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ABSTRACT

The geometry of the dithiophosphinate ion —SZPXZ is such
that when coordinated to a metal ion by the sulfur atoms the sub-
stituents (X) occupy what is effectively the third coordination sphere
of the metal ion. When the substituent groups were varied between

F, and CF distinct differences in physical and

X = CH,, CgHg, OC,Hc, 3

chemical properties were observed for the coordination complexes

M[SZPXZ]n of the metal iomns M+n = 0V+2, V+3, Cr+3, Mn+2, Fé+3, Fe+2,

o3, cot2, nit?, pa*?, pt*?, cu*?, ', z0'2, cd*? and B2, 1In

C
many cases the complexes were novel. Where the skeletal atomic

cluster M(SZP)n was maintained constant, differences in properties were
attributed to the varied substituent. The chemical, thermal, spectral,
and magnetic properties are described. An attempt has been made to
evaluate the relative importance of the mass, steric, and electrical
factors contributing to the total substituent effect upon the M(SZP)n
skeleton.

In the rationalization of the electrical substituent effects
the resolved Hammett-Taft parameters, o1 and 0R°, were found to be most
useful, but with an unexpected "twist". Since much of the chemistry
of transition metal complexes is determined by the metal ion and its
immediate electrical "ligand field" it was of interest to consider how
the substituents might electrically influence the metal atom. Con-—
sistency in interpreting the results was achieved by the novel

assumption that the 0-, T-type electron polarization effects of the

substituents on the S,PX, group were "transduced" into T, 0 polarization



iv

effects on transmission through the tetrahedrally coordinated P atom.
Some direct transmission of ¢g-type electron polarization effects was
anticipated due to the non-directional property of the 3s orbital of
the P atom. This transduction property appears to be general for
tetrahedrally coordinated atoms and accounts for the Lewis T acidity
of groups such as PFB’ CF3 and SnCl3, in terms of the Hammett-Taft
parameters for F and Cl.

The coordination geometries of the sulfur atoms about the
metal ions encountered within the set of tris complexes M[SZPx2]3
and bis complexes M[SZPXZ]Z included approximately octahedral
(M+3), square planar (Ni+2, Pd+2, Pt+2), square pyramidal (0V+2),
and tetrahedral (Mn+2, Fe+2, Co+2, etc.) configurations. The fre-
quencies of bands assignable to M-S vibrations in the infrared
spectra of the complexes were found to correlate monotonically with
the ligand field band frequencies in the electronic spectra except
in the tetrahedral structural category. An attempt has been made to
relate the infrared data to the structural data available from
crystal determinations.

The redox, thermal and mass spectral behavior of the dithio-
phosphinate complexes indicated that the range of isolable metal atom
oxidation states was parallel to but somewhat more restricted than
that obtainable in aqueous solution. Although most of the odd
electron molecules behaved as normal paramagnets, the complexes
OV[SZPFZ]Z’ OV[SZP(CF3)2]2 and CO[SZP(OCZHS)Z]Z proved to be magneti-

cally anomalous in the solid state. Transition metal dithiophosphinates



do not appear to possess the unusual redox properties or geometries

characteristic of the 1,2-dithiolenes and are quite unambiguous as

to the formal oxidation state of the metal ion.
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CHAPTER 1

INTRODUCTION

1.1 Intention

A chemical compound is well defined when the relative
positions of the constituent atomic nuclei and the nature of the
bonds between them are sufficiently known to enable prediction of
the reactivity of the compound. In the theoretical descriptions of
the bonding in transition metal complexes the electronic behavior
of the monatomic or polyatomic ligands is often considered to be
sufficiently understood that attention is restricted to the nature of
the metal-ligand bonds. Furthermore, in an attempt to classify the
chemical behavior of metal atoms and ligands separately, the physical
and chemical properties of coordination compounds are often factored
into functions of the central atom and the ligand group. However,
it is of interest to hold the metal-ligand linkage as constant as
possible and determine the effect of variation more remote from the
metal atom. Thus a ligand substrate capable of supporting a wide
variety of substituents while maintaining constant the first and
perhaps higher coordination spheres about the central atom might
be expz2cted to provide a system of complexes with sufficiently dif-
ferent properties to enable inferences to be made concerning the
metal-ligand and intraligand bonds.

The geometry of a dithiophosphinate ligand ion -SZPXZ
is such that the P atom is nearly tetrahedrally coordinated and

when the ligand is coordinated to a metal ion by the sulfur atoms



the substituents (X) occupy what is effectively the third
coordination sphere of the metal iom. In a homologous series of
complexes M[SZPXZ]n’ varying only in X, the effects of the substituents
may be monitored by the differences in'physical and chemical
properties primarily dependent upon the skeletal atomic cluster
M(SZP)n' The chemistry of phosphorus is now well enough advanced
that dithiophosphinic acids and salts may be obtained bearing very
many different substituent groups. In view of the current interest
in compounds containing metal-sulfur linkages and thiophosphorus
chemistry in general, the dithiophosphinate complexes provided a
potentially valuable system for study.

It is intended to describe herein the chemical, thermal,
spectral, and magnetic results obtained for most of the transition
metal dithiophosphinates M[SZPXZ]n with X = CH3, CGHS’ OCZH F and

5’
+2 +3 +3 +2 +3 +2 +3
e o7,

+
CF3andM+n=0V , v, e, e, R, F oF2, wit?,

Pd+2, Pt+2, Cu+2, Cu+, Ag+, Zn+2, Cd+2 and Hg+2. An attempt is made

, C o

to interpret the results in terms of the substituent perturbation

upon the M(SZP)n skeleton.

1.2 Nomenclature

Complexes of the type M[SZPXZ]n with X =-f“or OR(R = an
organic moiety) are treated in the literature as derivatives of
phosphoric acid and are variously called phosphorodifluorodithioates,
difluorodithiophosphates, difluorophosphinates, 0,0'-di(organic
s2

moiety)dithiophosphates, respectively1 Hypophosphorous or

phosphinic acid, HO(O)PH,, yields as derivatives the di (substituent)
2



phosphonites or phosphinatesl’z’z. The sulfur analogues of these

latter acids with organic substituents are known as phosphinodi-
(substituent)dithioates or &i(substituent)dithiophosphinates due to
their initial preparation from the corresponding disubstituted
phosphine and elemental sulfurl’z. For consistency herein, all

the acids HSZPX2 for all X are called di (substituent)dithiophosphinic
acids and their derivative compounds M[SZPXZ]n are referred to as
di(substituent)dithiophosphinates. Since all the compounds included
in this study were homogeneous with respect to the substituents,
unambiguous identification within the system is possible by noting
the metal ion and substituent only. Moreover, complexes containing

homogeneous ligands are referred to as "simple" as opposed to mixed

1igand compounds.

1.3 Historical Background

The earliest mention of a dithiophosphinic acid was in
1871, but the preparation and characterization of the acid HSZP(CZHS)Z
its sodium and ammonium salts and the complexes M[SZP(CZHS)Z]n with
M+n = Cu%, Ag+, Ad+, and Pb+2 were not reported until 18924. Dialkoxy-
dithiophosphinic acids were first reported in 1908 while the first
mention of transition metal complexes awaited the preparation of
the Fe(III), Co(III), and Ni(II) compounds with X = OCH3 and OCZH5
by Malatesta and Pizzotti5 in 1945. Two years later (1947),

Malatesta7 reported the acids HSZP(C6H5)2’ HSzP(CH and their

3)2’
sodium, ammonium, and Ni(II) salts. Further development of the

chemistry of alkyl, aryl, alkoxy and aryloxy substituted dithiophosphinic



acids with all combinations of substituents included the syntheses
of a number of complexes useful in the characterization of the

acidsz’s_lo.

’ became interested in the electronic

In 1959, Jorgensen1
spectral properties of diethoxydithiophosphinates while Kuchen and
coworkersl3 began to report their systematic study of the properties
of a large number of dialkyl and diaryl acids and derivatives.

The work reported up to 1969 has been summarized in reviewslz’lS.

Prior to 1967, no isolated complexes of scandium, titanium,
vanadium, manganese, iron(II), or copper(II) had been reported.

The initial studies leading to this thesis were begun with the
intention of investigating the electronic spectral and temperature
dependent magnetic properties of transition metal complexes derived
from the acids HSZP(CH3) and HS P(C6H ) Although several
complexes of the latter acid were known, few of their physical
properties had been reportedla. Crystals of OV{S P(CH )2]2,

crl[s P(CH )2]3, and Co[S P(CH )2]2 were provided for structural
determinations which have since been completed 5 Suitable methods
for large scale preparations of salts of the dithiophosphinic acids
HSZPX2 with X = F16, N3l6a Clea, CSNH2l6a were described in 1967
and the subsequent discovery of the acid HS P(CF ) led to the
inclusion of the two fluoroacids in an expanded field of study.
Many new transition metal complexes derived from HSZPF2 were described
by Tebbe and Muetterties18 but with only a summary account of the

electronic properties. Roesky19 has prepared several complexes of

the acids HSZP(F)R, where R = CH3 or CZHS'



Between 1967 and 1971, crystal and molecular structures were

.20 21
XZ]Z where X = CH3 s C6HS s
n?4, ca®®, wg?’, x = 0¢-C H,,

published for the complexes: Ni[SZP

OCH 22, OoC_ H 23; M[SZPXZ]Z where M = Z

3 275
_ _ 26 27
and M = Zn, X = C2H5 and 0C2H5

structural systematics of dithiocacid complexes have been recently and
29,30

28
s and V[SZP(OC2H5)2]3 . The

extensively reviewed

Oriented single crystal spectra have been reported for the

28,31a,b 3la,b 31a,b
> >

complexes M[SZP(OCZHS)Z]n of V(I1II) , Co(I1I)

31la 31la

Cr(III)

Rh(III) , Ir(III) and Ni(II)32. A single magnetic circular
Adichroism (MCD) study has been reported33 for Ni[SZP(OCZHS)Z]Z'
Spectral results have been published- for series of dialkoxydithio-
phosphinates of Cr(III)34 and Ni(II)35. Very recently the V(III)
and OV(IV) complexes derived from the acids RSZP(C6H5)236,
HSZP(CZH5)237 and HSZP'(C3H7)237 Qere described together with the
complexes of the first acid with Co(III), Rh(III), Ir(III), P4(II),
Pt(II), and Au(III)38. Prior to the latter reports, electron
paramagnetic resonance (epr) spectra had been observed39 in solution
for Cu(II) and OV(IV) dithiophosphinates with a variety of alkyl,
aryl, and alkoxy substituents, but without further isolation and

characterization of the complexes. No Cu(II) dithiophosphinate has

yet been isolated.

1.4 Practical Application

Metal derivatives of dithiophosphinic acids are important

as lubricating oil additives with metal and substituent dependent

anti-oxidant and antiwear propertiesl3’24’4o. In particular, the



Zn(II) derivatives are widely used as lubricant additives to reduce
wear under boundary or thin-film lubrication conditions as well as

e et . . . 24,40 . .
to inhibit oxidation and corrosion . Further industrial applica-
tions as described in several patents are vulcanization accelerators,
stabilizers for polyolefin molding compositions, and coloring

. . . . 12,13
additives for plastics due to outstanding color- and lightfastness .
Analytical advantage can be taken of the dependence of

the formation constants of the complexes on the metal ion and

13’41. Metal ions can be selectively

substituent in aqueous solution
extracted from aqueous solution into a water immiscible organic
solvent as the electrically neutral dithiophosphinate complex. For
example, Cd(II), Hg(II), Pb(II), and Bi(III) have been quantitatively
extracted as their diethyldithiophosphinates from acidic aqueous
solutions into carbon tetrachloridels. However, Mn(I1), Ni(II),
Cd(II), Cr(IiI), Zn(II), Mg(II), and other metals can be extracted
incompletely or not at alll3. The dialkyldithiophosphinate salts
are quite stable in non-oxidizing acid solutions in contrast to the
dialkoxydithiophosphinates orx dithiocarbamateslS.

The biological significance of phosphorus compounds has
possibly gained the greatest notoriety through their association
with the so-called "merve gases". In fact, derivatives of dialkoxy-
dithiophinic acids are known to inhibit hydrolysis of the enzyme
acetylcholinesterase to its substrate acetylcholine, thus causing
muscular paralysisBS. Esters of the type (X)ZP(S)SY (Y = substituted

acetylphenyl or alkylurea) are known for their insecticidal,

rodenticidal, and fungicidal activity believed to result from



enzyme inhibition35. Salts of the type [PX4][X2PSZ] are effective
fungicides and bacteriocidesBS. The Ni, Pd, and Pt complexes

M[SZP(OCH show promising carcinostatic activity in pre-—

3)2]2

liminary tests35.

1.5 Academic Interest

Since the early studies of Werner the coordination chemistry
of chelating ligands has been dominated by those ligands possessing
0 and N donor atomsAz. Many of the bideﬂtate ligands were the
" conjugate bases of oxo-acids. While nearly cubic coordination geometry
about the metél atom is usually maintained, oxo—acid ligands often
pecform bridging functions resulting in polymeric structures43’44’45
which have stimulated much interest especially in the cases of the
magnetically anomalous dinuclear chromous and cupric carboxylateshs.
Within the last decade it has been discovered that general
replacement of oxygen by sulfur in bidentate ligand systems forming
five-membered unsaturated chelate "rings" (in particular the 1,2-

46’47) resulted in (i) complexes that undergo readily

dithiolenes
reversible redox reactions, (ii) stable complexes with a square-

planar coordination geometry with many metal ions, (iii) trigonal
prismatic six-coordinate tris complexes in many cases, and (iv) a

marked dependence of the ligand T—-acidity upon the substituent529’3o’

46’47. This revelation has intensified the interest in established
dithio-ligand systems and has led to the development of new systems

to test the generality or limitations of the above behavior.

A somewhat "a posteriori" classification of five major



dithioacid ligand systems is indicated in Figure 1.1. These are:
30,4
49,

(2), the

the imidodithiodiphosphinates48 and dithioacetylacetonates

the 1,2-dithiolenes and benzene-1,2 dithiolene529’30’46’47

30,50 (3), the dithiocarbimates, trithiocarbonates, and

30,51

dithiooxalates
ethene-1,1 dithiolate=x (4), the dithiocarbamates, xanthates,
dithiocarboxylates3o’51, and (last but not least) the dithiophosphinates
(5). Although all these ligands possess T—electron systems extended
over the atoms forming the backbone of the metal-chelate ring, the
dianionic ligands are shown in their classical formulation in Figure
1.1, where R = H, an alkyl, aryl, or some more exotic organic sub-
stituent. Combinations of substituents do occur but the substitutions
are indicated as being symmetrical for simplicity of representation.
Schrauzer47 has classified bidentate ligands as "even
or "odd" by the even or odd number of T atomic orbitals contributing
to the T-type moiecular orbital (M0) network (ﬂv) perpendicular
to the plane of the ligand backbone. The T, MO diagrams and their
occupation with varying formal charge on the ligands are included
in Figure 1.1. If no unoccupied low-lying T, MO's are present,-the
"odd" ligands are not expected to accept additional electrons and
thus should behave as "normal' monoanions. However, if the lowest
unoccupied m, MO of an "even" ligand is only weakly antibonding, the
ligand may behave as an electron acceptor or donor in much the same way
as nitric oxide? (NO). The existence of a small energy difference
between the highest occupied and lowest unoccupied WV MO of the

metal-1,2 dithiolenes has been cited47 as the explanation of their

semiconducting properties and high electron affinities. Jorgensen
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calls "suspect" those conjugated sulfur containing ligands for which
a fixed valence formalism cannot be given while those for which

the formal oxidation state remains a useful classification he terms
"innocent".

Possibly the greatest single factor distinguishing the
metal-ligand bonding in the dithiocacid complexes is the extent of
metal-ligand T-type bonding. Eisenberg29 has discussed 7 bonding in
dithiocacid complexes in terms of the symmetries of the ligand Ty
MO's. In order for the ligand Wv orbitals to overlap significantly
with the metal dﬂ functions, it was thought29 necessary that the

ligand ﬂv MO's should be of the b, symmetry type (in the C2v point

2

group of the free-ligand) and nonbonding or antibonding with respect

to the ligand skeleton. The crucial b2 orbitals (Figure 1.1) in

the case of neutral 1,2-dithiolene ligands are empty and thus available

as T acceptor orbitals. In all the remaining ligand systems, the

ﬂv orbitals eligible for ﬂv—type overlap with metal orbitals are

of the a, type or energetically unfavorable for strong interaction.

Geometrical constraints also impose their restrictions. Four membered

rings are postulated29 to be strained and hence limit the closeness

of approach of sulfur atoms from different ligands. There is strong

structural evidence that interligand S-S interactions are instru-

mental in the formation of planar and trigonal prismatic geometrieszg.
In an investigation of the properties of 1,l1-dithioacid

complexes containing four-membered chelate rings, the dithiophos-

phinate ligands present unique advantages in testing the '"even-odd"

ligand hypothesis. Firstly, the charge (electron) transfer and
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intraligand bands in the electronic spectra occur at higher energies
than those observed for other dithioacid complexes, leaving a greater
spectral range clear for observation of ligand field bands.
Secondly, the nuclear spin (LI = 1/2) of the phosphorus atoms provides
an intramolecular probe of the bonding in conjunction with magnetic
resonance techniques (nmr and epx). Thirdly, two substituents in what
is effectively the third coordination sphere of the metal atom might
be expected to produce more readily observed effects than the one
substituent available with the dithiocarboxylates. Fourthly, the
larger size of the P atom over a C atom should relieve some of the
strain postulated in four membered chelate ringszg.

In order to place the discussion to follow in perspective

an abbreviated survey of the relevant literature to date is presented in

Table 1l.1.
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CHAPTER 2

EXPERIMENTAL

2.1 Instrumentation and Techniques

Standard Pyrex high vacuum apparatis and techniques were
employed operating at pressures of about lO—2 torr. Fractional
sublimations of volatile solid materials were aéhieved in vacuo
with a long (W60 cm) vertical Pyrex tube closed at the bottom
(containing the sample), connected to a vacuum line at the top, and
enclosed in a close fitting jacket of copper tubing to reduce the
thermal gradient up the length of the tube when heated at the
bottom in a bath of paraffin oil or Wood's metal. Efficient
collection and separation of very volatile (vapor pressure > 10
torr, at 100°C) solids were achieved by use of grease-free vacuum
apparatus schematically illustrated in Figure 2.1, for the
préparations.

Air stable compounds were handled with typical bench-
top techniques. Transfers and other manipulations of air sensitive
materials were carried out under nitrogen in polyethylene glove
bags. Chlorocarbon solvents were dried and deoxygenated by vacuum
distillation from P4010, when necessary for the preparation of
solutions of air sensitive materials.

Electronic spectra were reasured on a Cary 14 spectrometer
equipped with the Cary 1411 diffuse reflectance attachment operated

in Type II mode. Infrared (ir) spectra were obtained using
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FIGURE 2.1l: Grease free apparatus for the preparation

of volatile solid complexes.
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Perkin~Elmer 337, 421, 457, and Beckmann IR-11 instruments. Raman
spectra were observed én a Spectra Research Ltd., Ramalog instrument
with photon counting. Circular dichroism (CD) and optical
rotatory dispersion (ORD) effects were investigated using a
Jasco ORD/UV-5 instrument with a CD measurement capability. The
nuclear magnetic resonance (omr) spectra were obtained on a Varian
A56/60 spectrometer. The electron paramagnetic resonance (epr)
spectra were obtained on a Varian V-4502X-band spectrometer. Mass
spectra were obtained by direct probe sample insertion into an AEX
MS9 mass spectrometer operated at 70eV. Thermogravimetric
analyses were carried out under vacuum using the Dupont Model 950
Thermogravimetric Analyzer as a module attachment to the Dupont
900 Differential Thermal Analyzer. X-ray powder patterns were
obtained using a Philips Debije-Scherrer PW1024 powder camera.
Magnetic susceptibilities were obtained by the Faraday method over
the temperature range 90 — 300°K, using HgCo(NCS)452 as a field
calibrant. A description.of the Faraday balance components and
cryostat assembled prior to, but made operational during this
investigation is contained in Appendix A.

Chemical analyses for elements other than C and H were
performed by Schwartzkopf Laboratories, Woodside, N.Y., U.S.A.
Analyses for C, H, and in some cases S, as well as osmometric
solution molecular weight measurements were performed by the

microanalytical service at the University of Alberta, Department
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of Chemistry. Gasimetric analyses of the CF3H evolved on alkaline
hydrolysis of the CF3 containing complexes were performed by an
associate, Dr. P. M. Watkins. Each (CF3)2PV unit yields one unit
53-57

of CF3H

2.2 Syntheses

Commercially available chemicals of "Reagent" grade were
used without further purification. Unless otherwise specified,
preparations were carried out on a 2-10 mmole scale. Analytical
data are contained in Table 2.1,

Dithiophosphinic Acids and Salts

(a) NaSzP(CH322'2H29 was prepared by Mrs. J. Bereton
and Miss J. K. Schneider using a variation of the method employed
in the syntheses58 of the C2H5 and C3H7 substituted acid salts.

The salt was dehydrated when required by heating to 100°C in vacuo.

