in proceeding 

to higher-lying levels in the series. Possibly under higher resolution 

a similar "extra" band may be observed for these compounds also. On the 

other hand, while it is possible to envision electron density spread over 

a three-atom system so as to yield one series of bonding levels, such 

delocalization over a four-atom system as P -0 -C -C may not be so 3p 2p 2p 2p 

extensive, resulting in the generation of two series of molecular energy 

levels. 

The Kf assignment then is as follows: 

Kr (A): (3bl + 10b 2 + llb2 + lla1) ~ls 

Kf (B): (8b 2 + 2b1 + 10a1 + 9b 2) --7- ls 

Kf(C): (5b2 + 6b2 + 8a1 + 9a1) ~ls 

K~(D): (lb1 + 6a1) -7 ls 

K('(E): (la1 + lb 2 + 2a1 + 2b 2) ---t ls 
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Shift Studies 

As for the phosphorus oxy-anions, the shifts with a change of ligand 

and band widths may give some useful information about bonding. 

The band shifts with changing ligand appear to correlate with 

changes in bond lengths. Appropriate crystallographic data for 

NiL-s
2

P(OC
2
H

5
)

2
_/

2
, Nil-S

2
P(OC

2
H

5
)

2
_/

2 
· 2py, and Nil s 2P(C

2
H5)

2
_7

2 

are given in Table 17 • 

Fernando49 interprets the angle changes upon adduct formation on 

the basis of a simple electrostatic model. Complexing with pyridine 

reduces the net positive charge on the nickel atom and increases the net 

negative charge on the sulfur atoms. This latter effect results in an 

increase in the S-P-S angle, while the former effect lengthens the Ni-S 

bond length, and decreases the S-Ni-S angle. It is the S-P-S angle that 

may be of interest here. The increase in this angle results in a more 

nearly tetrahedral arrangement and thus a more stable . state. One may 

naively expect an accompanying shift of the phosphorus-sulfur bonding 

band (A) to lower energies, however, no such shift is observed upon 

adduct formation. 

The large decrease in the 0-P-O angle has been attributed to 

repulsion between the pyridine molecules and methylene groups resulting 

in a more strained ring and a higher energy state. The phosphorus

oxygen band shifts to lower energy in this case • 

A more interesting trend may be noted in comparing peak shifts 

with bond lengths. The pyridine adduct of the ethoxy compound is of 

special interest since adduct formation does not directly affect the 

bonding to phosphorus, and it would not be expected to significantly 
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alter the molecular orbitals formed for the ethoxy compound, As noted 

previously, the phosphorus-sulfur band (A) does not shift upon adduct 

formation, in spite of a large change in geometry; however, the P-S 

0 
bond length increases only slightly (0.01 A), suggesting some correlation 

between bond length and peak positions. Similarly, the phosphorus-

0 
oxygen bond length decreases considerably (0.05 A) upon adduct formation 

and spectrally there is a shift of 1.07 eV to lower energies of band B . 

0 
There is a decrease of 0.03 A in the oxygen-carbon bond length as well, 

which is interesting in view of the assignment of band B to phosphorus-

oxygen-carbon bonding • 

The P3p-S)p band (A) does not shift for the parent compound, 

~ (C2H5o) 2P~sNH4 , in comparison with the ethoxy compound, while band B 

shifts considerably to lower energies. While this spectral information 

is quite suggestive, especially in view of the ionic nature of the sulfur-

nickel bond for the ethoxy compound and the double bond character of the 

phosphorus-sulfur bond, no crystallographic data is available for 

(C2H5o) 2P~NH4 for correlation. 

In addition to the possible correlation of bond lengths with peak 

shifts, there are also some interesting trends to be noted upon change 

of ligand. In changing from the ethoxy to the less electro-negative 

ethyl ligand there is not only a shift of band B, which has been 

attributed to phosphorus-carbon bonding, to higher energies (0.15 eV), 

but also a shift of band A, attributed to phosphorus-sulfur bonding to 

lower energies (0.29 eV). While no conclusions may be drawn here, it is 

interesting to note the change of electronegativity of the ligand and 

the direction of the shifts • 
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Perhaps the most significant shifts of all occur upon changing from 

an ethoxy to a methoxy ligand. These two ligands would be expected to 

behave similarly, yet it has already been noted that the ethoxy spectrum 

displays one more band than does the methoxy spectrum. One possible 

significant difference between the methoxy and ethoxy ligands is the 

greater electronegativity of the methoxy ligand. While the exact 

relationship between electronegativity and spectral shifts cannot at 

this time be postulated, it is curious to note that for the methoxy 

compound the band attributed to P-0 bonding shifts to lower energies 

while that for P-S bonding shifts to higher energies in comparison with 

the ethoxy compound. These spectral shifts are just the opposite of 

those noted for the ethyl compound. 

The shifts noted here for the Nil-s
2

P(R)
2
_7

2 
compounds are quite 

similar to those noted for the oxy-anions in that the observed shifts 

seem to be a function of ligand effects and, furthermore, there seems to 

be some correlation between both bond lengths, electronegativity concepts, 

and spectral shifts. However, the evidence here is inconclusive and 

is, by no means, meant as definitive. 

Another spectral feature of interest are the very wide band widths 

~s for all of the compounds but in particular for (OC2H5 ) 2r~ 8 -NH4+. As 

seen, the P-S band of this compound is not only broad but appears to 

"bulge" on the high-energy side. The most innnediate explanation that 

would distinguish this molecule from the other ethoxy compounds is the 

presence of two distinct types of sulfur ligands bonded to phosphorus. 

s 
The bonding for (EtO) P~ - + is 

2 '-S NH4 

which one spectral transition is observed due to equivalent P-0 bonds 
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and H3Po4 with one P-0 bond and three P-OH bonds (where the hydroxy 

unit is of considerable ionic chara.cter), and for which two transitions 

are observed. The S-NH4+ bond is undoubtedly not as ionic as o--ca+ 

but is more ionic than -OH, giving two similar, but still different, 

P-S bonds, and, therefore, two P-S transitions must be postulated. 

This broad band may then conceal two P-S transition lines. The width of 

this band may be realized from Figure 52 which superimposes spectra for 

Nil-S 2P(C2H5) 2_/2 , Nil s2P(OCH3) 2_7
2

, and (OC2H5 ) 2P~S . 
SNH4 

It may also be postulated, in analogy with the phosphorus oxy-anions, 

that the phosphorus 3d orbitals may be "back bonding" with the sulfur 

3p orbitals, giving a series of high-energy orbitals which may be weakly 

active in Kf. This would be more probable for the phosphorus-sulfur 

system than the phosphorus-oxygen since the ionic nickel-sulfur bond 

concentrates considerable residual electron density on the sulfur as 

compared with the oxygen. Fernando48 states that the P-S bond has 

considerable double-bond character and this should resuit from the 

transfer of electron density from sulfur 3p and 3d to phosphorus 3d 

orbitals. The need for L 
3 

spectral evaluation is obvious: 
2, 

However, speculation about 3d orbital participation is not necessary 

to explain these band widths. These molecules are composed of many 

molecular orbitals which, for c 2v symmetry, are all non-degenerate. 

Therefore, each band represents several transitions of varying energies 

resulting in broad band widths • 
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CMPIBRV 

Summary and Conclusions 

The experimental and calculated results discussed above invite the 

following conclusions: 

1) It has been shown, for the first time, that under favorable 

circumstances x-ray photon emission spectroscopy provides a 

probe for a localized bond, enabling the evaluation of the 

electronic structure of compounds, and further providing 

valuable insight into the bonding processes on both a practical 

and theoretical basis . 

2) There is direct spectroscopic evidence that the extent of 

localization of a bond depends upon the specificligands involved 

in the bonding; the greater the difference between these ligands, 

the more distinct will be the orbitals defining this bond. 

Furthermore, the larger the ligand, the more complicated is 

the bonding scheme and the greater the possibility of orbital 

mixing, as seen experimentally in proceeding from hydrogen to 

hydroxy to sulfur as ligands bonded to phosphorus. 

3) The spectral results are easily interpretable on the basis of 

• molecular orbital theory, and, furthermore, good correlation of 

• 

• 

spectra with calculations is possible even for "approximate 

molecular orbital methods." This aspect is particularly 

gratifying for the more complicated bonding situations • 
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K~ and L2 , 3 spectra together with core photoelectron shift 

studies provide a complete description of the molecular bonding 

for our compounds, as all orbitals formed are active in either 

K~ or L2 , 3 for the symmetries studied here . 

5) From the observed spectral positions of the bands describing 

the bonding for a particular ligand, it appears possible to use 

x-ray emission spectroscopy for practical and specific ligand 

characterization and identification. 