(b) H24§22£96E512 was formed as a white precipitate on
bubbling gaseous ammonia into a benzene solution of the crude
commercial acid (Columbia Organic Chemicals Co.). When dichloromethane
was used in place of benzeng, continued addition of ammonia resulted
in dissolution of tﬂe precipitated salt which, howevér, was
recovered on removal of the dichloromethane and excess ammonia on a
rotary evaporator. After washing with benzene or dichloromethane,

the salt was dried and used without further purification.

(c) NaSZP(OCZESlQ was prepared by addition of slightly
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TABLE 2.1
Analycical Data for the Complexcs “lsz"xz]n.
X u Color Molecular Welght 2 Constitution
“Solution Hass Sprc.  ~ 7 M C M‘ 3 14 N
cHy oz;z Blue 335(317)°  316.8630(316.8686) 16.04(16.1)  15.30(15.14) 3.68(3.81) 19.78(19.56) 40.7 (40.3)
v Brovn 426¢426) 12.13(11.95) 16.5 (16.9)  4.05(4.25) 21.69(21.79) 45.61(45.11)
o3 Dark-blue 415¢428)° 427¢627) 16.76(16.86) &.44(6.26)
Ha*? Creaa 305(305) 17.86(18.00) 15.96(15.74) 4.14(3.96) 20.48(20.29) 42.2 {42.0)
Fat? Yellow 306(306) 17.85(18.26) 15.54(15.69) 3.81(3.95) 19.8 (20.2) 42.2 (41.9)
co’? Brown © - 16.61(16.59) 4.13(4.18) 21.1 (21.4)
co*? Geeen 309(309) 15.68(15.53) 4.12(3.91)
st Dark-blue 304¢309)® 308¢308) 15.68(15.55) 4.17(3.91)
pa*? Orange-rad 385(357)° 356(356) 13.65(13.47)  3.46¢3.39)
pet? Orange-yellow 522(445)° 445 (445) 10.82(10.79) - 2.95(2.72)
za*? White ' 314(314) 15.47(15.22) 3.92(3.83)
ca*? White 364(364) 13.36(13.24)  3.56(3.3%)
Hg'? White 452(452) 10.73(10.65) 2.84(2.68)
€005 12, (CH,) Blue - 16.36(16.39) 4.13(4.13)
NaS,P(CH,), 24,0 Whize - 12.76(13.04)  5.48(5.43)
ety 01;2 Blue 565(565) 9.2 (8.9)  50.94(50.97) 3.59(3.56) 10.8 (10.8) 23.0 (22.3)
v Brown 798(798) 54.0 (56.1) 4.2 (3.8) 11.7 (11.7)  20.4 (24.0)
o3 Bluc-purple  729(799)° 799(199) $3.6 (54.0)  3.89(3.78) 25.15(24.05)
Ma*? Pale green 5537553) 9.73(9.92)  S1.98(52.08) 3.54(3.64) 1l.1 (11.2) 22.9 (23.2)
ret? Black - $3.65(53.79) 3.98(3.76) 11.68(11.56) 23.7 (23.9)
Fo*? Yfellow . 554(554) 10.6 (10.0)  51.86(51.99) 3.57(3.64) 10.7 (11.2)  23.9 (23.1)
co?? Brova 795(806)¢ - 53.74(53.59) 3.87(3.75)
co*? Green 557(557) 51.86(51.70) 3.83(3.62)
ne*? Purple ssa¢ssnHT 556(556) 51.77(51.72) 3.82(3.62)
pa*? Red-orange 623(605)° 604(604) 47.53(47.65) 3.43(3.33)
pet? Orange 674¢694)° 693¢693) 41.46(41.55)  3.09(2.91)
za*? white 562(562) 50.99(51.11) 3.71(3.58)
ca*? White 612(612) 47.16(47.18)  3.40(3.30)
ngt? White 700(700) 41.32(41.23)  2.82(2.88)
NHS,P(CHg),  Vhite - N:5.12(5.25) 53.99(53.91) 5.29(5.28)
oc,ug oz;z Violet 437¢437) 11.3 (11.7)  21.91(21.97) &.61(4.61) 14,7 (14.2)  30.0 (29.3)
v Red-oranga 606(606) 23.68¢23.76) 5.17(4.99)
ce? Deep-purple  729(799)° 799(799) 53.56(54.05) 3.89(3.78)
co*3 Brown - 53.74(53.59) 3.87(3.75)
co'? Green 557(557) 51.86(51.70) 3.83(3.62)
net? Deep-pucple  407(429) 428(428) 22,44(22.39) 4.57(4.70)
pa*? Red-orange 431¢477) 476(476) 20.31(20.15) 4.19(4.23)
pct? Orange-yellow 513(566) 565(100) 16.66(16.99) 3.63(3.56)
2a*? Vhice 434(438) 21.0 (22.0)  4.65(4.63) 28.6 (29.4)
Na5,P(0C,Hg),  White 22.76(23.07)  4.50(4.84)
NHS,P(0C,H),  Vhtte N16.84(6.89) 22.56(23.64) 6.94(6.94) 33.1 (31.6)



TABLE 2.1 (cont'd)

Analytical Data for the Cooplexes H(Sszzln.

X N Color Molecular Weight
7 solution AM:ls-.a Spec. Y chz’- s
4 ov+2 Black 332.7681(332.7679)
V3 Deep red 499.6386(499. 6884) .
ec*? Deep blue 451(451)
Ma'? Pale pink 325¢321)f  320.7672(320.7675)
Fe*? Orange-yellow 343(322)8  321.7659(321.7648)
co? Brovs 457.6765(457.6773)
co*? Green 324.7620(324.7626)
Ne*? Dark green  329¢325)"  323.7641(323.7659)
pa*? Red-orenge  386(311T  372.7333(372.7326)
pe*? Orange-yellow 460.7935(460.7942)
za'? White 329.7580(329. 7575)
ng'? White 467.8002(467.8002)
cr, ovt? Black 532.7550(532.7555) 26.0 (26.25)
v Decp red 769.662(749.6689) 25.3 (25.6)
ert? Deep purple 751¢751) 27.2 (27.0)
¥at2 Pale green 520.7535(520.7545) 26.4 (26.5)
re*? Black 754.6623(754.6598)
Fe*? Yeilow 521.7500(521.7515) 26.8 (26.8)
co*? Brove 757.6613(757.6581)
co'? Green 526.7526(524.7498) 26.5 (26.3)
ne*? Bluc-green §07(520)®  $23.7523(523.7519) 26.1 (26.2) 24.88(24.42)
pa*? Orange-red . 633(572)®  571.7190(57:.7198) 24.0 (26.1) 22.39(22.39)
Pe*? diger Yoliow >1000¢1258)® 1257.6160(1257.6181) 21.3 (21.9) 15.31(15.28)
za*? White $29.7460(529.7467) 26.3 (26.3)
ca*? Whice 579.7175(579.7202)
ug*? Vhice 667.7886(667.7872)

2 Ihe entvies are found values followed by the value calculated for the presuned formulation in parentheses.

Osaozetrically in CHthz.

€0

rically in

d Oszocetrically in CHCla. reference 38.
€ Osmozctrically in CClg.

Lol

In 1,2-dichloroethane, reference 18.

1n toluene, reference 1§6.

By gas density at 260°C, reference 18.

Caleulated from the HCFa erclved on base hydrolysts of the
cozpound, assuning one mole of ECF3 evelved per mole of P

present.

18



less than the stoichiometric amount of either NaOCH3 or anhydrous
Na2C03 to the ethanolic solution of HSZP(OCZHS)Z formed upon
dissolution of P4510 in ethanolsg. All reactions were vigorously
exothermic. The white salt was precipitated by and washed well with
diethyl ether, dried at 70°C, and then used without further
purification.

(d) §E4§22£9§23512 was obtained by bubbling gaseous
ammonia into an ethanolic solution of the acid prepared as in (c).
The white salt was precipitated as lustrous flakes on addition
of diethyl ether to the reaction mixture. The salt was used
without further purification after being washed well with ether and
dried at 70°C.

(e) HSZPF was prepared by published methodslG.

(£) Hs P(CF was prepared by Miss J. K. Schneider

P(CE3)y
17c¢

according to published methods .

Complexes Formed through Metathetical Salt Reactions

Preparations included in this category are of the general

type

My + n(Na,NH4)52PX2 solvent

M(SZPXZ)n + n(Na,NHa)Y (1.1)
where MYn is a transition metal ion M+n salt and X = CH3, C6H5 or
OCZHS'

(a) OvV[s P(CH3)_2]2 Powdered OVSO4-2H20 (5 mmoles) was
stirred with 10 mmoles of NaSZP(CHB)Z-ZHZO in V25 ml of methanol

until dissolution of the sulfate salt. After removal of the

19



methanol in vacuo, the vanadyl complex was extracted into chloroform
yielding a deep blue solution. Slow removal of the chloroform in
vacuo gave lustrous blue crystals which were washed quickly with
cold acetone, diethyl ether and then dried in wvacuo. |

(b) QEL§ZE£96351212' The light blue finely dividéd
product precipitated immediately on mixing concentrated, filtered
aqueous solut%ons containing stoichiometric amounts of OVSOa'ZH o

2
and NH,S P(C6H5)2, respectively. After washing with water and

472

ethanol, recrystallization was effected‘as in (a) from chloroform.
(c) gylgzggggzgslzla. The deep purple complex pre-—

cipitated immediately on mixing concentrated aqueous solutions of
OVSOA-ZHZO and NaSZP(OCZﬁS)Z. Extraction into cyclohexane from
the aqueous mixture produced deep blue-purple solutions from which
fine, needle-like, blue—purple crystals (m.p. 65°C, uncorr.) were
obtained on removal of the solvent in vacuo. The complex was
distilled at A100°C in a sublimer under vacuum from its melt onto
a water cooled probe at 15°C, ‘leaving a small residue of V[SZP(OCZH5)2]3
identified by its color, infrared and mass spectra. Solutions of

OV[SZP(OC appeared more stable exposed to air than the iso-

2ts)als
lated solid which rapidly formed oily black intractable mixtures which
produced no colored solutions on extraction with non-polar organic
solvents.

When oxygen was bubbled iﬁto organic solvent (C6H12’ CHC13)
solutions of either OV[S,P(CH;),1, or OV[S,P(CcHs),l,, the initially

blue solutions over a period of V30 min turned green and eventually
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colorless leaving a deposit of dark material. In chloroform,
a deep blue-purple solution of OV[SZP(OCZHS)Z]Z turned bright red
within ¢10 min before eventual decolorization and deposition of a
dark solid. Removal of the chloroform from this latter solution at
the red stage left only the original complex. The dark solids
uniformly gave low C, H, and S analyses, proved insoluble to the
extent of imparting color to non-polar solvents, but dissolved
in water giving blue solutions charactefistic of the iomn OV(OH2)5+2.

(@) ggngzggggalzlz and QMQL§22196251212 were prepared
as air sensitive (turned black on.exposure) pale purple crystalline
solids from the réaction of the respective ligand salt with K3M0C16
in dilute HCl solution as has been described60 for OMo[SzP(Oi—CBH7)2]2.
The reaction solution containing the components of the methyl-
substituted complex was chilled in a stoppered flask at n—~10°C
for several days in a refrigerator before crystallization was
observed. Apart from observation of bands characteristic of Mo-0
stretches (944 and 920 cm—l, respectively) and coordinated ligand
vibrations in their infrared.spectra, these complexes ﬁere
uncharacterized.

(e) 02U[SZP(CH3)2]2 and OZU[SZP(C6H5)2]2' Mixing of
concentrated aqueous solutions of 02U(NO3)2'6H20 with the respective
concentrated solution of the ligand salt resulted in the immediate
precipitation of OZU[SZP(CGHS)Z]Z only. The yellow-orange aqueous
solution containing the methyl substituted complex components was

evaporated to dryness in vacuo leaving a yellow—orange solid. Both
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complexes were recrystallized from diethylether and proved generally
soluble in organic solvents. Apart from obtaining their infrared
spectra, observation of the parent molecule ions in the mass specfra
and preliminary chemical analyses, these complexes were uncharacterized.
The complex OZU[SZP(CGHS)Z]Z had been repcrted previously146.

£) !l§22£9331213 was prepared under anaerobic conditions
by vacuum distillation of 50 ml of ethanol onto stoichiometric
amounts (5:15 mmoles) of solid VCl3 and NaSZP(CH3)2 {anhyd.) in
a flask connected to a vacuum line. After stirring for several
minutes the ethanolic solﬁtion became deep red-brown and deposited
some lustrous red-brown crystals. The ethanol was distilled off
and the residual solid was extracted with V50 ml of carbon tetra-
chloride in a Soxhlet extractor under an atmosphere of nitrogen in
a glove bag. The resultant saturated, deep red-brown solution
containing flat needle-like red-brown crystals was evaporated to
dryness in vacuo to yield crude V[SZP(CH3)2]3. Final purification
was effected by fractional sublimation in vacuo at n200°C yielding
dark brown crystals. The preliminary steps in this procedure were
also carried out using acetonitrile, however, the limited solubility

of the salt Na[SZP(CH3)2]2

necessitated a much longer stirring time
(v12 hrs). The complex rapidly turned blue omn exposure to air.

(g) V[SZP(CEHSlzl3 precipitated as a greenish-yellow
solid on addition of VCl3 (1 mmole) to a filtered, concentrated
aqueous solution of NHASZP(C6H5)2 (>3 mmoles in 5 ml). The product

was washed with freshly boiled water stored under nitrogen and then

dried in vacuo. Recrystallization from chloroform or carbon



tetrachloride yielded larger brown crystals. The solid complex is
remarkably stable in air, but solutions exposed to air rapidly
turned blue.

)

3_213 Concentrated

(h) Cr[SZP(CH and Cr[SZP(CGE )

5—213'
methanolic solutions of the respective ligand salts were mixed with
concentrated methanolic solutions of CrC13~6H20. Blue-purple
Cr[SZP(C6H5)2]3 precipitated immediately while approximately 12
hours later a significant quantity of purple Cr[SZP(CH3)2]3 was
deposited. Both complexes were extracted into and crystallized from
dichloromethane. Alternative preparative procedures developed by
Dr. W. Byers are described elsewhereS3.

(i) §EL§2219§3l2l . Mixing of concentrated ethanolic
solutions containing stoichiometric amounts of MnClZ-4H20 and
NaSZP(CH3)2-2H20 resulted in the immediate and nearly quantitative
precipitation of NaCl. The solution was filtered and evaporated to
dryness on a rotary evaporator using a hot water bath, leaving a
pale-pink residue. Fractional sublimation at 200°C in vacuo separated
an off-white product. Accidental sublimation in air during an
attempted Soxhlet extraction resulted in no apparent damage to the
complex. Attempts to prepare the complex by concentration of
aqueous solutions containing the metal and ligand salts simply
resulted in the reprecipitation of the ligand salt without complex
formation.

) EEL§23£96§51212 precipitated immediately as a white

solid on mixing of concentrated, filtered aqueous solutions of

MnClz-4H20 and NH4SZP(C6H5)2 in stoichiometric amounts. After washing
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well with water, the complex was dried in vacuo. The dried solid
had a very pale green hue.
(k) Fe[S2 (C6 512]3 precipitated immediately as a black

solid on mixing concentrated, filtered aqueous solutions of FeC13-6H20

and NHasZP(C6H5)2

with water, 2-propanol, and then dried in vacuo. Dichloromethane

in stoichiometric amounts. The complex was washed

and 2-propanol solutions were deep green in color.

IGRIE

containing Fe(Il) were prepared by bubbling 802 for V20 min into

(1) Fel[s. P(CH and FelS Aqueous solutions

FelS,R(Cals),l,-

hot solutions of 5 mmoles of FeSO4-7H20.dissolved in 50 ml of water.

Excess 802 was removed by boiling the solutions to half-volume in

air after which the flasks containing the solutions were stoppered and
stored under nitrogen until cool. Under nitrog;n, freshly boiled
methanolic solutions of the respective and stoichiometric émount of
ligand salt, 10 mmoles in 25 ml, were mixed with the Fe(II) solutions.
On standing, Fe[SZP(CﬁHS)Z]Z crystallized from the mother solution

as small pale-yellow clusters. of crystals distributed over the
surface of the flask. Mustard yellow Fe[SZP(CHB)Z]Z could only be
induced to precipitate from solution by reduction of the volume

to V10 ml by removal of the solvent in vacuo. Both complexes were
washed with cold, oxygen-free water and were dried in vacuo (yields
were 30 - 50%). When dry, Fe[SZP(CH3)2]2 appeared to be remarkably
resistant to aerial oxidation in contrast with Fe[SZP(C6H5)2]2 which
‘rapidly turned green and then black. Both complexes proved only very
sparingly soluble in non-polar organic solvents yielding solutions

which were particularly susceptible to oxidation turning the green



25

color characteristic of the more soluble Fe(III) complex. The green
(oxidized) solutions of Fe[SzP(CH3)2]2 were unstable, continuously
fading while depositing a tan colored material.
P(CH,),1, and RulS,P(CHs),]1,

dark purple and mauve precipitates, respectively, on mixing concen-

(m) Ru[S P(CH were formed as
trated aqueous solutions of RuCl3 with concentrated aqueous solutions
of the respective ligard salt. These compounds were further
characterized by Dr. W. Byers.

(n) ColS. P(CH and Co[SZP(C H

6—512l3 were precipitated

322]3
on addition of concentrated aqueous solutions of NaSCo(NOZ)G to the
respective dry ligand salt. The dark brown solids were extracted
from the aqueous mixture into dichloromethane from which they were
recovered by removal of the solvent on a rotary evaporator, without
heating. After washing with cold 2-propanol, the two complexes were
dried in wvacuo.

(o) ColSs P(CH )2]2 crystallized out of aqueous solutions

LA LLE P
0.1M in CoC12°6H20 and 0.2M in NaSZP(CH3)2°]H20 as bright emerald
green plates. It was also prepared on mixing ethanolic solutions of
the dehydrated metal and ligand salts, and as a thermal decomposition
product of a blue complex to be described in section (r). Final
purification was achieved by fractional sublimation in vacuo aé 200°cC.

(p) Cols P(C immediately precipitated as a light

6—512]2
green solid on mixing of ethanolic or aqueous solutions of CoClZ'GHZO
(vl gm/10 mls) and NH452P(C6H5)2' The complex was washed well with

ethanol and dried in vacuo.



(@) Co[SZP(OCZH ) was precipitated on adding dry

LEIPAP)

NaSzP(OCZH to a concentrated, freshly boiled aqueous solution

5)2
of CoC12'6H20 and then extracted into dichloromethane. Removal of
the solvent slowly under vacuum precipitated the complex as lustrous,
flat, blue needles. Surface Co(III) complex and water soluble
materials were readily removed by consecutively washing with acetone,
water, acetone, and finally ether. No halide was detected in
samples of the solid. 1In the solid state the complex could be kept
in air for periods of hours without apparent change, however, solu-
tions were readily oxidized in air turning from an initial blue to
an eventual red-brown characteristic of the Co(II1I) complex.

(r)  Co0S54P,(CHy) .

in alcohol, acetone, or acetonitrile using hydrated

Attempted preparation of green
Co[SZP(CH3)2]2
salts, produced instead precipitates of varying shades of blue.

A crystalline blue material was prepared by mixing hot 25 ml
ethanolic solutions containing 5 mmoles of CoY2'6H20 (Y = C1 or Br)
and 10 mmoles of NaSzP(CH3)2t2H20, respectively, and setting the
reaction mixture aside to cool. Halide contamination of the
crystals was minimized ( 3%) by use of CoBr2'6H20. Carbon and
sulfur analyses on the blue crystals gave a mole ratio C/S of 1.36
(cale. C/S = 1.33 for CoOSBPz(CH3)4). Soxhlet extraction of the
blue crystals into methanol, ethanol, dichloromethane, or chloroform
yielded blue solutions and removed the halide contamination while
retaining the C/S ratio and the ir spectrum observed for the

crystals. Recrystallization could not be effected from these

solvents, although the complex could be reprecipitated. Extraction
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of the blue material into benzene, carbon tetrachloride or carbon
disulfide gave green colored solutions from which blue~to-green
colored solids were recovered, on removal of the solvent, showing
irregular but decreased C/S ratios. Since this complex is an odd
member in the set of dithiophosphinates studied, the infrared
spectrum of a nujol mull is given here separately: 1422(w),
1415(w) , 1399(w), 1298(w), 1285(m), 1100(wsh), 1058(s), 947(m),
934(msh), 901(s), 861 (msh), 855(m), 849 (wsh), 745(w), 716(s),
593(msh), 578(s), 550(m), 488(m), 428(m), 363(m), 326(m), 315(msh),
253(w), 215(wsh), 205(m).

(s) M[Szggzlz with M = Ni, Pd, Pt, and X = CHE and C6§5.

Mixing of concentrated aqueous solutions of the respective ligand
salt with a concentrated aqueous solution of the respective metal salt
(NiClz'6H20, (NH4)2Pd014, KthC14) resulted in the precipitation of
purple nickel complexes, orange palladium complexes and yellow
platinum complexes. Crystallization was effected by extraction of
the metal complex into dichloromethane Cil gm/10 ml), addition of an
equal volume of 2-propanol, followed by boiling off half of the
solvent mixture at V1 atm pressure and setting the solution enriched
in 2-propanol aside to cool. Attempted preparations of the Pd

and Pt complexes from dilute aqueous solutions often resulted in

the precipitation of a brown material (presumably the metal sulfide)
accompanied by the readily detectable evolution of HZS. The complex

Pt[SZP(CH3)2]2 was fractionally sublimed at 250°C while the remaining

complexes were washed with 2-propanol and dried in vacuo.