Suggestions for Further Work 

The conclusions stated above call for further experimental and 

theoretical work to both confirm and extend the work presented here. 

The necessary work should include the following investigations: 

1) The 1 2 , 3 spectra for the Ni 1 s
2
P(R) 2_; 2 compounds is necessary 

to fully understand the bonding to phosphorus in these compounds 

and to confirm the KP assignment made here. The 1 2 3 spectra 
' 

may also provide further evidence for the participation of 3d 

orbitals in bonding of phosphorus. 

2) Both K~ and L2 , 3 spectra of sulfur in these compounds would 

provide a more complete bonding evaluation. In this respect 

it is desirable to obtain the emission spectra for all the 

ligands bonded to phosphorus. Since the ligands must possess 

the same bonding molecular orbitals as the central atom, their 

interpretation would give further insight to the total bonding 

scheme. For a true bonding representation, then, it is desirable 

to investigate all of the transitions for all of the bonded 

atoms • 
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3) It is desirable to perfor~ further molecular orbital calculations 

on the compounds studied here. More rigorous calculations 

would be valuable, but even a comparison of "approximate 

methods" could prove useful. In this same respect it is also 

desired to perform these molecular orbital calculations on the 

molecule with a "hole" in the K shell as this better describes 

the true x-ray process • 

4) Deconvolution of the spectra would be valuable for determination 

of the number of transitions represented by a particular band 

and thus provide better correlation with theory. This is 

particularly evident in the Kf spectra of the Ni 1-S2P(R) 2_:f 2 

compounds with their very broad bands and large number of 

theoretically determined transitions • 

5) The need to extend these concepts and investigations to compounds 

of other second row elements is obvious; of particular interest 

may be silicon and sulfur which bond in compounds similar to 

those of phosphorus • 
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APPENDIX A 

Double Crystal Spectrometer 

The double crystal unit designed by Whitehead, et al., 40 is shown 

diagrammatically in Figure 53. The crystal arrangement is the anti-

parallel mode for normal operation with two of the same crystals in 

positions D and H. In such an arrangement e1 = e2 = e3 = e4 . The 

instrument is provided with continuous scanning ability and both crystals 

may be turned simultaneously, as the single crystal unit, or the second 

crystal may be rotated independently by a separate dial (N). 

Each of the spectrometer parts labeled in the diagram is discussed 

below . 

A: source 

B: sample 

C: primary collimator 

D: first crystal 

E: cross arm coupled to 28 motion of existing spectrometer 

F: internal flow proportional counter 

G: shaft connected to E to translate 29 motion to outside 
double crystal attachment 

H: second crystal 

I: crystal gear 

J: crystal rack 

K: external flow proportional counter 

L: detector gear 
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M: detector rack 

N: adjustor gear systems for fine adjustment of angular 
positions to second crystal (H) and external detector (K). 

0 

0: vacuum tight enclosure for soft x-ray region (3-20 A) 

The double crystal attachment takes advantage of the goniometer 

system of the one crystal unit to rotate the first crystal through an 

angle 9 and a shaft (G) coupled to a cross arm (E) through an angle 28. 

The internal flow proportional counter (F) has been advanced so that it 

is out of the way of the double crystal operation; but it is still 

inside of the inner vacuum drum and may be used in alignment of the 

first crystal for use with the double crystal attachment. The 20 motion 

is translated to the external parts of the attachment by the shaft (G) 

which is connected to the cross arm (E). The 28 motion of the shaft 

maintains the center of rotation of the second crystal (H) in the center 

of the x-ray beam reflected from the first crystal (D). The second 

crystal is maintained at 30 to the beam incident upon the first crystal 

by a 2:1 gear (I) and rack (J) system so as to maintain it at 40 to the 

incident beam. The two separate adjustor gears (N) located at the bottom 

of the crystal rack and detector rack allow minor adjustments to be made 

independently on the second crystal and external detector • 

The entire attachment is enclosed in a vacuum-tight enclosure (0) 

for operation in the soft x-ray region • 
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• 
APPENDIX B 

Energy and Intensity Normalization 

• 
The normalization process involved two steps: establishment of an 

energy scale and correction of the intensity contour. It was necessary 

• to first set up an appropriate energy scale as the intensity normaliza-

tion entailed the joining of the energy scales of the three separate 

spectral segments before applying an intensity correction factor. 