27
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(t) Pt[s P(OC )

P (OC,H 5_.2]2 was prepared and crystallized as

described above in section (s) starting from KthCl4 and NaS P(OC2 5)2
The yellow crystals were washed with 2-propanocl and dried in vacuo.

(u) Cus, P(CH All attempts to prepare a Cu(II) complex

E(CH,) -
from CuC12-2H20, Cu804-5H20 and NaSZP(CHB)Z'ZH2

ethanol, or acetone in air or in vacuo resulted in the immediate

0 in water, methanol,

formation of the Cu(I) complex as a white precipitate. The stoichio-
metric amount of NaCl expected from the formation of a Ccu(1Il)
complex was collected in a quantitative experiment. In water or

methanol SO, and (CH

2 P(S)OP(S)(CH3)2 are two of the overall reaction

3)2

products which were identified by their infrared and mass spectra.
) CuSzP(C6 512 Mixing in air of solutions of CuC12°2H20

and NH,S P(C6H in water, ethanol, or acetonitrile resulted in a

42

transient orange color which lightened in time leaving an off-white

5)2

precipitate of the Cu(I) complex. An interface reaction between
a concentrated aqueous solution of CuClZ'ZHZO and a concentrated
solution of HSZP(C6H5)2 in chloroform resulted in the chloroform
layer becoming deep red-brown. This chloroform solution proved to
be metastable, continuously depositing the Cu(I) complex, but did
produce an epr spectrum characteristic of a Cu(Il) complex, including
hyperfine structure attributable to 31P couplings39. CuClZ'ZHéO
is insufficiently soluble in chloroform to produce a détectable epr
spectrum.

(w) éﬁE.P(CH312 was prepared as the white precipitate

resulting on mixture of aqueous solutions of AgNO3 and NaSzP(CH3)2

2H20. The complex was light sensitive turning black, but was not
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characterized.

(x) Mlszgzzlz complexes, M = Zn, Cd, Hg; X = CHBz CGES.

These complexes formed white precipitates on adding 2 mmoles of the
metal (II) chlorides in 20 ml of alcohol to 4 mmoles of the respective
ligand salt in 20 ml of alcohol. The methyl-substituted complexes
were prepared in methanol while the phenyl-substituted complexes

were prepared in ethanol so that the solubilities of the salts NaCl
and NH,Cl would not be exceeded and co-precipitate. The complex

4

Hg[SZP(CHS) must be immediately collected, washed with methanol,

2]2
and dried in vacuo, otherwise it rapidly turns yellow, brown, and
then dark brown (presumably due to formation of the metal sulfide).
While the phenyl substituted complexes required only washing with
alcohol, and drying in vacuo, the methyl substituted complexes
required fractional sublimation in vacuo at 250°C in order to
achieve a satisfactory analysis.
(y) Zn[s P(OC2 512]2

addition of a concentrated aqueous solution of ZnCl2 to dry

was precipitated as a white solid on

NH4SZP(OC2 5)2

with dichloromethane. Concentration of the dichloromethane solution

or NaSZP(OCZHS)Z' The wet mixture was extracted

on a rotary evaporator with a warm water bath precipitated large
white flakes which were twice recrystallized from benzene.

Complexes Formed through Metathetical Acid-Metal Salt Reactions

This category includes reactions of the general type

MY_ + nHS,PX + M[S,P + nHY ' (2.2)

2772 2]

where MYn is a salt of the metal ion M and X = OC2 53 F, or CF3.
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(a) M[S P(OC ) complexes, where M+n =V -, Cr 7, Ni —,

5—2]

Pd+2 and Co+3. The general method of preparation of complexes from

the acid HSZP(OCZHS)Z in ethanol solution is described elsewheresg.
In all cases the ethanolic solutions of HSZP(OCZHS)Z were generated
by dissolution of P4SlO in ethanol. To these hot solutions, VC13,
4° and CoClz'ZHZO were added in

stoichiometric amounts, respectively. On cooling, the initially hot

CrClB-6H20, NiC12-6H20, (NH4)2PdCl

reaction mixtures gave V[SZP(OCZHS)Z]3 as orange-red crystals,
Cr[sZP(OCZHS)Z]B as purple crystals, Ni[SZP(OCZHS)Z]B as purple
crystals, and Pd[SZP(OC2H5)2]2 as orange crystals, respectively.

The formation of brown,crystalline CO[SZP(OCZHS)Z]B required aerial
oxidation of the initially formed Co(II) complex. Recrystallization
was achieved through a dichloromethane/2~propanol mixture as described
in section 2.2 (s). The crystals were washed with 2-propanol and
dried in vacuo. As previously observed, all these complexes are air
stable except V[S P(OC H )2]326 which slowly darkens in color leaving
an intractable black tarry mixture within a period of hours.

(b) M[Szggﬁlu_gpmplexes, where M+n = 0V+2, V+3 and X =

F and CF3. These complexes were prepared from reaction of OVCl3 and

VCl. with the respective acid in a vacuum system by Dr. P. M. Watkins

3
54,55

as described elsewhere and purified by fractional sublimation.

(c) M[SZPXZ] complexes, where Mfz = Pd+2, Pt+2, Cd+2,

+2
He “; X = F and Cngbut not Pt[SZP(CF3lZlZ.

with the respective acids were (NHA)ZPdCl4, PtClz, KZPtClQ’ CdCl2 and

The metal salts reacted56’57

HgCl, as described by Tebbe and Meuttertiesls. The apparatus

2

illustrated in Figure 2.1 proved useful in the preparation of the
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volatile Pd and Pt complexes.

Complexes Formed through Acid-Metal Redox Reactions

Included in this category are the reactions

M + nHSZPX2 > M[SZPXZ]n + n/2H2 (2.3)

as observed by Tebbe and Muetterties18 for X = F. Complexes of cr(1I1L),
Mn(II), Fe(II), Co(IL), Ni(II) and Zn(II), where X = F and CF3
were prepared according to reaction (2.3) in vacuo. The compounds
Fe[SzP(CF3)2]3, Co[SZPF2]3 and Co[SzP(CF3)2]3 were formed by oxida-
tion of the M(IL) complexes either by molecular oxygen oY the

respective thiophosphoryldisulfide [SZPXZ]Z herein called "diligand".

Unsuccessful Preparative Attempts

(a) Sc[SzP(Cﬂnglg and SC[SZP(C6§5lzl . Concentrated
aqueous solutions of Sc013-6H20 with NaSzP(CHB)Z-ZHZO or NH4SZP(06H5)2

were evaporated to dryness in vacuo and the residual solid was extracted
with chloroform producing pale green solutions. On concentration of
the chloroform solutions, green oils remained from which white solids
precipitated on addition of diethyl ether. 1In neither case did the
mass spectra or infrared spectra correspond with a Sc[SzPXZ]3 complex.
Attempted reactions in diglyme (l,Z—dimethoxyethane) resulted in
vigorously exothermic reaction of the diglyme with the ligand salt
accompanied by the precipitation of elemental sulfur.

(b) inl§23£g§ )212. Concentrated aqueous solutions of

&

Ti0804-2H20 with NaSZP(CH3)2-2H20 were evaporated to dryness in vacuo

and the residual solid was extracted with chloroform yielding a

pale green solution. Evaporation of the chloroform in vacuo left
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volatile Pd and Pt complexes.

Complexes Formed through Acid-Metal Redox Reactions

Included in this category are the reactions

M+ nHSzPX2 > M[SZPXZ]n + n/2H2 (2.3)

as observed by Tebbe and Muetterties18 for X = F. Complexes of Cr(IIL),
Mn(II), Fe(1I1), Co(IL), Ni(II) and Zn(II), where X = F and CF3
were prepared according to reaction (2.3) in vacuo. The compounds
Fe[SzP(CF3)2]3, Co[SzPFz]3 and CO[SZP(CFB)Z]B were formed by oxida-
tion of the M(II) complexes either by molecular oxygen OT the

respective thiophosphoryldisulfide [SZPXZ]Z herein called "diligand".

Unsuccessful Preparative Attempts

(a) Sc[SzP(CH3lZl37and Sc[SzP(C6g512l3. Concentrated
aqueous solutions of ScClB-6H20 with NaSZP(CHB)Z-ZHZO or NH4SZP(C6H5)2

were evaporated to dryness in vacuo and the residual solid was extracted
with chloroform producing pale green solutions. On concentration of

the chloroform solutions, green oils remained from which white solids
precipitated on addition of diethyl ether. In neither case did the
mass spectra or infrared spectra correspond with a SC[SZPXZ]B complex.
Attempted reactions in diglyme (l,Z—dimethoxyethane) resulted in
vigorously exothermic reacticn of the diglyme with the ligand salt
accompanied by the precipitation of elemental sulfur.

(b) OTi[S,B(CH),T,.

Concentrated aqueous solutions of
TiOSOa-ZHZO with NaSZP(CHB)z-ZHZO were evaporated to dryness in vacuo
and the residual solid was extracted with chloroform yielding a

pale green solution. Evaporation of the chloroform in vacuo left
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volatile Pd and Pt complexes.

Complexes Fo.1ed through Acid-Metal Redox Reactions

Included in this category are the reactions

M+ nHSZPX2 > M[SZPXZ]n + n/2H2 (2.3)

as observed by Tebbe and Muetterties18 for X = F. Complexes of Cr(III),
Mn(II), Fe(II), Co(IL), Ni(II) and Zn(;I), where X = F and CF3

were prepared according to reaction (2.3) in vacuo. The compounds
Fe[SZP(CF

Co[SZPFZ]3 and Co[SZP(CF3) were formed by oxida-

3)2]3’ 2]3
tion of the M(II) complexes either by molecular oxygen or the
respective thiophosphoryldisulfide [SZPXZ]Z herein called "diligand".

Unsuccessful Preparative Attempts

(a) Sc[SqP(CH and Sc[8 P(C ) Concentrated

2ol JCERRI
aqueous solutions of ScCl3 6H 0 with Na$S P(CH3)2 2H20 or NH4S P(C H )2

were evaporated to dryness in vacuo and the residual solid was extracted
with chloroform producing pale green solutions. On concentration of

the chloroform solutions, green oils remained from which white solids
precipitated on addition of diethyl ether. 1In neither case did the
mass spectra or infrared spectra correspond with a SC[SZPXZ]3 complex.
Attempted reactions in diglyme (1,2-dimethoxyethane) resulted in
vigorously exothermic reaction of the diglyme with the ligand salt
accompanied by the precipitation of elemental sulfur.

(b) OTi[s P(CH Concentrated aqueous solutions of

P(CH) o1,

TiOSOA-ZHZO with NaSZP(CHB)Z-ZHZO were evaporated to dryness in vacuo

and the residual solid was extracted with chloroform yielding a

pale green solution. Evaporation of the chloroform in vacuo left



a yellowish oil from which separated a green solid on addition of
diethyl ether. Neither the mass spectrum nor the ir spectrum of
the green solid corresponded to a OTi[SZP(CHB)Z]Z complex and the

attempt was terminated.

(c) V[SZP(CH3)_2_J_2 and V[SZP(Csﬂslzl . Electrolytic

reduction of 0.2 M solutions of OVSO4-2H20 in V2 M HC1 at 4.7V

with a current density of 0.1 amps/cmz resulted in deep purple

solutions of V(II). Addition of NaSzP(CH 2H20 or NH,S P(C6H5)2

33 42

to these solutions resulted in the immediate precipitation of
solids of appearance very similar to that of the corresponding
dithiophosphinic acid. The correspondence was confirmed by the

coincidence of the ir spectra in the case of HSZP(CGHS)Z'

ets)oly:

NaSzP(CH3)2'2H20 or NHZ*SZP(C6H5)2 to blue acidic aqueous solutions of

) Cr[SzP(CH 12 or Cr[SzP(C

312 Addition of

Cr(II) prepared electrolytically resulted in the formation of
purple precipitates and a solution color change from the blue of
Cr(II) to the green of Cr(III). The purple precipitates were
identified as the Cr(III) dithiophosphinates by comparison of
infrared spectra with authenticated samples.

(e) Fe[822£g§32213. Addition of FeCl -6H20 to a

3
concentrated aqueous solution of NaSZP(CHB)Z-ZHZO followed by

extraction with dichloromethane resulted in deep green dichloro-
methane solutions which proved to be unstable in the presence or
absence of air and from which only light tan colored solids could be
recovered on removal of the solvent. The complex should be black

in the solid state by analogy with the complexes Fe[SZP(CGHS)Z]B and
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11,61
Fe[SZP(OC6H5)2]3 .

(£) Ru[SZP (CH.,)

}—Zl . Addition of a large excess of

NaSZP(CHB)Z'ZHZO to an aqueous solution of Ru(II) oxalate did not

result in an immediate precipitate and investigation was discontinued.

2.3 Treatment of Results

Thermogravimetric Data

The Dupont instrument used records the weight of unvolatilized
material as a function of temperature at a constant heating rate.
A typical thermogram consisted of a descending series of plateaus
connected by as many distinct slopes as there were distinct weight-
loss processes. The arbitrary (but sufficient for present purposes)
procedure followed herein was to assign the temperature at the point
of intersection of the extrapolated plateau and slope to the weight-
loss process. These points were found to be reproducible to within
+2°C for the same sample in vacuo at heating rates of 3-15 degrees/
min. Furthermore, these points correspond to an inflection point on
the low temperature side of a.peak in a plot of daw/dt vs t, where W
is the weight and t the temperature.

Mass Spectral Data

In this study of the mass spectral fragmentation patterns of
the complexes M[SZPXZ]n’ interest was mainly focused on the fate of
the metal atoms and on the presence Or absence of a diligand ion
[SZPX2]2+. Thus only peaks in the mass spectra assignable to metal
atom containing or diligand ions are included in Appendix B.

The assignment of relative intensities to mass spectral peaks is



somewhat tedious when the atoms M possess a number of isotopes.

This latter difficulty was circumvented by simply scaling the spectra
such that one of the metal containing ion peaks of interest (usually
the most intense) was arbitrarily assigned an intensity of 100 for
qomparison of intensity data between different complexes.

Peak assignments were facilitated by the use of the
computer program MASPEC (Appendix E) which took peak intensities and
m/e values as input and made assignments by considering all possible
fragmentations of the parent molecule excluding intermal breakdown
in the X-group except when X = CF3. MASPEC also performed the
intensity scaling. Where ambiguities in peak assignments were not
resolved by accurate mass measurement, arbitrary choices were made
exercising some 'chemical intuition". Only peaks assignable within
the restriction of no fragmentation are jncluded in Tables Bl - B4.
While this further arbitrariness results in theé neglect of some
more intense peaks where X = C6H5 and CF3 the complete assignment
in these cases was not judged to be of sufficient relevance in a
comparative study to warrant the extra expense and effort.

Magnetic Data

(a) Static Field Magnetic Susceptibility Results

TIn the Faraday method of determining magnetic suscepti-
bilities, the force of interaction between an isotopic magnetic

. . > . 63,64
sample and a magnetilic field H is given by the equation

"ol
f = m)(g( —a—s') (2.4)

where f is the force component in the direction of +he s coordinate,
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m and Xg are respectively the mass and magnetic susceptibility per
unit mass of the sample. Since all samples were powdered and the
geometry of the apparatus was maintained constant in this work, at

a given field the "gram-susceptibility" (Xg) was determined relative
to a standard of known mass and susceptibility through the relation

fm
X = Tf__s.’f_:_l. Xg (2.5)
& std std. ’

For "nmormal" paramagnets, the temperature dependence of

the molar magnetic susceptibility (XM) may be expressed in the form66’67

=y oM = -2 D
Xy = X M_T—e +)<M + TIP, (2.6)

where M is the gram molecular weight, C and 6 are the Curie and
Weiss constants, respectively, XMP is the molar diamagnetic suscepti-
bility, and TIP is the temperature independent paramagnetic suscepti-

bility. In practice, the data were fit to an equation of the form

1

—— = AT + B, 2.7
= | (2.7)

where D = XMD + TIP, A = 1/C, and B = -06/C. The raw experimental
data consisting of forces and thermocouple voltages were processed
by the computer program MAGSUS (Appendix E) which converted the
forces into magnetic susceptibilities, voltages into temperatures,
and calculated linear least squares values of A and B using an
input value of D. An "empirical" TIP (= D - XMD) value was derived
through a computerized algorithm which minimized the sum of squared

residuals with respect to D in a fit of the experimental data to
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equation (7) and assuming a "known" value for XM?' The gram
susceptibility data are collected in Tables Cl - C7
while a description of the épparatus is contained in Appendix D.

(b) Epr Data

The isotopic coupling constants for vanadium AV and
phosphorus A? in the vanadyl complexes OV[SZPXZ]Z in solution at
ambient temperatures were obtained as those values which reproduced
the observed spectrum most closely on simulation using the computer
program SIMESRLQ provided by Dr. R. E. D. McClung of this department.

(c) Precision of Results

Since the uncertainty in the magnetic susceptibility of
the field calibrant used HgCo(NCS)452 is Vv0.5% and the uncertainties
in temperature and positioning are estimated each to contribute "0.1%,
the total uncertainty in the static field magnetic susceptibility data
is estimated to be V1%, The reproducibility was observed to be
within 0.5% on widely time separated determinations of the temperature
dependent susceptibilities of different samples of HgCo(NCS)a.

Observable and significant changes in the simulated epr
spectra of the complexes OV[SZPXZ]Z were observed for coupling constant
changes of 0.1 gauss so that this is taken as the absolute uncertainty
in the coupling constants obtained. .

Electronic Spectral Data

The spectra obtained from a Cary 14 chart recording are
plots of absorbance versus wavelength, both on linear scales. The
manually digitized spectrum, concentration, and optical path length

were input to the computer program BIGAUSS which produced a plot of



molar absorptivity vs wavenumber together with component peak
parameters. This FORTRAN program was developed from an original
ALGOL program obtained from Dr. J. P. Fackler, Case Western Reserve U.,
by Dr. R. G. Cavell. The program is listed in Appendix E.

The reliability of resolved band areas (and therefore
oscillator strengths) are unknown and may be indeterminate up to
a factor of five where overlap of peaks’is 1arge68. However band
positions may be found with much more precision68. Solution concen-
trations were generally obtained from weights of samples known to
four significant figures, however, intermediate dilutions, decom-—
position, evaporation of solvent, etc. reduce the confidence in which
they are held to about 2%. Generally, the faith in numerical accuracy
will be indicated by the number of figures expressed.

Units

Usually Gaussian or electrostatic units are used which are
basically cgs units. Following C. K. Jorgensen64, spectral energies

will be expressed in units or multiples of the "kayser" (K = cm-l,

kK = 103 cm—l) 5. Temperatures are presented in degrees Celsius
(°C) or Kelvin (°K) where the latter notation is used to prevent

confusion with '"'kaysers".
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CHAPTER 3

STRUCTURAL CONSIDERATIONS, INFRARED SPECTRA, AND SUBSTITUENT EFFECTS

3.1 Information Based on Crystallographic Data

Knowledge of the crystal and molecular structures is crucial
for the interpretation of physical and chemical properties of dithio-
phosphinates due to configurational variations observed in other

dithioacid system329’30. It has been suggestedll’12

that the strength
(length) of the M-S and P-S bonds are related to the availability

of the lone electron pairs on the sulfur atoms such that an increased
P-S bond order leads to a reduced M-S bond order. Furthermore, the

P-S bond order was thoughtll’12

to be near unity making all the
sulfur atom lone pairs available for bonding. Both inferences are
in conflict with experimental results now available and a new inter-
pretation is outlined below.

In discussing P-S bond orders it is useful to examine
structures in which the P-S bonds may be well described in terms of
single or double bond limits. Using data given by Pauling65 the

Qo
calculated double and single P-S bond lengths are 1.94 and 2.14A,

respectively.

s\ /s-;:; N%s i-C3H7°Qs.y°i-C3H7' . s, % /oca3
?’QP 3o %: sloo.st&qse\og, %@s T 1?}?&5.
. S s

"o ocH,

I II . IIL
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Structure 166 is of particular general interest because of the
skewed boat conformation, but in addition there is a clear difference
between the isolated and riﬁg P-S bond lengths. The difference in
length between the isolated and chain P-S linkages in the dithio-
phosphoryl disulfide (diligand) of structure 1140 is only slightly
less than for compound I. In view of the structural analogy between
PZS6Br2 and cyclohexane it is notable that [SZP(Oi_C3H7)2]2 does

not form a six-membered, planar, conjugated heterocycle analogous to
benzene. The a,-type symmetry of the upper occupied M.O. in the ﬂv
system of the neutral, radical, half-dimer unit (see Figure 1.1) is
wrong for aromatic ring formation. Structure III62 of potassium
dimethoxydithiophosphinate represents the only structure of a
principally ionic dithiophosphinate salt. The sulfur atoms are

not closely associated with a metal atom in compound IIIL. An inter-
mediate T-bond character is indicated by the equal P-S bond lengths
in structure III which lie slightly less than mid-way between the
extremes represented in structures I and II. 1In addition to the
specific examples discussed (I-II1) there have been a large number
of structural determination368 which indicate that the lengths of
isolated (double) P=S bonds lie in the range 1.85-1.962 while

o
catenating (single) P-S bonds lie in the range 2.08-2.19A.