• As mentioned in Chapter III, the dial rotating the second crystal 

is calibrated in units of 12 secondsof arc which is easily converted to 

degrees; the conversion from degrees to Angstroms then makes use of the 

• dispersion relationship. The dispersion may be calculated from the 

derivative of Bragg's Law: 

n),. = 2d sin e 

• de/d}... n/2d cos 0 

Alternately, the dispersion may be determined experimentally from the 

measured distance between two standard reference lines, as for example, 

• between III Fe ~l and III Fe Kq2 . In this manner the measured angular 

separation is correlated with the known Angstrom separation to give the 

dispersion value d0/d}.... The experimentally determined dispersion should 

• then agree with the theoretically calculated values. However, the 

theoretical values calculated for each setting of PET and calcite 

consistently gave values higher than those determined experimentally. 
0 

• For example, for a PET setting of 83.49 28 the experimental dispersion 
0 

was 40.04 8/A while that determined from the Bragg equation derivative 

• 



• 
142 

c 
was 41.25 e/A. For this reason the experimental dispersion was used to 

• establish the energy scale. 

As mentioned in Chapter III, two factors must be considered in 
I 

applying the dispersion relationship; first, the increasing dispersion 

• upon higher angular setting of the PET crystal and second, the increasing 

dispersion during a scan of calcite to higher angles. Since the position 

of calcite wa$ found to be a linear function of the PET setting 

• (Figure 26), the dispersion was considered constant during any one scan 

at a specific PET setting. However, an individual dispersion was cal-

culated for each setting of PET. The results of this calibration are 

• discussed in Chapter III; the resultant energy scales are given in 

Tables 23, 24 and 25. 

The intensity contour was corrected by piecing together three 

• independently obtained sections; this method entailed the inherent 

problem of joining the energy scales properly. The choice of 83.05 and 

83.60 28 for scanning the main band (K/3) and satellite CK/3') respectively 

• was made because these were the positions providing max imum intensity 

for each of these bands as determined by single crystal PET scans. 

Therefore, for each of these scans the PET crystal has been set at the 

• peak position. Since the crystal used for these studies gave a useful 

range of 6.5 eV, the intensity contour at 83.05 and 83.60 20 should be 

correct to within about 3.2 eV on either side of the peak. Therefore, 

• these 6.5 eV sections can be used without correction in piecing the 

spectra. The scan made with PET at 83.40 20 is different. This position 

was chosen so as to give a 6.5 eV range which would just coincide with 

• the ends of the useful ranges provided' by the other two scans and so to 

• 
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Table 23 

Energy Scale for PET at 83.05°29 

• 
Scale 

0 
Electron Scale R II 

Electron 
II 

Divisions Angstroms Volts Divisions ngstroms Volts 

• 300 5.82754 2127.48 650 5.79799 2138.33 
310 5.82669 2127.79 660 5. 79714 2138. 64 
320 5.82585 2128.10 670 5. 79630 2138.95 
330 5.82501 2128.41 680 5.79546 2139.26 
340 5.82416 2128.72 690 5.79461 2139. 57 
350 5.82332 2129.03 700 5. 79377 2139. 89 

• 360 5.82247 2129.34 710 5.79292 2140.20 
370 5.82163 2129.64 720 5. 79208 2140.51 
380 5.82078 2129.95 730 5.79123 2140.82 
390 5.81994 2130.26 740 5.79039 2141.13 
400 5.81910 2130.57 750 5.78955 2141.45 
410 5.81825 2130.88 760 5.78870 2141. 76 

• 420 5.81741 2131.19 770 5.78786 2142.07 
430 5.81656 2131. 50 780 5.78701 2142.38 
440 5.81572 2131.81 790 5.78617 2142.70 
450 5.81487 2132.12 800 5.78532 2143.01 
460 5.81403 2132.43 810 5.78448 2143.32 
470 5.81319 2132.74 820 5.78364 2143.63 

• 480 5.81234 2133.05 830 5.78279 2143.95 
490 5. 81150 2133. 36 840 5.78195 2144.26 
500 5.81065 2133.67 850 5. 78110 2144.57 
510 5.80981 2133. 98 860 5.78026 2144.89 
520 5.80896 2134. 29 870 5.77941 2145.20 
530 5.80812 2134.60 880 5.77857 2145.51 

• 540 5.80728 2134.91 890 5. 77773 2145.83 
550 5.80643 2135.22 900 5.77688 2146.14 
560 5.80559 2135.53 910 5.77604 2146.45 
570 5.80474 2135.84 920 5.77519 2146. 77 
580 5.80390 2136.15 930 5. 77435 2147.08 
590 5.80305 2136.46 940 5. 77350 2147.40 

• 600 5.80221 2136. 77 950 5.77266 2147.71 
610 5.80137 2137.08 960 5.77182 2148.02 
620 5.80052 2137. 39 970 5.77097 2148.34 
630 5. 79968 2137. 71 980 5.77013 2i48.65 
640 5.79883 2138.02 990 5. 76928 2148.97 

1000 5.76844 2149.28 

• 

• 
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Table 24 

• Energy Scale for PET at 83.40°29 

Scale .R II 
Electron Scale 0 II Electron 

Divisions ngstroms Volts Divisions Angstroms Volts 

• 0 5.81411 2132.42 5.85987 2115. 76 550 
20 5.85821 2116 0 36 560 5.81328 2132. 72 
40 5.85654 2116. 97 570 5.81245 2133 .03 
60 5.85488 2117.57 580 5.81161 2133. 33 
80 5.85321 2118.17 590 5.81078 2133.64 

• 100 5.85155 2118. 77 600 5.80995 2133. 94 
120 5.84989 2119.37 610 5.80912 2134.25 
140 5.84822 2119. 98 620 5.80829 2134.55 
160 5.84656 2120.58 630 5.80745 2134.86 
180 5.84489 2121.18 640 5.80662 2135.17 
200 5.84323 2121.79 650 5.80579 2135.47 

• 210 5.84240 2122.09 660 5.80500 2135. 78 
220 5.84157 2122.39 670 5.80413 2136. 08 
230 5.84073 2122.70 680 5.80329 2136.39 
240 5.83990 2123.00 690 5.80246 2136.70 
250 5.83907 2123.30 700 5.80163 2137.00 
260 5.83824 2123.60 710 5.80080 2137.31 

• 270 5.83741 2123.91 720 5.80000 2137.62 
280 5.83657 2124.21 730 5.79913 2137. 92 
290 5.83574 2124.51 740 5.79830 2138. 23 
300 5.83491 2124.81 750 5.79747 2138. 54 
310 5.83408 2125.12 760 5. 79664 2138.84 
320 5.83325 2125.42 770 5.79581 2139 .15 

• 330 5.83241 2125.72 780 5.79500 2i39.46 
340 5.83158 2126.03 790 5.79414 2139. 76 
350 5.83075 2126.33 800 5.79331 2140.07 
360 5.82992 2126.63 810 5. 79248 2140. 38 
370 5.82909 2126.94 820 5.79165 2140.69 
380 5.82825 2127.24 830 5.79081 2140.99 

• 390 5.82742 2127.54 840 5.78998 2141. 30 
400 5.82659 2127.85 850 5.78915 2141. 61 
410 ·5.82576 2128.15 860 5.78832 2141.92 
420 5.82493 2128.46 870 5.78749 2142.23 
430 5.82409 2128.76 880 5.78665 2142.53 
440 5.82326 2129.06 890 5.78582 2142.84 

• 450 5.82243 2129.37 900 5.78499 2143.15 
460 5.82160 2129.67 910 5.78416 2143.46 
470 5.82077 2129.98 920 5.78333 2143. 77 
480 5.81993 2130.28 930 5.78249 2144.07 
490 5.81910 2130.59 940 5.78166 2144.38 
500 5.81827 2130.89 950 5.78083 2144. 69 

• 510 5.81744 2131. 20 960 5.78000 2145.00 
520 5.81661 2131. 50 970 5. 77917 2145.31 
530 5. 81577 2131. 81 980 5. 77833 2145.62 
540 5.81494 2132.11 990 5.77750 2145.93 

1000 5. 77667 2146.24 

• 
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Table 25 

• Scale for PET at 83.60°20 Energy 

Scale 0 
Electron Scale 

0 
Electron 

ti ti 

Divisions Angstroms Volts Divisions Angstroms Volts 

• 
0 5.86369 2114.37 360 5.83414 2125.08 

10 5.86287 2114. 66 370 5.83332 2125.38 
20 5.86204 2114. 96 380 5.83249 2125.68 
30 5.86122 2115.26 390 5.83167 2125.98 