Tris Complexes M[szg§213
If an isolated and regular molecule M[SZPX2]3 in which all
sulfur atoms are coordinating is considered as a three-bladed

propeller with the chelate rings as the blade529’31a, then only two
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angles are required to describe the angular distribution of S atoms
about the central atom M. The two easily visualized angles used by
Tomlinson3la are the SMS bond angle (&) within the chelate ring (i.e.
the angle subtended by the "pite" of the bidentate ligand at the metal
atom) and the torsional angle, B, between the plane of a chelate ring
and a plane containing the molecular 03 axis and the P atom of the
chelate ring (i.e. the "twist" of the propeller blade). Since B is
not usually directly accessible from published crystallographic data

it was calculated herein from the angles o and the trans SMS angle

(SﬁSt) using the equation

sin B = ¥3 sin o - /é sinza + 12a(at2c+l) (8)
6a

where a = sin%g and ¢ = cos(SﬁSt). For a regular octahedron of

S atoms, O = 9§°, sfist = 180°, so that sin B = i% = 0.577 and B =
35.3°, while in the trigonal prismatic limit B = sin B = 0. Thus
for a complex lying between an octahedron and a trigonal prism,
0 < sin B < 0.577.

At present complete crystal and molecular structures of
tris complexes have been determined only for Cr[SZP(CH3)2]3

= ° t = 170.1°0% = °
(og, = 82.7°, sfis 7 Y~ and V[S,P(0C,Hs),]14 (@, = 8L.9%,
sis®

164.9°f81eading to values for sin B of 0.501 and 0.477,
respectively, i.e. B = 30.0° and 28.5°. The X-ray powder patterns

of V[SZP(CH3) and Co[SZP(OC2H5)2]3 and In[SZP(OCZHS)Z]B are

2]3
reported31 to be isostructural with V[SZP(0C2H5)2]3. These results

indicate that tris dithiophosphinato complexes are only slightly
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distorted towards a trigonal prism of sulfur atoms and are thus
representative of D3 symmetry. The consequent potential of optical
jsomerism was not mentioned in the discussion of the structural
determination of V[SZP(0C2H5)2]328, but the resolution of atomic
positions in the crystal of Cr[SzP(CH3)2]3 studied was improved by
assuming the presence of one enantiomerls.

It is considered significant’ (vide infra) that the P-S
bond lengths are shorter for the ethoxy substituted complex than
for the methyl substituted complex (Table 3.1) although a distinction
between the M-S bon& lengths is not meaningful within the precision
of the numbers obtained. The P-S bond lengths of both complexes

indicate some T character.

Tetrahedral bis Complexes M[Szg§212

X-ray powder patterns of the complexes M[SZP(CH3)2]2
with M = Mn, Fe, Co, and Zn indicate that they are isostructural
as are Cd[SZP(CHS)Z]Z and Hg[SZP(CH3)2]2, however, comparison between
the two sets was uncertain due to intensity differences introduced
by the larger metal atoms in the latter complexes. The structural
determination15 of Co[SZP(CH3)2]2 has shown that it is polymeric
consisting of infinite independent chains of Co atoms linked by
opposed pairs of bridging ligands alternating by 90° and each éhain
lying along a two—-fold screw axis as illustrated in Figure 3.1. This
structure is similar to that observed44 for complexes of the oxyacids
HOZPXZ’ but is in notable contast to the isostructural compounds
Zn[SZP(CZHS)Z]Z and Co[SZP(CZHS)?_]2 which were determinedz6 to exist

in two crystallographically non-equivalent doubly bridged dimeric



TABLE 3.1

Structural Parameters®

~

~

Chromophore Complex M-S Y-S Y-X sHs MSY s¥s xex Ref.

us, VIS,P(0C,H),) 4 2.45  1.982  1.58 81.8 85.3 108.1 95.3 28

(roctahedral) Crls,P(CH,) 1, 2.44  2.011  1.813  82.74  85.24 106.20  106.0 15

’Co[szp(cn3)2]2b (2.32) (2.016) 1.813 - (109.46) (107.03)  105.2 15

ZalS,P(C,H,),], 2.34  2.02 1.86 86.0 82.1 108.6 103.0 26

-« 2[5,P(0C,H5),], 2.36  1.99 1.57 85.9 82.0 109.7 94.5 27

4 .
P(Oi- . .97 .58 85. . . .

(vcetranedral) Znls,P(0i-C,H,) o0, 2.34  1.970 L5 5.5 82.0 109.7 94.9 24

Ca[S,P(0i-C,l,), ], 2.53 1.965 1,58 79.1 83.9 112.2 95.2 24

Hg[S,P(0i-C,H,),), 2,39 2.02 1.62 76.3 91.6 112.1 94.6 25

2.82 1.9 1.53 79.7
(3 d

Lpi(ssz(Cua)aulz 2.28  2.02 1.58° 109.5  104.6 107.6 48

(N1[S,P(CH,),], 2.236  2.01 1.81 87.7 85.8 101.3 104.9 20

NLIS,P(C,H) ), 2.23  2.00 1.86 87.6 86.1 100.2 101.7 29

NL[S,P(CGHS) ), 2.238 2.01 1.78 88.3 85.2 101.3 107.2 21

NL[S,P(OCH,), ], 2.222 1.986  1.563  88.3 84.5 102.7 95.9 22

Ms, NL[S,P(0C,H,),), 2.233  1.990  1.575  88.5 84.2 103.1 96.6 23
(vsquare planar) NL[S,CNH,J, 2.21  1.69 1.38 78.5 84.8 112 29,30
BL[S,CN(C,H,),], 2,202 1.706  1.33 79.2 85.0 110.6 29,30
Ni[SZCNCle-z 2,188 1.72 1.29 79.2 86.2 108 29,30
ru[szcslz"z 2,21  1.70 1.68 76.9 87.9 107.3 29,30
N4[$,COC,H.], 2.235 1.69 1.38 79.5 82.2 116 29,30

-2

(LIS, (M), ], 2.166 1.75 91.5  103.8 29,30

ovs,, 2.419 2.014  1.810  85.2 84.51 105.11  106.4 15

(vsquare pyramidal)

1:?v[52p(cu3)212‘

a

Parameters for ligands forming closed chelate rings with one metal atom.

Bond lengths in angstroms, bond angles in degrees.

SPN = 116.6°.

[ T - PR T -

OV bond length is 1.583A.

Crystal does not contain any non-bridging ligands.
P-N bond length.

Y = P or C, X = substituent(s) on Y.
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conformations. A bridged dimeric unit may be compared to one link
of the infinite chain of Co[SZP(CH3)2]2 capped by non-bridging
terminal ligands.

The complexes of Zn(II) and CA(II) with X = 0i-C_.H_, also

37
contain “one-link" dimers, which are all equivalent24. However,
~a different type of linkage is found in the Zn(I1), X = OCZH527 and

Hg(I1), X = Oi—C3H725 complexes where each metal atom is coordinated by
sulfur atoms from one non-bridging and two branching bridging ligand
groups resulting in the formation of infinite zig-zag chains.

The relative importance of the electronic and steric
effects of the substituents in determining the formation of a par—
ticular structure or type of bridging in these complexes is not clear.
However, the difference in electronic substituent effects between
CH3 and C2H5 ox OCZH5 and Oi—C3H7 cannot be very large, implying
that steric effects are significant. Such a range of ligand functions
makes a comparison of M-S boqd lengths exceedingly complicated even
with a common metal atom, but as with the tris complexes, the more
electronegative substituents are consistently associated with shorter
P-S bond lengths. The structural parameters of the tetrahedral
tetramethylimidodithiodiphosphinato Ni(II) complex48 are included for
comparison purposes to emphasize the constraining nature of a four-
membered chelate ring as opposed to a six-membered one. The’
unexpected tetrahedral coordination of this latter compound must
be intimately connected with the "odd" property of the ligand in
conjunction with the nearly tetrahedral MSP bond angle.

An X-ray powder pattern of blue CoOSSPZ(CH3)4 shows that

44
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this complex is isostructural with green CO[SZP(CHB)Z]Z as confirmed69

by a more detailed X-ray examination of the blue complex. Non-
observation of the O atoms is indicative of a random distribution in
contrast to the monothiophosphinateé of Zn(II) and Cd(IL) with X =
n—C4H9 and C6H5 which consist43 of triply-bridged, dinuclear units,
"beads", connected by a "thread" of bridging ligands and in which

the 0/S ratio in the coordination sphere of the metal atoms alternates

from 3:1 to 1l:3.

Planar bis Complexes M[Szggzlz

An extensive series of crystal structures (Table 3.1) is
available forx Ni[SzPXZ]2 complexes. No crystal structures have
been reported for Pt(II) dithiophosphinates but the palladium and
platinum complexes with X = CH3 yield superimposable X~ray powder

patterns which are quite different from the cadmium and mercury

complexes with the same ligands. The complex Pd[SZP(OCZHS)Z]Z

is both reported to be isostructural23a and not isomorphous7

with its nickel analogue. The crystal structures of the nickel
complexes are consistent in showing29 that the ligand groups are
all bidentate and nonbridging such that the molecules are required
to possess either a crystallographic center of symmetry or at least
a twofold symmetry axis.

From the data collected in Table 3.1 it is reasonably
clear for at least the Ni(II) series of dithiophosphinates that
both the M-S and P-S bond lengths are shorter for the more electro-
negative substituents. Thus a strong M-S bond does not imply a weak

P-S bond or vice versa. The existence of metal-ligand m-type



bonding in these planar complexes is supported by an increase of

the Ni-S bond lengths (X = C6H571. 0C2H572) upon trans coordination

by two pyridine molecules. It is notable that the M-S bond lengths'

[+]
in the adducts (’\JZ.SOA)”"72

are of the same order of magnitude as
observed in tris complexes of Cr(III)15 and V(III)28 while the
intraligand bond lengths are essentially unchanged from those in
the original complex. However, the SPé and XPX bond angles in
the adduct Ni[SzP(OCZHS)z]2'2(NC5H5) appear to approach more closely
the ligand anion bond angles of structure III above.

A preliminary single crystal X-ray examination69 of the

complex PtZS6P4(CF has confirmed its dinuclear formulation. The

3)8

coordination geometry about each Pt atom is most probably planar.

Pyramidal bis Complexes OV[Szggzlz
The only crystal and molecular structure available of an
oxovanadium(IV) dithiophosphinate complex has been that of

OV[SZP(CH3)2]215 which is illustrated in Figure 3.2. The crystal

is composed of discrete molecules stacked so as to apparently preclude

divect or superexchange magnetic interaction between the V atoms.

Similarity of electronic spectra (Chapter 6) and normal solid state

magnetism (Chapter 5) of the blue complexes with X CH3, C6H5 and

OCZH5 and the black colors of the complexes with X F and CF3 of

similar but anomalous magnetism reasonably indicate different solid

state structures between the two color sets but possible similarity

within each set. Both OV[SZP and OV[SZP(CF were observed

F,l, 3221

to undergo a reversible color change from black to blue when

46



FIGURE 3.2: The crystal structure of OV[SzP(CH3)2]2.

47
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sublimed in vacuo with strong heating. It is believed herein that
the color change to blue is due to the formation of a metastable
"sormal" solid state crystal phase of structure similar to that of

the blue complexes with X = CH3, CGHS’ or OCZHS'

M(1I) Complexes MSzgg_2

No crystal structures have been reported for this class
of compound but solution molecular weight determinations73 indicate
that the Cu(I) compounds are tetramers, the Ag(1l) compounds are
polymeric, and the Au(l) compounds are dimeric where X = CZHS’ C3H7,

C4H9, C6H5, and OCZH5.

3.2 Structural Inferences for Solution and Gas Phases

Tris Complexes

The packing of discrete molecular units in single crystals
of Cr[SZP(CH3)2]3 and V[SZP(0C2H5)2]3 suggest that the tris complexes
should be monomeric when freed from the crystal lattice by
dissolution or vaporization.' The tris complexes were generally
found to readily dissolve in organic solvents and measurements have
demonstrated them to be monomeric in solution (Table 2.1) while
monomeric parent ions in the mass spectra of the thermally stable
complexes support a monomeric formulation in the gas phase. General
similarity of the diffuse reflectance electronic spectra witb those
obtained from solutions (Chapter 6) is strong evidence for retention
of coordination geometry through the phase transitions. Attempts
to determine optical rotatory effects in chloroform solutions

prepared from single crystals of Cr[SZP(CHS)Z]B’ Cr[SZP(C6H5)2]3,



and Cr[SZP(OCzH were uniformly unsuccessful. Although rapid

5)2]3
racemization in solution, unresolved enantiomers in the crystals,

or inherently small specific rotations may account for the negative
observations it is noted that the molar absorptivities of the ligand
field bands of Cr(III) dithiophosphinates are some 6000 times as
large as those of the tris ethylene-diammine Cr(III) complex74.
Hence, at concentrations sufficiently émall tolobserve the absorp-
tion spectrum the rotations would become negligible even assuming

reasonably large specific rotations.

Tetrahedral Bis Complexes

Although dialkyldithiophosphinate complexes are usually
quite soluble in organic solventsl3, the tetrahedral bis complexes
X2]2 with X = CH3 and CGHS proved too insoluble in all common

organic solvents for solution molecular weight determinations.

M[S,P

Thus the degree of molecular aggregation in solutions of these
latter complexes remains unknown. Where X = CZHS and C3H7, the
complexes were monomeric up to 10_2 M concentrations in benzene75.
Since Zn[SzP(OCZHS)Z]2
in solution27, it is assumed that isostructural CO[SZP(OCZHS)Z]Z

is polymeric in the solid state but monomeric

should behave similarly. Due to the similar crystal structures

within the X = CH3 series with Mn, Fe, Co, and Zn it is anticipated

that the complexes of the same metals within the X = F series should

also be isostructural. Since Mn[SzP is the least volatile

Foly
member of the X = F series and has been shown18 to be monomeric in

a 3.4 x 10—2 M 1,2-dichloroethane solution the remaining members are

49
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assumed to be monomeric at similar concentration levels. The
volatility and ready solubilities of the X = CF3 complexes suggests
behavior parallel to that in the X = F series. Where the degree of
association has been investigated, it was foundl3 to be nearly
independent of temperature between 37 and 60°C and decreased with

the solvent order CCl4 > C6H6 > CHC13. Molecular association is
anticipated to be even further reduced-in CHZCl2 solutions. The
diffuse reflectance spectra of CO[SZP(CHB)Z]Z and Co[SZP‘(CéHS)z]2
were quite similar to their solution spectra with respect to band
positions which would be expected on retention of approximate
tetrahedral coordination of the Co+2 ion whatever the degree of
polymerization. All the tetrahedral bis dithiophosphinates studied

herein appear to behave as monomers in the mass spectrometer.

Planar Bis Complexes

The ready solubilities and measured solution molecular
weights (Table 2.1) together with a vapor density measurement18
of Ni[SZPFZ]Z at 160°C and the mass spectra (Chapter 4) indicate
that these complexes as a class are monomeric in both organic
solution and vapor phases. This behavior is consistent with the
molecular packing revealed in the crystal structures. General
agreement between the diffuse reflectance and solution electronic
spectra (Chapter 6) suggests that the planar coordination geometry
is retained through phase transitions.

Due to the immense mass (1258 a m u ) of the unit
PtZS6P4(CF3)8 an attempted solution molecular weight measurement5

only demonstrated that the molecular weight of the species in
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solution exceeded 1000. The mass spectrum56 (Chapter 4) indicated
retentions of the dinuclear structure in the vapor phase.

Pyramidal Bis Complexes

The blue vanadyl complexes OV[SZPX2]2 with X = CH3, C6H5,
or 0C2H5 showed no marked color changes upon dissolution in non-
polar organic solvents but the black complexes with C = F or CF3
dissolved in the same solvents to give respectively mauve and
purple colored solutions. The electronic spectra of the complexes
in solution are reasonably similar (Chapter 6) which in conjunction
with the monomeric behavior of the X = CH3 and C6H5 compounds
(Table 2.1) suggest a general monomeric existence in solution.
Magnetic susceptibility measurements55 on solutions of the F and CF3
substituted compounds indicated that the interaction responsible
for the magnetic anomaly in-the solid state is removed on dissolu-

tion. All these vanadyl complexes behave as monomers in the mass

spectrometer (Chapter 4).

3.3 1Infrared Spectra

The qualitative inverse relationship between bond’lengths
and vibrational frequencies is now empirically well established76.
Thus for a homologous series of complexes M[SZPXZ]n varying only
in X, it might be anticipated that vibrational frequency changes
within the skeleton M(SZP)n consisting of only M-S and P-S
linkages would reflect structural differences. However, the M-S

and P-S bonds are bases for the same representations and have at

least one representation in common with the P-X bonds in all molecules



of CZv and higher point group symmetry. Hence these bonds participate
in concerted vibrations which are assigned as a first approximation
to the linkage making the greatest energetic contribution.

Much effort has been expended in attempting to define
the spectral regions in which bands due principally to P-X, P-5,
and M-S vibraﬁions may be expected. Corbridge77 has summarized much
of the present knowledge concerning P—Xn and P—Sn group vibrations.
Adams and Cornell70 have assigned M-S vibrations in the range 190-330K
and P-S vibrations in the range 532—640K for an extensive series
of tris, tetrahedral bis, and planar bisdiethoxydithiophosphinates.
Nyquist78 has reported a detailed analysis of the vibrational spectra
of the acid HSZP(OCZHS)Z' Kuchen and Hertel13 define the frequency
ranges 556-591K for vaS(PSZ) and 476-497K for VS(PSZ) from a study

of dialkyldithiophosphinates. IMiller, et al.>0»3%

investigated an
extensive series of diphenyldithiophosphinates and found vas(PSZ)

in the range 619-650K, Vg (PSZ) in the range 523-578K while M-S
vibrations were assigned to the region 251-343K on the basis of

the metal ion dependence of the band positions. These latter

authors postulate that the mean frequency %[vaS(PSZ) + vs(PSZ)]

should be similar for the acid HSZPXZ’ anion -SZPXZ, and the complexes
M[SZPXZ]n and further estimate that the M-S bond order is less than
unity from simple "two-mass' model force constant calculations.

Coates and Mukherjee79 found the regions 585-606K and 493-505K to

respectively contain the vas(PSZ) and VS(PSZ) group vibrations of

dimethyldithiophosphinates.
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Due to their more recent discovery the vibrational spectra

of M[SZPFZ]n and M[SZP(CF complexes have not received as much

3)2]n
attention as their alkyl, aryl, and alkoxy substituted precursors.
Tebbe and Muetterties18 assigned only P-F stretching frequencies in
their report on M[SZPFZ]n complexes, however, detailed assignments of
the vibrational spectra of HSZPF2 and CsSZPF2 have been carried out
by Mitchell et al.l6b and were used herein as guides for the present
assignments for these complexes. Similarly an assignment of the ir
spectrum of the acid HSZP(CFB)Z has been made by Gosling and Burg17a
upon which the assignments for the ir spectra of the M[SZP(CFS)Z]n
complexes have been based.

Since the M(SZP)n skeletal vibrations are of primary
interest in this study, the PX2 group vibrational bands are relegated
to Appendix A. For reference purposes and a test of the constancy
of the mean P82 group stretching frequencies, the assigned values of
vaS(PSZ) and vS(PSZ) with their mean values for the acids and ionic
salts used in this study are listed in Table 3.2. Group theoretical
considerations predict three infrared active fundamental M-S and P-S
vibrations for the tris and pyramidal bis dithiophosphinates while only
two of each are predicted for the tetrahedral and planar bis
complexes. The M-S and P-S vibrational band assignments for the
infrared spectra are given in Tables 3.3-3.6. The profusion of
bands occurring in the range 200-400K in some cases and variable
intensities make the assignment of M-S vibratioms exceedingly difficult.

Nevertheless an attempt was made to identify the bands of highest

frequency and/or intensity which could be attributed to the same
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TABLE 3.2

Infrared Spectral Band Assignmernts for the PS2 Group Stretching

Frequencies in the Acids HSZPX2 and Their Salts

CH

C . H

oC

CF

Compound
a,b
HSZP(CH3)2
c
NaSZP(CHB)ZC 4
]
CsSzP(CH3)2

A1{S,P(CH c,d

o

3)2]3

e
HSZP(CGHS)Ze
NaSzP (C6H5)2
NH4SZP(C6H5)2

s

a
HSZP(OCZHS)Z

H
c
NaSZP(OCZHS)Z

275

A

f,8
HS,PF,

c,g
CSSZPF2

s

b,f
BS,P(CF,),

c,h
NaSZP(CF3)2

A

Vpg (K Vpg (K) (Vo tVp g
as s as s
608m 462m 535
606s 505s 555
606vs 505vs 555
601ls (581ls) 501m 551
650s 530s 590
648s 565s 606
642vs 56lvs 601
655s 540m 597
681s 560m 620
725vs 531s 628
722vs 561s 641
731s 522m 626
719vs 535m 627

CS2
Reference 80.
Nujol mull.

Reference 79.

€ Reference 39.

solution (Vv10% by weight).

£ Vapor.
€ Reference 20b.

Reference 8l.