• 40 5.86040 2115.55 400 5.83085 2126.28 
50 5.85958 2115.85 410 5.83003 2126.57 
60 5.85876 2116 .• 15 420 5. 82921 2126.87 
70 5.85794 2116 .44 430 5.82839 2127.17 
80 5.85712 2116. 74 440 5.82757 2127.47 
90 5.85630 2117 .04 450 5.82675 2127.77 

• 100 5.85548 2117 .33 460 5.82593 2128.07 
110 5.84973 2117. 61 470 5.82511 2128.37 
120 5.85384 2117. 93 480 5.82429 2128.67 
130 5.85302 2118. 22 490 5.82347 2128.97 
140 5.85219 2118. 52 500 5.82264 2129.27 
150 5.85137 2118. 82 510 5. 82182 2129.57 

• 160 5.85055 2119 .12 520 5.82100 2129.87 
170 5.84973 2119 .41 530 5.82018 2130.17 
180 5.84891 2119. 71 540 5.81936 2130.47 
190 5.84809 2120.01 550 5.81854 2130.77 
200 5.84727 2120.31 560 5.81772 2131.08 
210 5.84645 2120.60 570 5.81690 2131. 38 

• ·220 5.84563 2120.90 580 5.81608 2131. 68 
230 5.84481 2121.20 590 5.81526 2131. 98 
240 5.84399 2121. 50 600 5.81444 2132. 28 
250 5.84317 2121.79 610 5.81362 2132.58 
260 5.84234 2122.09 620 5.81279 2132.88 
270 5.84152 2122.39 630 5.81197 2133 .18 

• 280 5.84070 2122.69 640 5.81115 2133.48 
290 5.83988 2122.99 650 5.81033 2133. 78 
300 5.83906 2123.29 660 5.80951 2134.09 
310 5.83824 2123.58 670 5.80869 2134.39 
320 5.83742 2123.88 680 5.80787 2134.69 
330 5.83660 2124.18 690 5.80705 2134. 99 

• 340 5.83578 2124.48 700 5.80623 2135.29 
350 5.83496 2124.78 710 5.80541 2135. 60 

• 
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Table 25 (Continued) 

• Energy Scale for PET at 83.60°20 

Scale 0 II 
Electron Scale 0 II Electron 

Divisions Angstroms Volts Divisions Angstroms Volts 

• 
720 5.80459 2135.90 860 5.79310 2140 .13 
730 5. 80377 2136. 20 870 5.79227 2140.44 
740 5.80295 2136. 50 880 5.79145 2140. 74 
750 5.80212 2136. 80 890 5.79063 2141.04 

• 760 5. 80130 2137 .11 900 5.78981 2141.35 
770 5.80048 2137.41 910 5.78899 2141. 65 
780 5. 79966 2137. 71 920 5.78817 2141. 96 
790 5. 79884 2138.01 930 5.78735 2142. 26 
800 5.79802 2138.32 940 5.78653 2142.56 
810 5.79720 2138.62 950 5. 78571 2142.87 

• 820 5. 79638 2138.92 960 5.78489 2143.17 
830 5.79556 2139.22 970 5.78407 2143.47 
840 5.79474 2139. 53 980 5.78325 2143.78 
850 5.79392 2139.83 990 5.78242 2144.08 

1000 5.78160 2144.39 

• 

• 

• 

• 

• 
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obtain the full 18 eV scan at one PET setting with a reasonable intensity 

contour (see Figure 27). However, this setting does not afford a true 

intensity representation for this section, the 83.40 29 angle being too 

high. This may be seen in the distorted III Fe FP<1 2 spectrum in 
' 

Figure 54, since these lines occur in the same region as the PKP segment 

of interest. Furthermore, the coincidence of III Fe Kl?{l 2 lines with 
' 

the distorted PKp section makes them useful for correcting the intensity 

distribution; this was the approach used for intensity normalization of 

this middle segment. The actual III Fe ~l and III Fe 1{;( 2 peak intensities 

from Figure 54 have been plotted in Figure 55 versus their corresponding 

energy values and a straight line relationship assumed for correction 

purposes. Since 83.40 28 is the proper PET position for reflecting 

III Fe Kq2 radiation, the intensity of this line may be considered 

absolute and the III Fe K~ 1 intensity then needs to be increased so as 

to give a 2:1 ratio with III Fe Kq 2 ; this is the source of the broken 

line in Figure 55. Thus, while these two straight lines do not represent 

a rigorous intensity contour calibration system, they may be used to 

approximate the percentage difference of the intensity contour at 

83.40 26 from the true contour. The percentage difference at each 

energy increment obtained from these plots may then be used to correct 

each point of another spectrum, e.g., each of the phosphorus spectra. 

When this middle segment has been so corrected, each of the three spectral 

segments is then joined together at the points of coincidence of the 

energy scales. The results for such a correction have been shown in 

Figure 27 for CaHP03 ; the main effect has been to significantly lower 

the intensity of this middle segment s~ that K{3x is now lower in intensity 
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than K~', in better agreement with the Pl<f distribution reported by 

Fichter. 22 Unfortunately, no other standard was available for correction 

and comparison with a previously published spectrum and a complete 

evaluation of this correction method is not possible . 
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APPENDIX C 

Molecular Orbital Theory and CNDO Calculations 

Molecular Orbital Theory 

A complete treatment of molecular orbital theory is given in 

. . 26,51,52 
various texts and review articles; a brief explanation of the 

molecular orbital approach, with a typical example, is offered here as 

a guide to understanding the work presented in Chapter IV . 

The usual formulation of a molecular orbital assumes that it can 

be written as a linear combination of atomic orbitals: 

where Cki is a coefficient describing the contribution of any atomic 

orbital ~) to the molecular orbital (~). The complexity of the 

molecular orbital is dependent upon the basis set of atomic orbitals 

used to define the molecular orbital. 

The ith eigenstate value of a given molecular orbital V1;_ may be 

found from the equation: 

Ei = J 11'."H 111: d"/r/ '}(. d-. 
where H is the Hamiltonian operator. The actual energies of the molecular 

orbitals are found using the Variation Method in which the total energy 

is varied with respect to the coefficients (Cki) so as to obtain a 

minimal value. This gives a set of secular equations: 
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Hkk = JAH~d" 
skk = J.ik).kdT 

resonance integral, i.e., energy of 
interaction between xk and .:is 

= q : coulomb integral 

= +l for normalized atomic orbital 
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8ks = s )'..k .Xsd'I o < sks (+1: overlap integral (describes 
physical overlap in space of 

.Jk and Y-s 
If the interaction of a set of n orbitals is being considered, there 

will be n equations corresponding to n possible values of s and each 

equation will have n terms as k takes the values 1-----n. The n possible 

values of E are then found by solving the determinant: 

= 0 

The calculations are simplified if Sks (kfs) is set equal to zero--this 

is the neglect of overlap approxirnation--and if the interactions between 

nonadjacent orbitals are ignored--Hks = 0--unless).k and,Xs are adjacent 
II 

(Ruckel Approximation). 

Because the Hamilton~an Operator corrnnutes with the symmetry 

operators, further computational simplification may be obtained by the 

application of syrrnnetry. Thus, Hks will only be nonzero if the wave 

functions)lk and)ls belong to the same irreducible representation, or 

are a linear combination of atomic orbitals chosen so as to correspond 

to the irreducible representation of the molecule. 

As an example, consider a molecule of Td symmetry (ML4). First, 

it is necessary to classify the atomic orbitals according to their 

symmetry properties; this is done by determining how the orbitals.trans-

form under Td symmetry • 
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M Valence Shell Orbitals 

s (one orbital) a 1 

p (three orbitals): t
2 

d (five orbitals) : t 2 + e 

L Valence Shell Orbitals 

s (four orbitals) 

p (four orbitals) 
z 

(Jand -rr-separability of the ligand 2p orbitals has been assumed here for 

simplicity, although this is not necessary in the actual calculations • 

By thus classifying the 25 valence orbitals under different irreducible 

representations the computations are considerably simplified. It is 

now ne cessary to consider the interactions of the four groups of orbitals, 

a) tr' bonding 

al representation: 

1) M s orbital 

2) orbital from the four ligands: l/2(Las+ ~s+ Les+ Lds) 

3) orbital from the four ligands: l/2(Lap+ Lbp+ Lcp+ Ldp) 

the determinant then is: 

<A (Ms)- E '91 (3 2 

/31 di (Ls)- E 0 

(3 2 0 q (LP)- E 

t2 representation: 

M p three orbitals: Px,py,Pz 

L s three orthogonal orbitals of the type: l/Z(Las+ ~S- · LCS- Lds) 

LP three orthogonal orbitals of the type: 1/2 (Lap+ Lb - L -p cp Ldp) 

the resultant 9 by 9 determinant is of the form of three identical 

3 by 3 determinants since there are three identical and orthogonal . 

systems present. 
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t
2 

representation: 

Md three orthogonal orbitals: d d d xy' xz' yz 

LP three orthogonal orbitals: Px' Py> Pz 

the resultant 6 by 6 determinant is of the form of three identical 

2 by 2 determinants. 