55

‘9poul TRUOTIBIQTA
S-W swes ay3 o3 a7qeInqriiie sq o3 psunsaid vae Spueq peuUTTISPU(

*sTInE Tolny e

i “ML6T ‘MOZE L6S uges ¢ uyr9 o)
- %19 uyeg i ysge9 o4 mmo
nowz ‘us9gy ‘sLo€ TT9 S6ES SQT9 s¢g9 1D
MOTZ “sgLz “s6ge %19 sQYS SCT9 S689 A
i ‘uweQg v79 wy9g ¢ wyg9 0D
S9T¢ L29 S66S 5669 SG69 1D g
Sygg ‘ysuzQg 929 wgee  ysuyg9 769 A
¢ ‘w/og €65-009 (WTHS ‘YsSHGGs) W6z9  uUsM9y9 03] ¢
¢ ‘sGTE L6S-%09 (W9ES ‘mQOGG) SZ%9 8G9 1D H 20
MZTZ ‘sG6T 666-909 (W9ES ‘wgyg) ysgh9 S£99 A
i ‘MEHZ ‘MZ0E ‘MA9TE 909 sg€/6 109 moy9  0d
¢ ‘wy9z sT0g %09 S69S w609 S6£9  ad 195
i ‘Us/87 ‘SGOE “yss9Ig 609 SQLS SQT9 sQ%9 1D
n/0z “s08e %09 S/96 wz19 wuiy9 A
MGET ‘Usw/97 ‘selLZ “SGOE TGS woTg S08G  Usmze§ 0D c
MTHZ ‘wl/Z ‘mggz ‘ussgof ‘syIg L%S SG0S Yysggg 065 1D HO
MREZ ‘w97 S967 YSUWGOE ‘WAGE 8%¢ SG0G SG8¢ SZ6S A
nAmzvm-H> (sobarsn ety ot 0l sals  ® X
mm_”NNmNm“_S mmxm._uaaoo STa], wﬂu ut mMHuﬁmszHm
3uTyo19138 §-4 pue S-| 2yl 103 sjusmuSISSy pueg Teildadg poaeijur

£°¢ 419Vl



56

TABLE 3.4

Infrared Spectral Band Assignments for the M-S and P-S Stretching Frequencies in the

Tetrahedral Bis Complexes M[SzPXZ]Za

X M vl(Ps) vz(PS) !s[\)l(PS)+v2(1>s)] v(MS) ?
(" Mn 590s 495s 542 (324msh, 215s, 204ssh, 299ssh,
281msh)
Fe 578s 488s 533 (333m, 3l4s, 307ssh, 285w,
- 212msh, 204s)
Co 578s 490m 534 (336msh, 326s, 3l4s, 287w,
CH 4 214wsh, 202s)
3 Zn 583s 495m 539 (331lmsh, 325m, 315wsh, 306wsh,
301w, 287w, 276wsh)
Ccd 585s 496m 540 (312s, 302sh, 288m, 279m)
L\Hg 583s 493s 538 (318wsh, 312w, 304w, 284wsh,
271w)
v
Mn 634s 564s 599 (316s, 288m, 267m, 240w)
Fe 636m 565s 600 (317w, 300m, 277w, 231w)
o p Co 634s 564s 599 (323m, 30lm, 284m, 240m, 231w)
65
Zn 640s 563s 601 (328w, 302m, 274m, 254m)
Ccd 636s 568s 602 (327w, 282s, 260s, 255ssh, 241wsh)
LHg 633s 566s 599 (315wsh, 302m, 259w, 241m, 230m)
Co 661s (640msh) 539m 600 (313m, ? )
OCZHS Zn 688s (649msh) 541m 604 (310m, ?2 )
lig®  658sh(637s) 548wm 603 (318w, 280vs,br, 239sh)
(Mn 720s(699s) 550m 635 (320w, 285w)
Fe 718ssh(702s) 559m 638 (311w )
F 4
Co 715vs 559m 637 (314w )
k?n 704vs (697ssh) 558m 631 -
(' Mn 6965 (686msh) 541m 618 (328w, 285s)
Fe 691s(679msh) S41m 616 (305w, 286w)
Co 665w ? 538m (601) (311w, 288m, 277w)
CF 4
3 Zn  691s S41m 616 (337w, 325w, 306w, 289w, 260w)
cd 680ssh(673s) 533m 606 -
g 675s (664ssh) 536m 605 (335w, 297s, 284wsh, 263w, 246w, 200w)

8 Nujol mulls.

b Reference 70.
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M-S vibrational mode.

Corbridge77 has noted that vaS(POZ) of phosphinates is
more sensitive than vS(POZ) to changes of substituents (X) and
shifts to higher frequency as the Hammett function increases. Thus
the vaS(PSZ) vibration is anticipated to be coupled with a PX2
group vibration’of the same symmetry. From an investigation of
compounds of the type SPX3 and PX3, Goubeau80 has inferred that S-P
bond force constants increase with increasing phosphorus 3s orbital
character and observed that there is a roughly direct dependence
of the SP stretching frequency and force constant upon substituent
(X) electronegativity. Goubeau80 also noted that larger substituent
atoms bonded to the P atom displace the S-P stretching frequency to
higher values.

Since most of the ir spectral results discussed herein
were obtained from Nujol mulls of the solid compounds it is
necessary to show that reflection loss errors81 are not significant.
The best evidence that reflection loss errors are negligible is
given by the results of Table 7.1 which show close agreement between
band maxima observed in mull and solution spectra of the planar bis
complexes (vide infra).

If the highest frequency ir active P52 group vibration is
taken as an index of the P-S bond length, the assignments made in

Tables 3.2 - 3.6 imply the order of P-S bond lengths:

F < CF3 < OCZH5 < C6H5 < CH3. (3.9

2
Sequence (3.9) is also the order of group electronegativities8



of the substituents (Table 3.7) and agrees with the order of P-S

bond lengths determined in compounds with the latter three substituents
(Table 3.1). No such regularity is observed for the lowest frequency
ir-active P82 group vibrations which would indicate tlie order of P-S

bond lengths in the complexes (by substituent)

C6H5 < F < CF3 < 0C2H5 < CH3 | (3.10)

However, since the frequency range from which sequence (3.9) was
‘deduced (V100K) is greater than the frequency range from which
sequence (3.10) was deduced (V50K), the former (vaS(Psz)) is inferred
to be a better index of substituent effects.

The difficulties in conclusively identifying bands due
to M-S vibrations precludes firm generalizations based on their
frequencies at this point. Initial indications are that the M-S

bond lengths in the complexes follow the order by substituent

F n OC2H5 < CH3 < C6HS v CF3. (3.11)

A more firm basis for decision is introduced in Chapter 6 and
elaborated in Chapter 7. While sequences (3.9) and (3.10) are valid
for the four stereochemical configurations indicated in Tables 3.3-
3.6, no simple correlation of M-S bond lengths with M-S stretching
frequencies (sequence (3.11)) is readily apparent or expected for
the tetrahedral bis complexes due to the known variations in ligand
function with variations of substituents.

It has been suggested83 that the ir spectrum is insufficiently
sensitive to distinguish between chelating, bridging, and unidentate

ligand functions. However, the spectra of the complexes Cr[SzP(CH3)2]3,
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TABLE 3.7

Physical Indexes of Electrical Substituent (X) Effects

X Group Electronegativitiesa Hammett-Taft Bond Charge
Polarization "Potentials"P
x(vev) a(oy) m(op°)
CH3 2.06 -0.05 -0.10
CeHs 2.43 0.10 ~0.09
OCH3 2.89 0.26 -0.41
F 3.95 0.51 -0.34
CF3 3.31 0.41 +0.13
H 2.55 0.00 -0.00
Cl 3.06 0.47 -0.20
Br 2.81 0.45 ~0.16
I 2.5 0.39 -0.12
0C, i, 2.91 0.27¢ (-0.42)4
SCH3 2.8 0.19 -0.17
SC2H5 2.83 - -
NH2 2.3 0.10 -0.48
N(CH3)2 2.96 0.05 -0.52
CN 3.34 0.52 +0.14
a

From reference 85, page 126.

The values were determined from

the substituent effects upon the P=0 stretching vibrational

frequency in compounds of the type XlX2X3P=0.

From reference 86. Positive numbers correspond to an electron
density shift from the substrate to substituent.

Reference 85 and references therein.

Estimated from OI and values for OCH3.
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Ni[SzP(CH3) OV[SZP(CH and Co[SzP(CH which are

3)2]2

representative complexes of known structures clearly indicate that

2]2’ 3)2]2’

the ir spectra can be used to distinguish between bridging and non-
bridging ligand functions as well as stereochemistry. Following
vas(PSZ) and VS(PSZ) values, both frequencies are lowered by V15K
in Co[SzP(CH3)2]2 where all ligands are bridging relative to the
Cr(III) and OV(IV) complexes where all ligands are non-bridging. A
value of VS(PSZ) less than 500K is appargntly characteristic of a
bridging SZP(CHB)Z group. In view of the high values of vas(PSZ)
in the ionic salts a monodentate SZP(CHB)Z group is anticipated to
possess a P-S stretching frequency in excess of 600K. A planar
geometry appears to be characterized by a smaller frequency difference
between vaS(PSZ) and vs(PSZ) than for other geometries. Similar
considerations hold for complexes bearing other substituents.
Differences of structural significance can be seen even in the PX2
group vibrations (Tables Al-AS5, Appendix).

In the course of preparation of the tetrahedral bis

complexes M[SZP(CH from the hydrated metal salts in polar

3)2]2
organic solvents, it was found that the ir spectra of the crude
products generally contained a broad absorption at 1020-1080K and a
sharp absorption of lesser intensity at 550-520K. The first band
is assigned to the P-0 stretching mode and the second to a P-S
stretching mode of a P(0)S group. The ir spectrum is a sensitive
analytical indicator for this type of sulfur replacement (see

Chapter 4).

The blue complexes OV[SZP(CH3)2]2 and OV[SZP(CGHS)Z]Z
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both possess a strong ir absorption in the range 950-1030K

designated to contain the V-O stretching frequency. Intense
absorptions due to P-0 vibrations mask the above region too effectively
for a firm assignment in the case of blue OV[SZP(OCZHS)Z]Z' Nujol

are clear in the

nmulls of black.OV[SzPF and OV[SZP(CF

2]2 3)2]2
usual V-0 stretching region of the ir spectrum but absorb at 860
and 870K, respectivelyss. However, respectively mauve and purple
carbon disulfide solutions of the latter two compounds were clear
in the region 860-870K but absorbed strongly at 1024 and 1023K55.
The low frequency of the V-0 stretch in the

black complexes may be due to «::0-V-0-V... chain structures in the

solid state84.

3.4 Substituent Effects in Dithiophosphinates

The structural and vibrational data alone clearly
demonstrate that there are discernible differences in the properties
of the complexes M[SZPXZ]n with variation of the substituent X. A
comprehensive analysis of thé total influence of a substituent
must account separately for the mass, steric, and electronic
components.

Mass Effects

Beyond isotopic variations, it is not possible to increase
the mass of the substituent X without simultaneously altering the
steric ané/or eiectronic proberties. The substituents in this
investigation were varied between X = CH3, C6H5, OCZHS’ F, and

CF3 which are all bound to the P atom by an element from the first



short period. Probably the best evidence that the mass effect
component has negligible influence upon the MSn chromophore for
this range of substituents is provided by the nearly identical

. 12
electronic spectra of Cr[SZP(OCZHS)Z]B and Cr[SzP(OC8H17)2]3
together with numerous other examples of alkoxy substituted complexes

12,34 cor1nt?, rhznt?, and ni(11)1?°3%. The oxygen

of Cr(III)
and first carbon atoms largely damp the electrical effects of more
remote portions of the substituent. The substituent mass effect

remains largely indeterminate with respect to the PS, group vibra-

2

tional frequencies.

Steric Effects

The most obvious and probably the most important steric
consideration dependent upon the substituents is the geminal X-X

interaction within the PX_ groups. Assuming that the substituent

2
groups adopt a conformation which minimizes their mutual inter-

o
ference, the minimum van der Waals radii (A) perpendicular to the

P-X bond axis for the groups of interest in this study are

H(1.20) < O(ether linkage) (1.46) ~ F(1.47) < CH3(1.715)

< CgHs(1.78) < CF,(2.107).  (3.12)

The concurrence of sequence (3.12) with sequence (3.11l) of relative
M-S bond lengths inferred from the ir spectra suggests that the M-S
bond lengths may be related to the XPX bond angles. While the
limited data contained in Table 3.1 suggest that within a given
coordination geometry a larger XPX angle corresponds to a smaller

SPS angle and vice versa, there is no apparent correlation between
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XPX bond angles and M-S bond lengths or even SMS angles. Moreover,

o
while the geminal X-X distances remain relatively constant (+0.02A)
between compounds of common X groups, the 0-0 distance in KSZP(OCH3)2

° o
is 2.23A but 2.32A in Ni[SzP(OCH with an even shorter P-0 bond.

3>2]2
All the X-X distances calculated from known structures are less
than twice the van der Waals radii given in sequence (3.12).

Thus the steric contribution-to the total substituent
effect is as yet indeterminate. Since H represents the "zero" of
mass, steric, and electronic substituent effects much of the
uncertainty remaining with this steric component is anticipated to
be removed by knowledge of the structural parameters and physical
properties of the as yet unreported complexes M(SZPHZ)n’ especially
Ni(SZPHZ)Z'

Electrical Effects

The electrical effect of substituent groups of atoms
bound to a molecular substrate is determined by their relative
influence upon the electron density distribution within the
substrate molecule. As an approximation the total substituent

electrical effect, EX’ may be factored86 as

EX = first order electrostatic term + O-bond electron density

polarization + T-bond electron density polarization, (3.13)

where 0 and T are used in the "two-center" sense. Considerable
success has been achieved in the classification of relative sub-
stituent effects upon molecular properties through the use of linear

free energy relationships of the form86
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PX = POy + &, . (3.14)
where PX is some chemical or physical property dependent upon the
nature of the substituent X, P and 8 are constants of the system
(dependent on structure, conditions, etc.), and UX is the relative
parameter characteristic of the X group. Taft and coworker586

found that Iy could be usefully resolved into independent components

OI’ associated with the polarization of the o-electron system, and

o

Op > associated with polarization of the m-electron system, i.e.

— ° _
PX = P91 + PpOR” s (S =0) (3.15)

The use of Or and 0R° values determined from series of substituted
benzenes have been strongly supported by generalized correlations
between chemical and physical determinations for substituted
hydrocarbon system586. Group electronegativities and the Hammett-
Taft parameters for the atoms‘and substituent groups of interest in
this study are collected in Table 3.7.

Although the Hammett-Taft parameters were derived86 so as
to be independent of the substrate molecule, the approximations
involved in their determination rendered uncertain their validity
in other than hydrocarbon systems. Kabachnik, et al.87, studied
the ionization constants of the acids HSZPX2 with X ='R or OR
(R = an alkyl or aryl group) and found small and apparently random
variations of the pKa values with substituent X. Charton88 has
treated the ionization constants of similarly substituted phosphonic

and phosphinic acids, the rate constants for benzylation reactions

of dithiophosphinates, and the ionization constants of phosphazenes



67

using an "extended" Hammett equation

PX = oc):cI + BZGR + &, (3.16)

where the summations allow for non-uniform substitution. Charton88
concluded that the effects of substituents bonded to pentavalent
phosphorus are adequately represented in terms of the 01 and 0R°
values derived for the substituents bonded to qarbon. However, the
magnitudes of the electrical effects iﬁ the phosphorus oxyacids
were observed88 to be somewhat less than for carboxylic acids and
the benzylation rates of dithiophosphinates appeared to be independent
of the substituents.

Thus, in both previous cases where attempts have been
made to determine the substituent electrical effects in the SZPX2
group the results indicated either that the P82 group behaves as an
insulator or that there is a fortuitous compensation of the 0,
effects leaving the same net electron density on the sulfur atom(s).
For the range of substituents employed in the above investigations
(X = R or OR, R = an alkyl or aryl grou§)87’88 reference to Table
3.7 indicates that the latter explanation is entirely plausible.

Since it has not been demonstrated that the Hammett-Taft
parameters can be applied with any correlative consistency to
the SZPX2 group, attempts were made to fit the position of the
first ligand field band vleZ in the electronic spectra of the
Ni[SZPXZ]Z complexes (X = CH3, C6H5, oc H

2752

(3.15) and (3.16). This particular system was chosen because

F, and CF3) to equations

(a) more molecular structures are known for this class of complexes,
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(b) the electronic band maxima are well defined, and (c) since the
electronic band positions are functions of both the ground and
first excited states these quantities should provide a rigorous
test for the substituent parameters between both states. Using

the v data from Table 6.7 and standard matrix procedures, a

lel
completely unsatisfactory fit of the data to equation (3.15) was
achieved. However, the data fit equation (3.16) with o = -0.803,
B = -3.233, and 8§ = 13.393 to a standard deviation of 0.017 in
vleZ which is well within the experimental error (£0.05) associated
with the spectral values. Thus it is inferred that within the
validity of equation (3.16) the Hammett-Taft parameters may be
applied with confidence to the interpretation of the substituent
dependent variations in molecular properties of dithiophosphinate
complexes. The goodness of the above fit is also taken to imply
that substituent steric effects are of negligible significance
relative to their electrical effects.

As the ligand field spectra of the complexes M[SZPXZ]n
are largely determined by the nature of the metal ion.M+n which is
physically remote from the.substituents X it is of interest to
consider how the substituent 0,7 electron density polarization effects
might be transmitted through the intervening P and S atoms. All the
available structural data of dithiophosphinic acid derivatives
indicate nearly tetrahedral coordination of the P atom. A consequence
of tetrahedral symmetry is that the atomic p orbitals satisfy the
symmetry requirements for both 0 and T bonding. Although the essence

of the following argument remains the same when d orbitals



69

are considered the basis set of phosphorus atomic orbitals is
restricted to the 3s and 3p orbitals. If a p orbital is considered
0 bonding with respect to one substituent, then the opposite lobe of
the p orbital or alternatively the antibonding orbital associated
with that linkage in the diatomic sense is T bonding with respect

to the opposite substituent groups. Thus in a tetrahedral SZPX2
group, the 0,7 polarization effects of ‘the X groups are anticipated
to appear as T,0 polarization effects at the S atoms, i.e. the
tetrahedrally coordinated P atom might be considered as a o,m effect
"eransducer'. While the transduction of 0,T effects by the central
atom p orbitals is considered to be rigorous, the non-directional
character of the central atom s orbitals is anticipated to allow
some direct transmission of o-electron demnsity polarization effects
depending upon the orbital overlaps. Since the MSP bond angles are
nearly 90° (83.5%1.5°, Table 3.1), no further transduction of the
substituent effects by the sulfur atoms is expected.

The ¢ donor and T acceptor (synergic) capabilities of
ligands are frequently cited as the factors determining strong
metal-ligand bonds in transition metal complexes. If the Hammett-
Taft parameters for the substituents X = OCH3 or 0C2H5 (Table 3.7)
are transduced both 0 donor and 7 acceptor behavior result in agree-
ment with the shorter M-S bond lengths observed for these substituents
in the nickel series of dithiophosphinates. While the CF3 sub-
stituent is a strong O,T acid, its transduced effect is also O,T

acid which is expected to result in weaker M-S bond strengths

(reduced synergism) relative to the other substituents used in this



study. Possibly the most convincing cases in support for the
existence and generality of a transducer effect in tetrahedral

molecules are the group589 CF3, PF3, and SnCl3 which behave in their

cheristry (adducts or substituents) as strong T acceptors as would
have been predicted by the transduced Hammett-Taft parameters for the
halogen atoms. A further demonstration of the plausible utility of

this transducer concept is provided by -the imidodithiophosphinate

48

Ni[SZPZ(CH3)4N]2 which has been shown to contain a tetrahedral

NiS4 chromophore in contrast to the planar configuration of the

same chromophoric group with all other classes of dithioacid

ligands. Both the MSP and SPN bond angles are nearly the tetrahedral
angle (Table 3.1). If the electrical effects of the N atom and

CH3 groups are transduced twice (by the P and S atoms), the net m-
electron density polarization experienced by the Ni atom is of the
T-base type. This is not conducive to the formation of the strong

29,30,46,47 to be instrumental in the

7 bonds which are believed
formation of planar dithioacid complexes and thus explains the

tetrahedral conformation.
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CHAPTER 4

CHEMICAL, THERMAL AND MASS SPECTRAL BEHAVIOR

4.1 Redox Properties

The acids HSZPX2 have generally been established to be
strong Bronsted acids. Where X = R or OR (R = an alkyl or aryl group)
the pKa values were respectively found87 to be 1.7+0.1 and 2.6%0.1

in 7 and 80% ethanol-water solvent mixtures. The pKa of HSZPF2

(presumably in water) is reported16d to be 1.0 while the acid

: HSZP(CF3)2 is not displaced16c from its ammonium salts by anhydrous

HCl. Higher valent coinage metals (X = Rl3, 0R39, F18, CF357),

28’39, F54’55’90, CF 54’55), chromium, molybdenum,

3
and tungsten (X = Fgl), iron and cobalt (X = Rl3, ORll) all have

vanadium (X = OR

been observed to suffer reduction in the presence of at least one
of the dithiophosphinic acids or acid anions. No simple dithio-—
phosphinate complex has been isolated in the course of this work
or reported elsewhere in which the cation can be assigned a formal
charge greater than +3. Thus the dithiophosphinic acids have been
called "reducing acids"13. Where the reductions at the metal ion
are not complicated by the presence of bound oxygengl, the formation
of a lower—-valent metal ion complex is'usually‘accompanied by produc-
tion of thé "diligand" species [SZPXZ]Z according to the general
equation

+n

- ) n-m
MT 4 0TS, PX, — MISPX,]  + =5 [S,PX,l, - (4.1)

The diligand compounds are also readily obtained by oxidation of the

free acids or their salts with bromine gasls’68’92.
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The acids HSZPF and HSZP(CF react directly with first

2 3)2

row transition metals following vanadium with nearly quantitative

evolution of hydrogen (see equation (2.3)). However, further reduc-

tion of the acid HSZP(CF has sometimes been observed57 leading to

3)2

the secondary reaction

— HSP(CF

+ H,S. (4.2)

2[H] + HSZP(CF 3)2 2

3)2
A clear manifestation of the sterochemical influence of the sub-
stituent groups is provided by the compounds FZPV(S)H and

(CF3)2PIIISH resulting from reaction of the respective acid

HSZPX2 with HIl6C. If the substituent groups (X = F or CF3) are
considered as one electron radicals these latter products are
formally isoelectronic and the formal difference in oxidation
number of the phosphorus atoms is due solely to the location of the
proton. Since a proton is expected to reside near the most avail-
able concentration of negative charge, the two structural types
represented by FZP(S)H and (QFB)ZPSH are consistent with a greater
negative charge on the P atom in the first compound as would have
been predicted by the Hammett-Taft parameters for F and CF3

(Table 3.7).