A similar method is used fore and t 1 . From these determinants the 

appropriate molecular energy values are obtained upon substitution of 

appropriate values fore\ andf. The resultant series of molecular energy 

levels in order of increasing energy for a tetrahedral oxy-anion17 are: 

CNDO Calculations 

The CNDO calculations were performed so as to obtain an ordering of 

the molecular energy levels and an idea of the atomic orbital contribu-

tion to each molecular orbital. The eigenvalues and corresponding eigen-

vectors for all of the compounds discussed in the text are given in the 

accompanying computer output; specific results for HPo3-2 are discussed 

here . 

The symmetries of the resultant molecular orbitals may be determined 

from consideration of the atomic coefficients of the central atom, 

phosphorus, and the symmetries of each of its orbitals. For example, the 

3s atomic orbital on phosphorus transforms as a 1 ; if this orbital and the 

others transforming as a1 have large coefficients while those transforming 

as e or a 2 have small coefficients, then the molecular orbital is assigned 

an a 1 symmetry. For Td and c3v symmetries this is straightforward and 

easily determined, but for c2v symmetry the distinction is not always 
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clear due to the greater orbital mixing and nondegenerate orbitals. In 

such a case it is necessary to consider the magnitude of the coefficients 

on the ligand orbitals and/or the effect of a symmetry operation upon 

the orbitals. 

-2 For HP03 the following symmetries were assigned to the atomic 

orbitals: 

Phosphorus 

3px,3py: e 

3d 2: a z 1 

3dx2-y2•3dxy: 

3dxz'3dyz: e 

e 

Hydrogen Oxygen 

ls: 2s: a 1 + e 

The resultant assigned molecular orbital symmetries are indicated above 

each column· of eigenvectors; the correlation between the atomic coeffi-

cients, atomic syrrnnetries and the resultant assigned molecular synnnetries 

is obvious. 

It is next desired to determine which orbitals contribute to the 

bonding for each molecular orbital. Whether a particular ligand orbital 

is bonding or antibonding with the central phosphorus atom is determined 

from the geometrical arrangement of the orbitals and the signs associated 

with them. All orbitals are arranged in a cartesian coordinate system 

according to the right hand screw rule; thus the Py and Pz orbitals may 

be pictured as: 

00 Py 
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Now, for any ligand orbital to be bonding with the phosphorus orbitals 

it must have the same sign in the region of maximum interactiort. For 

example, if the phosphorus Pz orbital is to be bonding with hydrogen ls 

in the following arrangement: 

H 
I 
p 

01......---- 1! "-03 
Oz 

the hydrogen ls orbital must have a positive sign if the phosphorus 3p 

is positive. However, if the phosphorus 3p orbital is to be bonding 

with oxygen (#3) 2p , then the oxygen 2p orbital must carry a negative 
y y 

sign if the phosphorus 3py is positive. If oxygen 2py has a positive 

sign it is considered antibonding with phosphorus 3py. 

Although it is the square of the phosphorus coefficients that 

mainly determines the intensity of a band, the ligand orbitals do con-

tribute to this intensity if they are bonding. But if the ligand orbitals 

are antibonding, they do not contribute any additional electron density; 

in this lies the rationale behind assigning a spectral band as describing 

the bonding to a particular ligand or ligand orbital. 

A complete understanding of the CNDO methods and approximations may 

be gained from the publications of J. A. Pople, et al., 53 , 54 ,55,56 ,57 

who developed this approximate molecular orbital technique • 
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0.0112 . -0.0794 0 .! 741 0.0110 

____}O _H ___ IL. .•. . s_:0.1663 __ ~0 .. 1 qa5 __ .,-0 .• 0211 0.0193 . -O,lb06 . 0.1861 0,0681 .-0.0157 _: _0 •. 0284 -0,0988 -<:'.IC 32 

51 15 H 0.0122 0.0374 -o.oo9s -0.0090 0.0154 0.0030 -0.0773 O.Z392 -0.2Z6Z -O.Z8H -0.3436 

0.0210 
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0 
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15 
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