Voltammetric Information

Unfortunately, electrochemical series of metals and
dithiophosphinic acids in standardized environments are not
available. The predictive value of such information is anticipated
to parallel that in aqueous chemistry. However it is noted that

the range of central metal atom oxidation states compatible with
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dithiophosphinate ligands in simple complexes is a subset of the
range observed for the metal ions in aqueous solution. Table 4.1
contains a summary of redox reactions observed within the dithio-
phosphinate system of compounds together with the corresponding
aqueous couples and electrode potentials. While quantitative
correlations have not been attempted and are anticipated to be
difficult93, a comparison of the range of observed dithiophosphinate
complexes with the corresponding range of aqueous couple electrode
potentials does suggest which of the preparations not yet attempted
might be successful. Thus in view of the isolation of Cr(III) and
Co(III) complexes with dithiophosphinate ligands, the reduction
potentials of the aqueous couples Ti+2/Ti+3 and Mn+2/Mn+3 leave
some hope for eventual isolation of Ti(III) and Mn(III) dithio-
phosphinates.

Whereas the "even'" ligand 1,2-dithiolene complexes form
up to six-membered redox series with retention of ligand coordination

(but not necessarily geometry)29’30’46’é7, the "o0dd" classification

2,47 a much more

of the dithiophosphinate ligands predicts2
restricted electron transfer series. Shetty and Fernando41 have
investigated the polarographic behavior of the complexes M[SZP(OCZHS)Z]Z
with M = Ni, Mn, Zn, Cd, and Pb in ethanol and ethanol-water media

using a saturated calomel reference electrode. In each case a

single well-developed but irreversible reduction wave was observed41

in the range O to —-1.8V. The behavior of these reduction waves

. . . 41 s s
with varying solution components was interpreted to indicate a

single-step, two electron, catalytic reduction of the metal ion.
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A voltammetric investigation by Dr. B. Kratochvil94 of Ni[SZP(CH3)2]2,

Cr[SZP(CH 3 and Co[SZP(CH in acetonitrile at a rotating

3)2] 3)2]2
platinum electrode referenced to a Ag/AgNOS, 0.1M electrode also

in acetonitrile revealed no reduction of Cr[SZP(CH3)2]3 but an
oxidation at high voltage, while Ni[SzP(CH3)2]2 showed one oxidation
wave (1.8V) and two reduction waves (-0.5 and -0.8V). CO[SZP(CHB)Z]Z

proved too insoluble in acetonitrile for useful resultsga.

Thermal and Chemical Results

Thermal data for the dithiophosphinic acids and complexes
of interest herein are included in Table 4.2. While negligible
thermal decomposition was detected in the vacuum sublimations of

OV[SZP(CHB) , a complicated decomposition of OV[SZP(C6H5)2]2

2]2
is indicated by its thermogram. Distillation of OV[SZP(OCZHS)Z]Z
from its melt in vacuo was always observed to leave a small residue

of V[SZP(OC The greater volatility of OV[SZPFZ]Z and

Hg) ol

OV[SZP(CF 2 permitted sublimation of these complexes at 70°C

3]
without apparent decomposition but heating in evacuated and sealed
tubes at 90-100°C resulted in extensive formation of the V(III)
complexe555. The reason for the apparently facile thermally
induced reductions of the vanadyl complexes with electronegative
substituents is not clear.

While none of the five V(III) complexes studied herein
could be kept in air, solid V[SZP(C6H5)2]3 appeared unchanged after

exposures of several days although exposed halocarbon solutions

rapidly turned from yellow to blue in color. Exposure of V[SZP(CH3)2]3
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to air for 48 hours resulted in what appeared to be a pale blue
mixture of solids. A thermogram of 10 mg of this material in
conjunction with mass measurements of ions in the mass spectrum

incidated that it contained at least OV[SZP(CH [SZP(CH

and [(CH3)2PS]20 in the molar ratios 4:1:1, respectively. This

3)2]2’

stoichiometry is consistent with the equation

S

3)2]3 +-§ O2 + [SZP(CH

3)2]2 3)2]2
PS]ZO + 2"s", (4.3)

4V[s,P(CH — 4OV[SZI;(CH

+ [(CH3)2
However, no elemental sulfur (V4% of the sample weight) could be
accounted for in either the mass spectrum or thermogram of the
mixture. It is possible that water enters into equation (4.3) such
that the missing sulfur may have been carried away as HZS’ but the
blue mixture yielded a milky suspension in chloroform whereas all
the reaction products except elemental sulfur are soluble in that
solvent. The behavior of the complexes in air with X = OCZHS’ F,
and CF3 did not appear simple and was probably complicated by
hydrolysis, whereas the oxid&tion of V[SZP(C6HS)2]3 probably follows
a course similar to that of equation (4.3). All the complexes
sublime in vacuo with little decomposition.

The complexes Cr[SzPX2]3, X = CH3, C6H5’ OCZHS’ F, and
CF3 are uniformly inert to molecular oxygen and sublime in vacuo
without significant decomposition. The two fluorine containing
compounds undergo slow hydrolysis.

While the complexes Mn[SZPXZ]Z with X = CH3, C6H5’ and F22

are quite stable to dry air in the solid state, solutions of

82



Mn[SzP(CH3)2]2 and Mn[SZPFZ]ZlS in halocarbon solvents turn red
irreversibly on exposure to air. Mn[SZPFZ]Z and Mn[SZP(CF3)2]2
are very hygroscopic solids. All these Mn(II) complexes sublime
in vacuo without significant decomposition.

Fe[SZP(CH3)2]3 apparently has only a transitory existence
in halocarbon solvent solutions obtained by extraction of concentrated
aqueous mixtures of FeCl3 and NaSZP(CHé)z'ZHZO. These solutions
are initially green in color but continuously fade depositing a tan
colored material. A mass spectrum of this tamn material was
dominated by the parent ion molecules of Fe[SzP(CH3)2]2, [SZP(CH3)2]2,
and elemental sulfur. Fe[SZP(C2H5)2]3 is reported75 to undergo a
similar spontaneous decomposition over a period of days, even in
vacuo. Hot ligroin solutions of this latter complex precipitated
pale yellow Fe[OZP(C2H5)2]3 and elemental sulfur when exposed to
air75. The black complex Fe[SzP(C6H5)2]3 appeared stable in air
indefinitely but on heating decomposes according to the equation

M[S,PX,] 3 — R MIS,PX,1, + [S5,PX,l 55 (4.4)
which parallels equation (4.1). Black crystals of Fe[SZP(OCZHS)Z]S
are reported11 to deliquesce in air and form brown hydrolysis
products, while grayish-green ethanol solutions rapidly decolorize,

. 18,57 57
presumably forming Fe(II). Both Fe[SZPF2]3 and Fe[SZP(CFB)Z]B
are dark materials formed by oxidation of the corresponding Fe(II)
complex with molecular oxygen or the diligand, but purification
posed unsurmounted difficulties.

18,57 57

Where X = C6H5’ F , and CF3 , the cclors of the pure
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complexes Fe[SZPXZ]Z are very close to yellow, but on exposure to

air the colors usually darken quickly to the near black of the Fe(ILI)
complexes. The initially yellow complex Fe[SZP(CHB)Z]Z undergoes

no apparent color changes in air, but samples kept in air for long
periods (months to 3 years) no longer sublime, the only volatile

component up to 200°C being elemental sulfur. This latter behavior

is quite consistent with the formation-of a yellow complex Fe[OZP(CH3)2]3

by analogy with Fe[SZP(C2H5)2]375 as described above. Except for

which was not prepared, the Fe(II) complexes with
18,57
b4

Fe[SZP(OCZHS)Z]2

3> Cgllss F

significant decomposition.

and CF 37 are all sublimable in vacuo without

X =CH 3

0f the brown complexes CO[SZPX2]3 where X = CH3, C6H5’

18,57 52
C2 , and CF3 ,

significant decomposition, while the first two decompose according to
18,57

o HS’ F the latter three sublime in vacuo without

equation (4.4). As with the Fe(III) complexes with X = F and

CF 57, the Co(III) complexes with the same substituents have been

3
8,57

prepared1 ? by oxidation of the Co(II) complex with molecular

oxygen or by the "diligand'" according to the equation

2M[s,P + [S,PX,], —> 2M[S,PX (4.5)

X,1, 213s

which is the reverse of reaction (4.4). The ease of oxidation of

Co[SZP(OC in solution by molecular oxygen suggests that it

2H5) 215
should also react according to equation (4.5) however this has not
been done. While the solid complexes with X = CH3 and C6H5 may be
kept indefinitely under nitrogen or in vacuo, exposure to air resulted

in a gradual transformation to a pasty mass containing the Co(II)
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species. Solutions of the CH3 and 06H5 substituted complexes are

particularly susceptible to reduction (equation 4.4)) even with mild

heating. Co[SZP(C is reported75 to give a mixture containing

2fs)ols
the Co(IIl) complex and the trithiophosphorane (CZHS)ZP(S)_SB_P(S)(CZHS)Z
when exposed to air and to spontaneously decompose even in the

absence of air.

In contrast to the ready oxidation reactions of the Co(II)

the CH, and C_H

complexes Co[SzPXZ]2 with X = OC,H_., F, and CF3, 3 6Hs

275°
substituted compounds are quite inert in air. If this inertness to
molecular oxygen were the kinetic result of the crystal packing then
it might be expected that solutions would be more susceptible,
however, the complexes Co[SZP(CH3)2]2 and Co[SZP(C6H5)2]2 are quite
stable to oxidation by air in organic solvents. Except for
CO[SZP(OCZHS)Z]Z’ these Co(II) complexes sublime in vacuo without
significant decomposition. Whereas the alkoxy-substitued tris
complexes apparently withstand sublimation in vacuo, olefin elimination
is a significant process in the thermal‘decomposition of alkoxy-
substituted bis dithiophosphinateszs.

No redox reactions of the planar complexes M[SZPXZ]Z have

been observed where M = Ni, Pd, Pt; X = CH3, C6H5, OCZHS’ F, and

CF,. With the exceptions where X = 0C2H and possibly Pt[SZP(CF

3 5

the complexes all sublime cleanly. Epr spectra39 of Cu(II) complexes

3)2]2’

with X = R and OR, where R is an alkyl or aryl group, establish their
existence as transitory intermediates in the formation of Cu(I)

complexes. Prior to the recent report38 of Au[SzP(C6H5)2]3 it was



thought18 that only the univalent complexes of the coinage metals could
be isolated. Where X is an alkyl group reduction of Ag(II) and Au(III)
was observed to be the rulelB. It is anticipated that the Au(I1I)
complex should decompose when heated to produce the Au(l) complex

and the diligand compound. No epr spectra have been observed for

those coinage metal complexes where X = Fl8 or CF357.

As expected, no reductions or oxidations of Zn or Cd
complexes have been observed for any substituent. It might be
anticipated that Hg(II) complexes would undergo reduction to the Hg (1)
complex, but this has not been observed. Where X = CH3, F and CF3,

the complexes of the three divalent metals all sublime with no

significant decomposition.

4.2 Reactions with Lewis Bases

Ligand Exchange

A change in chalcogen atoms from O to S transforms the
conjugate bases of dichalcogen acids from "hard" to '"soft' Lewis
bases in the nomenclature of Pearson96 with the attendant change
in reactivity. From the relatively long M-S bond lengths and low
M-S vibrational frequencies of dithiophosphinate complexes as com-
pared with other dithioacid complexes it might be anticipated that
the dithiophosphinate ligands are relatively labile. Livingstone97
has discussed the order of formation constants of chalcogen contain-
ing complexes as a function of the metal ion and notes that the Mellor-
Maley series (Mg < Mn < Fe < Cd < Zn < Co < Pb < Ni < Cu < Pd)

generally holds except that Cd and Pb are out of sequence probably due
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to ligand-metal T bonding. Shetty and Fernando41 found a linear
relationship between the logarithm of the formation constant and the
inverse of the dielectric constant of ethanol-water solvent mixtures
for the complexes M[SZP(OCZHS)Z]Z, M = Mn, Zn, Cd, and Pb, and deter-
mined the formation constant order: Pb(II) > Cd(II) > Zn(II) > Mn(II).
The latter authors conclude41 that the M-S bonds are extremely labile
in solvents of high dielectric constants and because of this the
bonds are "ionic". Jorgensen54 states quite emphatically that the
correlation between lability and covalency cannot be
maintained and this is corroborated in Chapter 6.

In the course of this work, but without quantitative support,
it was observed that the rate of complex formation was strongly

dependent upon the substituent with the partial and qualitative order

CH_ >> CH, > OC (4.6)

65 3 275
an order which does not correspond to the substituent order based
on the M-S bond lengths or M-S infrared stretching frequencies in
the Ni(II) complexes. Since the intermolecular forces determining
precipitation, solvation (wettability), etc. are largely governed by
the substituents, it is anticipated that the order of melting and/or
boiling points of the acids HSZPX2 (Table 4.2) should indicate the
relative ease of solvolysis of the complexes. The thermal data
available for the acids copcurs with sequence (4.6). All the CH3
substituted complexes with the possible exception of V[SZP(CH3)2]3
(not tested) dissolve in water with dissociation of the M-S bonds

producing solution colors corresponding to the aquated metal ions.
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The F and CF3 substituted compounds were notably more hygroscopic

than their CH3 and C6H5 substituted analogues where the tendency was not

evident at all (M+n = OV+2, Mn+2, Co+2, and Zn+2).

Electronic spectral studies of OV[SZP(C6H5)2]255 and

Ni11,98 o

M[SZP(OC complexes where M = r 0099 in solvent

2fls) 1o
systems containing water indicate that the metal ion is either present
in complexed or uncomplexed forms with no intermediate species being
detected. Thus the introduction of one dithiophosphinate group into
the first coordination sphere of the metal ion is probably the rate

determining step in the complex formation by solvent molecule dis-

placement.

Reaction of ammonia gas with CO[SZP(CZHS)Z]Z and Ni[SZP(CZHS)Z]Z

13,75

is reported to be reversible and yield respectively organic

. +2, - .
solvent insoluble, flesh colored [Co(NH3)6 1 SZP(CZHS)Z]Z and lilac

colored [Ni(NH3)6+2][_SzP(CZH Absence of metal-fluorine

5)2]2'
coupling in the 19F nmr spectra of Cd[SzPFZ]2 and Hg[SZPFz]2 in
acetonitrile solutions has been taken to imply rapid ligand exchange
even at -50°C although the free ion —SZPFZ was not detected in

significant concentrationsls. Addition of dimethyl sulfoxide or

water to these latter solutions resulted in the observation of the

l9F nmr spectrum of uncoordinated _SZPFZIS ion. While metal—~fluorine

coupling has been detected18 in the l9F nmr spectra of the

diamagnetic complexes Co[SzPFz]3 and Pt[SzPFz]z, such coupling has not

57,56 . 19
in

been observed the F nmr spectra of any of the diamagnetic

M[SZP(CF complexes but in these cases the greater M-F separation

3)2]n
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can readily account for this result without invoking ligand exchange.
The 19F nmr spectra of Pt[SZPFz]Z and Pd[SZPFZ]Z contain additional
fine structure18 so it is difficult to define a spatial limit to M-F
coupling.

The ligand substitution processes of the dithiophosphinate
complexes confirms their "soft'" classification. 1In fact the formation
of more stable complexes with univalent coinage metals is quite
consistent with the soft character of these metal ions. The inability
to obtain the complexes Mn[SZP(CHS)Z]Z and Cr[SZP(CHB)Z]B from water
is also consistent with small formation constants and the "hard"
nature of the metal ions.

Adduct Formation

It has been suggestedlOO that chelates with small formation
constants show the greatest tendency to form stable adducts. Thus
an extensive adduct chemistry might be expected for the coordinatively
unsaturated dithiophosphinates in view of their small formation con-
stants.

Jorgensen39 has shown that the electronic spectrum of
CO[SZP(OCZHS)Z]Z dissolved in ethanol is very different from that in
carbon tetrachloride although the Co+2 ion is associated with two
ligand groups in both solvents and the same complex is recovered from
both solvents. Similar behavior has been observed in this work for
Co[SzP(CH3)2]2 in chlorocarbon solvents and alcohols (Chapter 6).
Jorgensen99 postulates that a solvate Co[SzP(OCZHS)é]z-ZCéHSOH
of undetermined magnetism may exist in ethanolic solutions.

Dakternieks and Graddon report83 that a stable mono-pyridine adduct
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of Zn[SzP(Oi—-C3H7)2]2 establishes an equilibrium with a bis-pyridine

adduct in solution containing free py¥idine. Kuchen et a1.75’101

claim an unstable bis—-pyridine adduct of CO[SZP(CZHS)Z]Z which
reverts spontaneously to the original complex.
No adducts of Ni[SZPXZ]2 complexes were isolated in this

study although numerous five and six coordinated species have been

12,13,101,102 71,72,103

claimed or confirmed in some of which the

dithiophosphinate ligand is monodentatelOB. The common feature of

these Ni(II) complex adducts is that they are unstable, spontaneously
losing the non-dithiophosphinate ligands. Tebbe and Muetterties
report18 stable 1:1 and 2:1 phosphine and 1l:1 arsine adducts of

Pd[SZP but it is not known whether the ligand is mono or bidentate.

Foly

The pyridine adduct of OV[SZP(C was recently

2fs)a1,
reported37, although it was unstable to loss of pyridine. No adducts

of OV[SZPXZ]Z were isolated in this work rather pyridine and other

bases were found104 to decompose the vanadyl complexes where X =

CH3 and C6H5. In addition, epr studies105 of the exchange kinetics

of the OV[SZPX ) with non-—

2]2 complexes, (X = CH3, C6H5 and 0C2H5

destructive oxygen coordinating bases have produced puzzling and
as yet unexplained results which may suggest transformation of the
chelate dithiophosphinate to a monodentate ligand by the base.
There is some evidence for a reversible reaction of the vanadyl
complex with molecular oxygen.

13,18

Lewis bases are reported to degrade the polymeric

structures of univalent metal ion complexes.
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4.3 Sulfur Replacement by Oxygen

As previously mentioned in Chapter 3, of the compounds
investigated iﬁ this study, only the methyl substituted tetrahedral
bis complexes showed significant replacement of sulfur atoms by
oxygen. No sulfur atom replacement was detected in the volatile

18,57

products of the molecular oxygen oxidations of the complexes

CO[SZPFZ]Z’ Co[SzP(CF Fe[S , or Fe[SZP(CF3) Tebbe

30212 2FFaly 212
and Muetterties18 report that green CO[SZPFZ]Z reacts with water to
give a blue sublimable solid which dissociated during attempted
isclation and also that an 19F nmr spectrum of Pd[SZPFZ]Z in an
acetonitrile-water solution indicated the presence of FZPS; and
F2POS- but that some of the original dithiophosphinate was recovered
by heating at 250°C in the liquid phase under nitrogen.

In the attempted preparations of Co[SzP(CH3)2]2 from
hydrated metal and ligand salts it was found that the extent of O
for S replacement as measured by the infrared spectra of the products
was dependent upon the total water concentration in the organic solvent
used in the preparation. Thus, it was somewhat unexpected that
aqueous solutions of 0.1 M in Co(II) halide salt and 0.2 M in —SZ(CH3)2
yielded the green tetrathio complex as a precipitate on standing as
did mechanical mixing of the hydrated salts. The fate of the dis-
placed sulfur in the organic solvent was undetermined since neither
elemental sulfur nor gaseous sulfur compounds were detected in stoppered
flask preparations of the blue complex CoOS3P2(CH3)4. Nevertheless,

P-S bonds are well known68 to be susceptible to hydrolysis with

replacement of the sulfur atoms by oxygen and evolution of HZS'



Fractional sublimation of blue CoOS3P2(CH3)4 resulted in
the separation of volatile green CO[SZP(CHB)Z]Z and white [(CH3)2PS]20
from a black residue. The volatile products were identified by
their infrared spectra, mass measurement of the parent ion-molecule

in the mass spectra, and in the case of [(CH PS]ZO by its 1H nmr

3)2
spectrum which was characteristic of a symmetrical oxo bridged
diphosphorus compound. The chemical analyses (C, H, and S) together

with the thermogram (Table 4.2) indicate that the CoOS3P2(CH3)4

complex decomposes according to the equation:

2CoOSSP2(CH Co[SzP(CH + [(CH PS]ZO + CoO

34 TE@szoy 3021, 302
(4.7)

An analogous thermal decomposition must accompany the fractional

sublimation of the other crude tetrahedral bis complexes M[SZP(CH3)2]2

since [(CHB)ZPS]ZO was always observed as a sublimable component.

4.4 Mass Spectral Behavior

The ionization of the samples-by electron impact in the
production of mass spectra might be expected to yield fragments
which reflect the thermal stability of the complexes. Since much
of the spectral detail is not required for this discussion, the
tabulated spectra are contained in Appendix B.

The most intense peak in the mass spectra of the complexes

OV[SZPXZ]Z with X = CH C6H5, OCZHS’ ¥, and CF, was that of the

3’ 3
parent ion-molecule. The simple loss of the O atom resulted in

fairly intense peaks for all the substituents which is somewhat

surprising in view of the usually robust nature106 of the V-0 bond,

92
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but is consistent with the thermodynamic stability of V(III) with
dithiophosphinate ligands. No diligand ions [SZPX2]2+ were observed
in the mass spectra where X = CH3, C6H5’ or F and the corresponding

peaks where X = OC H5 and CF, have ambiguous assignments in the

2 3

absence of mass measurements and are of reduced intensity.

With the exceptions of the complexes M[SZP(OCZHS)Z]Z and
the Hg(II) compounds, the spectra of the bis cdmplexes M[SZPXZ]Z
are dominated by the parent ions and those resulting from the loss
of one ligand group with no diligand ion being observed. Where

X = 0C the spectra are complicated by the stepwise loss of CZH4

2752
unitsgs. The mass spectra of the complexes Hg[SZPXZ]Z’ X = CH

3’
107 ) . L +
C6H5, F , and CF3 were dominated by the parent, diligand, Hg ,

and Hg++ ions. The mass spectrum of CoOS3P2(CH3)4 was observed to

be a composite of the spectra of Co[SzP(CH and [(CH PS]ZO.

3)2]2 3)2

Prominent ions observed in the spectra of the V(IIL) and

Cr(III) complexes M[SZPX2]3, X = CH3, C6H5’ OCZHS’ F, and CF3 were

the parent jon-molecules and the parent minus one ligand group.
Peaks due to the ions SV[SZPX2]2+ were weak but observable in the
spectra of the V(III) compounds. In the spectra of the Fe(III) and

Co(III) complexes, no parent peaks were observed with X = CH, or

3

C6H5’ reduced parent peaks were observed with X = OC,H_, F, and CF

275 3?

and in every case peaks corresponding to the M(II) complex

were dominant. Excepted from the above generalizations is

Fe[SzP(OCZHS) which was not included in this work, but it is

2]3

not'expected to behave differently. The observed spectra of the

Co(III) and Fe(III) compounds also possess strong peaks attributable
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to ligand iomns [SZPX2]2+ but again with an exception where X =
C6H5. This latter exception is not understood as the thermograms of
these phenyl substituted complexes clearly indicate that [SZP(C6H5)2]2
is a product of the thermal decomposition and the ion [SZP(C6HS)2]2+
is observed in the spectrum of the Hg(II) complex where the source
temperatures were comparable. The absence of diligand ions in the
mass spectra of the V(III) and Cr(III) -dithiophosphinates in conjunc—
tion with the voltammetric and thermal results render unlikely the
eventual isolation of simple dithiophosphinate complexes of the
divalent ions of these metals.

Consistent with the formulation PtZS6P4(CF3)8’
the mass spectrum of this compound is dominated by a parent peak
corresponding to the proposed45 formulation and a fragment of half
the dinuclear unit. All other ions (including one corresponding to

Pt[SZP(CF ) were not observed to contribute greatly to the total

32212
ionization. It is noted that the mass spectrum of a solid salt
sample obtained from a cooled melt of KthC14 dissolved in

+. - +
[(CH3)3NH 1L SZP(CF3)2] showed Pt[SZP(CF3)2]2 as the most abundant

ion with Pt (CF3)8.+ present in nearly negligible amounts. Thus

25674
it may prove possible to isolate the complex Pt[SzP(CF3)2]2 from
molten salt reactions.

A brief and generalized summary of the fragmentations
giving rise to metastable peaks is presented in Figure 4.1. It is

also to be noted that M%+ ions were generally observed only with the

heavier metals Pt and Hg.



-CH -S,PCH
+ 3 + 2 3 +
MS4P2(CH3)4 MS4P2(CH3)3 —_— MSZP(CH3)2
-SPC_H
+ 65 +
———eeee)
MS4P2(C6H5)4 MS3P(C6H5)3
-4
MSZPZ(C6H5)4
-C,H -C,H
+ 274 -+ 274 +
M84P2(002H5)4 —— MS4P2(0C2H5)3OH —_— M34P2(0C2H5)2(0H)2
1—02H4
-C,H
+ 274 +
MS4P2(OH)4 —— MSAPZOCZHS(OH)3
-PF
+ 2 +
M84P2F4 —_— MSZPF2
l—s?_PF2
+
MSZPF2
~CF -CF
+ 2 + + 2 +
MSAPZ(CFB)A MS4P2(CF3)3F H MS4P2(CF3)3 _— MS4P2(CF3)2F
Hgs,P.X, — Hg' + s,P.x,7, X = cH,, C.H., F, and CF,.
4274 47274 2 3% “gi5? T 3
FIGURE 4.1: Mass spectral fragmentations usually resulting in

metastable ions.
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CHAPTER 5

MAGNETOCHEMISTRY

5.1 Introduction

Although both the electronic, spectral and magnetic pro-
perties of molecules are dependent upon the molecular energy level
distributions the knowledge of the ground staté obtainable from the
magnetic properties provides a useful starting point for the
interpretation of the electronic spectra. Hence the magnetic results
are presented and discussed prior to the electronic spectral data
with forward references where necessary.

Much of the present chapter is concerned with the results
of static field bulk magnetic susceptibility measurements on
powdered solids. The static field susceptibility results are
presented most compactly in terms of the constants of the Curie-Weiss
equation (2.6) and tﬁe derived magnetic moments contained in Table
5.1 so the more voluminous temperature-gram susceptibility data are
relegated to Appendix C. The form of the Curie-Weiss equation used
(equation (2.6)) results in the Weiss constant (8) assuming the same
sign as the coupling between the component magnetic dipoles of the
compounds. However, ground state degeneracies and thermal population
of higher term levels, among other possibilities, also affect the
magnitude and even the sign of 662’63’108—110. Thus the diagnostic
value of 0 is dependent upon knowledge of its source. The three

parameters A, B, and D of equation (2.7) are quite adequate to
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describe (within experimental error) the temperature dependent
magnetic behavior of most paramagnets at temperétures above -200°C.
Failure of variations in A, B, and D to force the susceptibility
data to yield a straight line is inferred to imply "magnetically

62’63’108-113. For '"normal" paramagnets,

62,63,108-113

concentrated" behavior

the effective magnetic moment is given by the equation

Hoee = 2.828\’)(§°rr(T—6) (5.1)

in units of Bohr magnetons where T is the temperature (°K) and

corr . iy e
XM is XM corrected for the temperature independent susceptibility
components.,

The interpretation of the results is based upon the Ligand

Field Theory as described in references 62, 63, 108-113.

5.2 Results and Discussion

Zinc Group Complexes and Diamagnetic Corrections

As expected for a filled subshell configuration (dlo),
the complexes M[SZPXZ]Z, where M = Zn, Cd, Hg, and X = CH3, C6H5’
0C2H5, F, and CF3 were found to be diamagnetic. Advantage was
taken of the diamagnetism of the zinc complexes to estimate the
diamagnetic susceptibilities of the ligand anions —SZPXZ' The
results are contained in Appendix C and are in reasonable agreement

62,114 with small

with values derived solely from Pascal's constants
differences of unknown origin in the cases of _SZP(CH3)2 and
SZP(OC2H5)2.

No separate account of the inherent diamagnetic component
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of paramagnetic ions themselves were made. Thus the determinations
of the temperature independent paramagnetism as TIP = D - xﬁ (equa-—-
tion (7), et seq.) result in TIP values that are inherently too small
by the diamagnetism of the paramagnetic ion.

Oxovanadium(IV) Complexes

Vanadyl complexes usually possess a magnetic moment near
the spin-only value of 1.73 BM consistent with a 3dl electronic
configuration of the vanadium ion106. This "normal' behavior extends
to the dithiocarbamateslls. However, carboxylate complexes of the
OV+2 ion84 show distinct antiferromagnetic behavior which is different
from that observed for the dinuclear Cu(II) carboxylatesas. It
has been suggested84 that the vanadyl carboxylate magnetic behavior
is the result of bridged polymeric chains compatible with V-0¢+:V=0.0.
interactions.

The respective normal magnetic moments of 1.77 BM (296°K)
and 1.73.BM (298°K) recently reported for the blue complexes
OV[SZP(CZH5)2]237_and OV[SZP(C6H5)2]238 are in agreement with the
results of this work (Table 5.1) for the blue complexes where X =

CH3, C6H5’ and OCZH The molecular packing observed15 in the

5°
crystal structure of OV[SZP(CH3)2]2 (Figure 3.2) suggests the absence
of strong magnetic intermolecular interactions and is consistent

with the small Weiss constants obtained for the blue compounds. The
TIP values given in Table 5.1 for the compounds with X = CH3, C6HS’

and OC.H_. are in rough agreement with the value 100 x 10_6 estimated

275
116
by Ballhausen and Gray for OVSOa-SHZO.
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The solid state magnetic susceptibilities of the black

complexes OV[SZPFZ]Z and OV[SZP(CF could not be fitted to the

3)2]2
Curie-Weiss equation without assuming large ''megative" TIP values
(Table 5.1). When no TIP '"correction' was applied to the suscepti-
bility data the Weiss constants became quite large énd positive
(Table 5.1) possibly indicating ferromagnetic behavior. However

on the basis of the simple Curie law (no TIP or 6§ terms) a two-fold
increase in the field parameter H-%% (equation 2.4) decreased the
calculated magnetic moment by roughly 10% while a reduction in
temperature increased the moments for both complexes. Such behavior

62,63,108-113 and cannot be simply

is anomalous even for ferromagnets
explained in terms of impurities since these would necessarily be
volatile in order to co-~sublime with the complexes during purifica-
tion. Solution susceptibility measurementsss by the Evans (nmr)
method yielded magnetic moments of 1.75 BM (X = F) and 1.77 BM (X =
CF3) in 10% (v/v) toluene/benzene solutions where the paramagnetic
susceptibilities were calculated from the relative chemical shifts of
the methyl protons. Thus it appears that the interaction responsible
for the anomalous solid state magnetic behavior of these complexes

is disrupted upon dissolution.

Powdered OV[SZP(CF3)2]2 gave55 a broad epr spectrum
centered at g ~ 2.3 in support of the high moments determined from
the Faraday method susceptibility measurements. The epr data
obtained55 from chloroform solutions at ambient temperatures and
glasses formed from 3:1 (v/v) chloroform-isopropanol or pentane-

isopropanol solutions at liquid nitrogen temperatures are collected



in Table 5.2 with
spectra consisted
ing from coupling
nuclear spin (I =
1/2). 1In no case

resolved.

data from other sources39 for comparison. The
of the expected 24 lines (octet of triplets) result-
of the unéompensated electron spin with the 51V

7/2) and the two equivalent 31P nuclear spins (I =

was super-hyperfine coupling to the substituents

Apart from the differing coupling constants, the spectra

were further distinguished by significantly different line widths.

While the lines of the complexes with X = CH, and CF., were narrow

3 3

C$6 gauss) and well resolved, the spectra of the complexes with X =

CoHs,

OCZHS’ and F were complicated by line widths nearly twice as

large causing extensive overlap of lines at the high field end of the

spectra. It is notable that the line widths do not appear to be a

strong function of molecular size and that the substituents which are

classically thought capable of participation in the T-type bonding

with the P atoms produce the widest lines.

However, there appears to be

102

no clear correlation between the line widths and the substituent electri-

cal effects (Table 3.7).

The 31P

P . .
coupling constants A" vary in accord with the

frequency of the M-S vibrations (Chapter 3) suggesting that a shorter

M-S bond length coincides with a shorter V~P separation resulting in an

increased magnitude of AP. While AP appears to be isotropic within

the accuracy of the measurements, AV is anisotropic to the qualitative

degree expected in view of the presumed molecular geometry in

solutions.

The variation of AV with substituent appears to support the
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concept of transduced substituent electrical effects by the follow-

ing arguments. Defining a Cartesian coordinate system for the
symmetry) such that the OV and PX

molecules OV[SZPXZ]2 (c groups

2v 2
lie in the xz plane with the O-V bond on the z axis, then both the
vanadium 4s and 3dx2—y2 orbitals are bases for A1 irreducible
representations. Thus these orbitals will participate in the same

MO's. The substituent dependence of A? and electrostatic considerations
support a principally vanadium 3dx2—y2 character to the MO containing
the odd electron39. Since the V 3dx2_y2\orbital lies in the xy

plane, the folding of the chelate rings away from the xy plane means
that the "x" lobes of the dxz—yz orbital project out and over the
chelate rings. Hence this orbital is probably involved in bonding
interactions affected by the T-type acidity of the ligands (although
overlap is of the 0 type). Qualitative MO comnsiderations indicate

that the fractional contribution by component orbitals to a MO is
directly proportional to the component orbital overlap and inversely
proportional to their energy difference. With reference to Figure

6.4 (the m-type label on the "dxz_yz" MO is arbitrary), a strong

bonding interaction with the dxz-yz atomic orbital is anticipated to

raise the energy of the antibonding "dxz— " MO and thus increase

y2
the V 4s orbital contribution and the magnitude of AV (assuming a
Fermi contact mechanism)llo. Without a concurrent decrease in

bond lengths (increased orbital overlap), the magnitude of A?

may be expected to be reduced by the same considerations. Trans-—
duction of the substituent electrical data given in Table 3.7 predicts

that the ligands with X = F and CF3 should be the most T acidic and

hence form complexes OV[SZPXZ]Z with the largest vanadium couplings in



agreement with experiment (Table 5.2). The extent to which geometrical
factors determine the magnitude of AV is unknown and precludes
speculation on the origin of smaller trends in the data.

Vanadium(IIT) Complexes

The ion V+3 has 3d2 electronic configuration for which the

74

Orgel diagram predicts a 3T ground term in an octahedral field .

lg

The magnetic properties of a 3T term  under simultaneous perturbation

lg
by spin-orbit coupling and a trigonal ligand field component has been

treated in theory by Figgis, et al.ll7. The splittings of the 3T1g

term are qualitatively indicated in Figure 5.1112. There is some
uncertainty as to the relative ordering of the 3E and 3A2 terms
although spectral studies31 on single crystals (of V[SZP(OCZHS)Z]B
3
5)2]3) support a A2

ground term. The magnetic susceptibility of guanidinium hexaquo-

diluted in the host lattice of In[SzP(OCZH

vanadium(III) sulfate is reported118 to drop rapidly below 25°K in

confirmation of a non-magnetic ground level.The values 61 v 800K

and 62 v 7,2K were estimated]f18 for this latter compound.

The complexes V[SZP with X = CH C6H5’ OCZHS’ F, and

3’

CF3 were found to obey the Curie-Weiss equation very closely in the

temperature range 90 — 300°K with small Weiss constants (Table 5.1).

X154

When no TIP corrections were applied to the susceptibility data, large
and negative Weiss constants indicating antiferromagnetic coupling
resulted in contradiction with resultant magnetic moments which
exceeded the spin-only value of 2.83 BM (except in the case of

V[SZP(C6H )} (Table 5.1). However, point calculations from the

5)2]3
susceptibility data, e.g. for V[SZP(CF3)2]3,'assuming the simple

105
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Curie law (to the neglect of 6 and TIP) yielded Haj3.3 = 2.82 BM
and u89.2 = 2.67 BM. Therefore in apparent agreement with the pre-
dictions of the theory117 the moment decreases with temperature, but
the decrease is obtained at the expense of a TIP term contribution.

119

If the value 8y = 1.87 is assumed as found for vanadium(III)

corundum which is postulated to also possess a trigonally distorted

ligand field about the vanadium atom, then the expressionllo

ueff = gavVS(S+l) (5.1)

yields a moment of 2.64 BM (S=1) in excellent agreement with the
TIP corrected magnetic moments in Table 5.1.

Clearly liquid helium temperature measurements are required
to provide the definitive information on the ground states of these
vanadium(III) dithiophosphinates. Unfortunately, short relaxation
times and presumably a large value of 61 (Figure 5.1) have precluded
the observation of epr spectra at ambient or liquid nitrogen
temperatureszs’54. Recently, the respective values ueff = 2.7, 2.82
and 2.84 BM at ambient temperatures were reported for the complexes
V[s,P(C_H_).] 36 V{s,P(C. H.),] 37 and V[S,P(C,H.),] 37 in agreement

2 6°5°2°3 ° 2 275°2°3 > 2 3777273
with the data in Table 5.1.

Chromium(III) Complexes

The Orgel diagram74 for a 3d3 electronic configuration in
an octahedral ligand field predicts a 4Azg(F) ground term. The term
splittings induced by trigonal distortion, spin-orbit coupling, and

12

an. applied magnetic field are qualitatively depicted in Figure 5.21 .

The complexes Cr[SzPX2]3 with X = CH3, C6H5’ OCZHS’ F, and CF3 were
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found to obey the Curie-Weiss equation very closely with effectively
zero B6-values (Table 5.1).
Simple Curie law calculations (neglecting 6 and TIP) for

Cr[SZP(CF = 3.90 BM and U92.9 = 3.82 BM which as

30213 83Ve M3g3 5
with the V(III) complexes represents a slight reduction in moment with
temperature. The latter values are to be compared with a spin-only
moment of 3.87 BM. If the value 8 v =-l.9905 (obtained from the epr

spectra of Cr[SzP(OC2 diluted in a single crystal of the

Oa

Hg)ply
isostructural31 and diamagnetic Co(III) complex)12 is assumed,
equation (5.1) gives a moment of 3.85 BM (S = 3/2) in excellent
agreement with the TIP corrected moments in Table 5.1. Once again
inclusion of a TIP term in the expression for the magnetic
susceptibility compensates for an apparent temperature dependence
of the magnetic moment for temperatures above liquid nitrogen.
Mixing of the ground term with higher terms via spin-orbit
coupling is accounted for in the measured g—valueslll. Considering
only mixing of the 4Azg ground term with the first excited 4T2g

term via the spin-orbit coupling operator, Figgislll has determined

the expression
2
g = g (1 - 4k"A_/|10Dq] (5.2)

to a first order perturbation within the Crystal Field Theory

approximations. In equation (5.2), 8, is the free electron value,

Ao is the free ion term spin-orbit coupling constant (as defined by
1

Figgis 11), k is the electron delocalization (orbital reduction)

factor, and 10Dq has its usual significance. For Cr[SZP(OCZHS)Z]B
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with g = 1.99057202 A = 91!, 10Dq = 14.4 KK (Chapter 6), and

8, = 2.0023110, the complexed ion spin-orbit coupling constant111
A= kko v 44 K, where k 0.48,

Mixing of the ground 4A term with the first excited 4ng

2g
term via the magnetic moment operator results in a TIP term for

which Figgisll1 has determined the expression
2,2 )
TIP = 8k“NB“/|10Dq| (5.3)

where N is the Avogadro number and B is 1 BM. As seen from the data in
Table 5.1, there is only order of magnitude agreement between the
"empirical" TIP values and those obtained from equation (5.3) using
the spectral values of 10Dq (Chapter 6) and assuming k = 1.

At a radiation frequency of 9320 MHz, Garif'yanov, et al.120b
observed the epr spectra of Cr[SzP(C3H7)2]3 and Cr[SZP(OCZH5)2]3 in
toluene solutions to consist of single broad lines (AH v 300 gauss)
with g = 1.97 at ambient temperatures. At an irradiating frequency
of only 300 MHz a narrow (AH v 40 gauss) asymmetric line with g =

120b. Such a g-value is statedlzob to be

2.5 at 77°K was found
observable at low frequency only if 62 (Figure 5.2) is somewhat greater
than the high frequency field quanta, i.e. 62 > 0.01K. The epr
studie5120 of the Cr(III) dithiophosphinates have revealed nearly
isotropic g-values consistent with small distortions from cubic
coordination of the metal atom.A The line widths were too broad to
observe hyperfine structure from the P atoms.

1

. 12 34
The magnetic moments of Cr[SZP(C2H5)2]3 and Cr[SZP(OR)Z]3

complexes where R is an alkyl group are reported to be close to the
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spin-only value as determined by the Gouy =ethod. Solution
susceptibility measurements (Evans (o=r) ==thsd) on the latter com—
plexes34 and Cr[SzPF2]318 similarly reselted in mezr spin-only
values.

Manganese(I1) and Iron(IiXII) Cc=rlexes

The ions Mn+2 and Fé+3 have the cocomom electronic configura-
tion 3d5 leading to a 6A1 ground term in ligand fields imsufficiently
strong to cause electron pairinglll_llz. Since mo other sextet terms
can arise from a d5 spin—-free coafiguration, the TIP and orbital
contributions are anticipated to be saalllll- The spin-only value for
five unpaired electrons is 5.92 BM.

The magnetic moments of the "tetrzhedral™ mzngznese complexes
(Table 5.1) are close to the spin-only value but ramge more widely
than might have been expected for a magnetically simple system. The
large 6-values cf the manganese compounds signify some degree of
magnetically concentrated behavior, but the zatiferromzgnetism implied
by the negative sign is not consisteat with the liarge moment obtained
for Mn[SZPFZ]Z' The structural variation with substituents (Chapter 3)
may account for the unexpectedly large differezmces in the Curie-Weiss
equation parameters given in Table 5.1. Tebbe znd Hnettertiesls
found that Mn[SzPFZ]2 in solution gave [ 5.9 B by the Evans (amr)
method. The results obtained for these Mn(ii) dithiophosphinates agree
quite well with values found122-123 for tetrzhedrzi complexes of
Mn(II) with monodentate ligands.

Fe[SZP(C6H5)2]3 was the only Fe(III) complex studied

magnetically in the course of this work. The more effective magnetic
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As generally found125 for tetrahedral complexes of Fe(IIl),

are higher than the

the magnetic moments of the complexes Fe[SZPXZ]Z

spin-only value expected for six electrons restricted to five d orbitals
(Table 5.1). The moment u303 = 5.2 BM determined for Fe[SzPF2]2 in
solution by Tebbe and Muetterties18 is taken as evidence that the high
moments are not due to some cooperative phenomenon characteristic of
the solid state. However, as with the Mn(II) dithiophosphinates, the
large negative Weiss constants are symptomatic of non-~simple behavior
as reinforced by the magnitudes and scatter of the empirical TIP
values in Table 5.1. The structural variations with substituent
(Chapter 3) must account for a large part of the magnetic variations.
The Orgel diagram74 for a d6 ion in a tetrahedral ligand
field predicﬁs that the free ion 5D ground term should be split into
a lower 5E term and an upper 5T2 term. By consideration of spin-
orbit coupling between these two terms, Figgislll arrived at the

equation

_ _so 2

while coupling between the two terms via the magnetic moment operator
gave

TIP = 4k’Ng?/|10Dq], (5.5)

where the symbols have their previously defined significance (see

equations 5.2 and 5.3 ). Taking ]lODqI N 7KK (Chapter 6) equations
(5.4) and (5.5) lead to the impossible result that Xk is greater than
unity. Thus the assumptions of the theory leading to equations (5.4)

and (5.5) require re-evaluation. Nevertheless, TIP values estimated



from equation (5.5) with k = 1 are included in Table 5.1.

Clark, et al.125, have attempted to account for the high
moments obtained for tetrahedral Fe(II) halide complexes by inclusion
of a contribution from the 3d5451 configuration. Their calculations1
indicated that by reduction of the positive charge at the Fe+2 ion,
terms involving two more unpaired electrons could be brought into
thermal range of the ground term. The-free ion Fe+ configuration 3d64s
has a ground term 6D with five unpaired electronslzs. It is clear that
consideration of a single electronic configuration is an oversimplifi-
cation of the problem. Clark, et al.lzs, noted further than without
TIP corrections, the magnetic moments of the Fe(II) halide complexes
decreased monotonically with temperature. Point calculations
(neglecting TIP and 0) for Fe[SZPFz]2 gave Uzqy 4 = 5.20 BM and
Hgy 1 = 4,60 BM in agreement with the behavior observed125 for the

tetrahedral halide complexes.

Cobalt(I1) Complexes

The Orgel diagram7é for a 3d7-electronic configuration in
a tetrahedral ligand field predicts a 4A2 ground term. The magnetic
moments of the complexes CO[SZPXZ]Z with X = CH3, C6H5’ F, and CF3
significantly exceed the spin-only value of 3.87 BM (Table 5.1). An
explanation of the high moments can be developed parallel to that dis-
cussed for the Fe(II) complexeslzs. By consideration of spin-orbit
and magnetic moment operator coupling between the ground 4A2 and
first excited 4T2 terms, Figgislll derived the expressions

_ ..s0 2
Mape = Mopp (174K Ao/llonq|) (5.6)
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and

TIP = 8k2N82/110Dq|. (5.7)

From the spectral results of Chapter 6 and equation (5.6), kX was
calculated to be near unity. The TIP values calculated using k = 1
in equation (5.7) are included in Table 5.1 for comparison with the
empirical values.,

Tebbe and Muetterties18 presént rather puzzling results for
Co[SzPFZ]2 in such solvents as heptane and 1,2-dichloroethane. Gouy
method measurements gave ueff = 5,1 BM whereas Evans (nmr) method
measurements gave 5.9 - 6.2 BM18. Both these latter sets of values
are high in comparison with the solid state results given in Table
5.1. Mukherjee, et al.l4a, found u298 = 4.37 BM for Co[SzP(C6H5)2]2
in precise agreement with the TIP uncorrected value found in this
study. Kuchen and Judat75 report the values Mogg = 4.83x0.05 BM
(@ = =49°) and u295 = 4.46 BM (calculated from the simple Curie
equation) for Co[SzP(C6H5)2]2. No mention of TIP was made in this
latter report75 such that the large moments and 6-~value probably
resulted from its neglect,

The poor analytical data obtained for C°[SzP(0C2H5)2]2
(Table 2.1) render unreliable the values included in Table 5.1; even
though the electronic spectra of dissolved samples were in agreement
with published spectra99. It is believed that these preliminary
results establish CO[SZP(OC2H5)2]2 as a genuine anomaly in this
series of Co(II) dithiophosphinates and worthy of further study.

The results obtained for HgCo(NCS), (Table 5.1) are slightly
4

different from the values ueff = 4,32 BM (6 = -4, TIP = 428 x 10_6)



previously reported126, although agreement is good for TIP uncorrected
values at higher temperatures. The diagmagnetic correction applied
herein was obtained from the measured diamagnetic susceptibility of
Han(NCS)A, corrected for the Zn.++ ion114 (Appendix C).

Divalent Nickel Group Complexes

The complexes M[SZPXZ]Z with M = Ni, Pd, Pt and X = CH3,

C6H5’ OCZHS’ F, and CF3
support of a general planar conformation. N:’L[SZPF2]2 was shown18 to

be diamagnetic even in the molten state (mp v43°C). The 19F nmr

spectra of the complexes with X = F18 and CF356 are consistent with

a diamagnetic species in solution. PtZS6P4(CF3)8 was also determined

(except Pt) are uniformly diamagnetic in

to be diamagnetic in the solid state. The absence of planar —
tetrahedral conformation equilibriaso in this dithiophosphinate system
is quite certain.

Copper(II) Complexes

No divalent metal ion complex M[SZPXZ]Z has yet been
isolated for any coinage metal (Cu, Ag, or Au). The sole reliable
source of information concerning these Cu(II) complexes has been the
epr spectra obtained from organic solvent solutions in which the
Cu(II) complexes with X = R and OR (R is an alkyl or aryl group)39
have a sufficiently long lifetime to allow observation of a spectrum
before spontaneous reduction of the metal ion occurs (cf Table 4.1).
Only the epr spectrum of Cu[SZP(CﬁHS)Z]Z was observed in the course
of this work and was found to be in agreement with a previously
published spectrum39. Nevertheless, this system provides a further

test of the substituent effect hypotheses developed herein.
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Unfortunately, no epr spectra have been obtained where X = F18 or

CF3127, although attempts were made.

Tabulations by Wasson39 give the isotropic solution epr
parameters &y = 2.054%0.001, ACu = 73%2 gauss, AP = 9,2+0.3 gauss for
the complexes Cu[SzP(ORz)]2 and g, = 2.047%0.002, ACu = 69+1 gauss,
AP = 5.6+0.3 gauss for the complexes Cu[SZPRZ]Z' If it is presumed
that the Cu(Il) complexes are planar with D2h symmetry, then it might
be further anticipated that the d-orbital energy orderings are similar
to those of the Ni(II) complexes (vide infra, Figure 6.15). 1In a
Cartesian coordinate system in which the plane of the molecule
coincides with the xy plane and the metal and phosphorus atoms lie
in the xz plane, the dxy orbital with lobes directed at the sulfur
atoms is expected to be of the highest energy. On the basis of
Crystal Field Theory considér;tions, this is the orbital occupied by
the odd electron and is a o* orbital in MO theory. Thus the order of
couplings may well be considered to be determined by the ¢ bonding
perturbations by the substituents.

Wasson39 has noted that the degree of phosphorus 3s orbital
involvement in molecular bonding is probably dependent upon the P-S5
bond lengths and SPS, XPX bond angles and partially rationalized the
order of A? values in these terms. However, he did not mention39 the
possible effects of M~S bond length variations with substituent which
might be even more important. The electrical substituent effect
arguments presented in Chapter 3 and applied to Ni(II) complexes

are equally valid for planar Cu(il) complexes and predict simultaneous

shortening of both the M-S and P-S linkages for the OR substituents

117



118

relative to the R substituents. Since shorter bond lengths imply
better overlap of atomic orbitals, the observed orders of both ACu

and AP, i.e. A

OR > AR’ is accounted for by the substituent electrical

effects. The small differences in coupling constants due to the
changes in the R groups also appear ordered according to the Hammett-

Taft parameters for the R groups (Table 3.7).
39 18

The compounds CuSZPX2 with X = CH3, C6H5’ OCZHS s F and
CF3 were all diamagnetic as expected for a closed shell configuration
(3d10). Other Cu(l), Ag(I) and Au(I) complexes bearing other

substituents are undoubtedly also diamagnetic13’22’39.

5.3 Summary and Conclusions

It is quite clear that magnetic susceptibility measurements
at and above liquid nitrogen temperatures are inadequate to unambiguously
test the present theories of temperature dependent magnetism when
applied to dithiophosphinates in particular. With the exceptions of
OV[SZP(CF

3 and Co[SZP(OC the magnetic behavior

OV[SZPF 2H5)2]2’

2]2’ 3)2]
of dithiophosphinates quite generally parallels that of the correspond-
ing metal ion complexes with monodentate ligands. The greater
effective magnetic dilution afforded by tris coordination as opposed

to bis coordination is manifested in the uniformly small Weiss constants
for the tris complexes although part of this difference may be due to
the smaller size of the trivalent ions. The negative sign of the
Weiss constants for the tetrahedral bis complexes is indicative of

antiferromagnetic coupling between the metal ions.

The significant influence of the substituents upon the



physical properties of dithiophosphinates is further emphasized by the
three magnetically anomalous cases.mentioned above. Except for the
vanadyl compiexes, the similarity in magnetic susceptibilities of

the remaining compounds with X = CH3 and CF3 is notable and remark-
able in view of the large difference in the substituent electrical
effects (Table 3.7). A possible explanation for this latter regularity
may be that the thermal population distributions of the complexes with

nl28

"shape . The sensitivity

X = CH3 and CF3 have the same statistical

and precision of the epr results demonstrate that the CH3 and CF3
substituents affect the electronic environment of the wvanadyl ion
quite differently. 1In situations where the molecular environment is
standardized (e.g. in solution), it appears that the Hammett-Taft
parameters can be applied successfully to the interpretation of the

differences in magnetic (electronic) properties resulting from

variation of the substituents.
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CEAPTER 6

ELECTRONIC SPECTRA

6.1 Intrecociicon

Im previous chapters attempts were made to analyze the known
meleculsr structures, chemical reactions, and magretic properties of

dithicoZcssain=te coxplexes in terms of the specific contribution of
the suhbscisus—rts on the phosphorus atoms. The potential sensitivity
of electromic =bsorption spectra to small differences in chemical
bonding is well established. While the electronic spectra of dithio-
phesphimztes h=ve been discussed in several recent papers and
revieﬁsllfl3, no previous research involving dithiophosphinates has had
the particmizr =dvantage of the wide range of substituents studied in
this work. Ir is intended in this chapter to present and attempt an
interpretzticon of the solution absorption and diffuse reflectance
spectrzl results for OV(IV), V(III), Cr(III), Mn(II), Fe(III), Fe(1I1),
Co(EXL), Co(iT), ¥i{ii), Pd(I1), Pt(II), Zn(II), Cd(ID),
Hg(EI) dithicphosphinates and the dithiophosphinate anions with the
phosphorus wniformly substituted by CH., C6H5’ OCZHS’ F, and CF3.
Bowewer, the m=tTrix of compounds versus substituent was not completed
for =11 fiwe subsrtituents in all cases (ci Table 2.1), but the
zbsences zre moted and in some cases were filled by other work.

The characteristics of electronic spectral absorption bands
hzve beer extersively discussed by many authoritiesa*’74’]'11"113

in terms of b=mZ origins, intensities, widths, fine structure, and

asymmetries. From = phenomenological point of view absorption bands



of transicion metal complexes in solution are usually broad compared
with atomic absorptions and are of an approximately Gaussian shape
when obtained as absorbance (A) or molar absorptivity (£) versus
exciting radiation frequency (v) . Thus it is possible to concentrate
on only three parameters of each band: the position of the maximum
(vmax)’ the half-width (width at half-height, §), and the total
intensity as measured by the area (/%7TE§' 806) or some function

of the area64. Asymmetry of bands may be accounted for in part by
allowing different half-widths, §_ and 6+, for the low and high

energy sides of each band such that64

§ = (5_ + 8,)/2. (6.1)

In concurrence with common practice, band intensities in
soblution spectra are presented in terms of the f-number or oscillator
strength, which represents the ratio of the probability of radiation
absorption or emission to the probability for the same process of an
equivalent classical harmonic oscillator. Oscillator strengths have

the interesting property that their sum over all transitions yields
129,130

the number of electrons in the molecule . For a Gaussian peak
3 2
£=33 B 10fe(\))d\) = 9.20 x 1077 €_8 (6.2)
e

where m and e are the electron mass and charges, N is the Avogadro

number, and c¢ is the velocity of lightlyz For reasons most concisely
74

presented by Lever , a large indeterminacy is associated with diffuse

reflectance spectral band intensities, although band positions are

reliable. Comparisons of solution spectrahand solid state reflectance
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spectra can be used to indicate the presence of solid state effects

or structural differences.

6.2 The Molecular Orbital Theory Applied to Dithiophosphinate Complexes

The hyperfine structure in the epr spectra of the OV(IV) and
Cu(II) dithiophosphinates (Chapter 5) clearly indicates that covalency
is significaﬁt in these complexes and that a unified molecular orbital
{MO) treatment is most appropriate in a description of their
electronic properties. Nevertheless, the historical distinction
between weak bands attributable to Laporte forbidden electronmic
excitations within the metal ion d-orbital manifold (ligand field
transitions) and the more intense bands at higher energy arising from
transitions involving ligand orbitals (electron transfer transitions)
will be retained for computational and classification purposes
within established theory. In order to underline the most important
MO energy differences, purely qualitative MO diagrams are produced
for each idealized coordination geometry, assuming that the molecules
are monomeric in solution. The MO diagr;ms are largely an extension
of - one published by Jorgensen131 for the tris dithio- or diseleno-—
phosphinates M[S(e)ZP(OC2H5)2]3 which was used herein as a model.
An account of the bonding in structures XZPA2 (e.g. RZPOZ_) is given
by Hudson132, while Ballhausen, et al.133 have reviewed the limitations
and pitfalls of simplified MO calculations in general.

Since the MO diagrams are only intended to be quali-
tative, a limited basis set of atomic orbitals has been used. Since

the MSP bond angles in chelating ligands are close to 90°, only
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the S 3p orbitals are included, along with the P 3s and 3p and the

metal 3d, 4s, and 4p atomic orbitals. For the vanadyl complexes,

only the 2p orbitals of the O atom were considered. Inclusion of the
omitted orbitals is anticipated134 to decrease the energies of

the bonding MO's and add more high energy antibonding MO's, unnecessarily
complicating a merely qualitative diagram. The relative energies- of

the atomic orbitals were estimated from their orbital ionization

energies or the tetrahedral valence state ionization energy135 in

the case of the phosphorus atoms.

Since the metal atom M is presumed to be less electronegative
than P, the predominantly Ogp orbitals are placed below the OSM
orbitalsl31. After all the Ogp and Oom bonds are formed, there
remains one ﬂ—type.orbital per S atom. These will split up into a
bonding and an antibonding MO set due to theApresence of two closely
adjacent S atoms in each SZP unit131. The remaining MO orderings were
qualitatively fixed on the bases that the extent of bonding is directly
dependent on the atomic orbital overlap-énd inversely dependent upon
the energy separation of the participating atomic orbitalsl33. It
is realized that the actual MO's are linear combinations of all
orbitals of approp;iate symmetry but for simplicity only major atomic
orbital components are connected to the respective MO by tie lines.

In these diagrams, shown in appropriate places in subsequent
sections, the important energy separations to be determined by

experiment are the highest bonding orbital-d-shell difference (4,),

the splittings within the metal d-shell (10Dg, etc.), and the
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difference in energy between the metal d-shell and the higher anti-
bonding levels (Az). It is the d-orbital splittings of the metal ion
which determine the character of the ligand field spectra while the
relative magnitudes of Al and A2 govern whether the lower electron
transfer bands are of the metal-to-ligand (M + L) or ligand~to-

metal (M « L) type.

The MO diagrams for the tris‘and tetrahedral bis complexes
are given in Figures 6.1 and 6.2. In these and subsequent diagrams
it is emphasized that qualitative considerations cannot give the
relative orderings of orbitals within clustered sets. Furthermore,
while there is some confidence in the gross ordering of the bonding
orbital sets, the lowest lying antibonding orbitals above the metal
d-orbitals are unknown.

The qualitative success of the point charge or dipole
electrostatic Crystal Field Theory in accounting for the ligand field
spectra and magnetic behavior of complexes with nearly octahedral or
tetrahedral coordination geometries has led to its development as a
semi-empirical MO theory, the Ligand Field Theoryll3. In the Ligand
Field Theory, the d-orbital manifold of a tramnsition metal ion in a
complex is characterized electronically by three sets of semi-
empirical parameters: (i) the Racah interelectronic repulsion
parameters B' and C', (ii) the orbital energy differences (10Dq in
cubic symmetry, three values in tetragonal symmetry, and four in
lower symmetries), and (iii) the ground term spin-orbit coupling

constant 1113.
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The Spectrochemical Series of Ligands

Selected ligands of interest for comparison purposes are

arranged in sequence (6.3) in order of increasing Dq values found for

their transition metal complexeslz’74’97.

I" < R,PSe,” < R,P(Se)S” < R,PS,” < Br < SCN™ v €l < (RO),PSe, "

2°°%2 272
572 < (RO)ZPSZ_ "~ F,PS,” < RNCSe,” < N, < F " R,P(S)07 < RZNCSZ_ <
ROCSZ_ <(NH,) ,CO v OH < RCSZ_ < ozczsz_2 < 020202"2 Y H,0
< NCS < pyridine ™ NH3 < ethylenediamine v §93—2 < 2,2'-dipyridyl
~ 1,10-phenanthroline v NO,~ < R~ << CN < CO. (6.3)

2
In this spectrochemical series R is an alkyl or aryl group and
ambiguity due to linkage isomerism is removed by underlining
coordinating atom(s).

Referring to Figuré 6.1 and assuming octahedral coordina-
tion by the ligands, 10Dq is seen to be the difference between C-anti-
bonding and T-anti-bonding molecular orbitals. However, the tZg
set of d orbitals is anti-bonding with T-donor ligands (MM <« L)),
non-bonding with non-T-bonding ligands, or bonding with T-acceptor
ligands (7(M = L)) . Thus the spectrochemical order of ligands
assumes the order of increasing T acidity in the Lewis sense.

64

Jorgensen ' has considered 10Dq for a complex of cubic coordination

geometry to be the algebraic sum of at least four contributions

10Dq v electrostatic first order perturbation + o(M < L) + m( > L)

- TT(M - L)o (6-4)
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The Nephelauxetic Series of Ligands

Where the B' values of the complexes are known, the ligands
of sequence (6.3) may also Be ordered according to increasing ability
to reduce interelectron repulsions within the d-orbital manifold64’74.

The generally observed reduction in repulsions has been attributed

to two effects (i) an effective reduction in the metal ion nuclear

charge by penetration of the d-shell by the ligand electrons {(central
field covalency) in accordance with the principle of electroneutrality,
and (ii) delocalization of the metal electrons (symmetry restricted
covalency)64’7€ Both the above mechanisms ({i) and (ii)) imply an increase
of the d-orbital radial functions with covalent bonding. For com-

parison of the relative reductions in electron repulsion within the

d—-orbital manifold between different complexes it is usual to

compare the values of the nephelauxetic ratio64’74
B ' ,
complex _ B _ 8 (6.5)
free ion B ‘

In order of decreasing 864’74’97 the nephelauxetic series for most of the

ligands of sequence (6.3) is

free space > F > H,0 > OH > (NH > ethylenediamine

-2 -2
~ 077~ 0,C,0,

T A clT v EN > Br v SO

2 2)2CO > RZP(S)O > NH,

" 1,10-phenanthroline v~ 2,2'-dipyridyl v pyridine

-2 - - -2 -
2 3 Y N3 ~ SCN > S Y 02C2§_2

v F2PS2 Y (R0)2P82 v RZPSZ v RZNCS2 v R2P(Se)S > ROCS2 v I

Qv R2NCSe2 N (R0)2P8e2 N R2P3e2 > RCS2 > RSCS2 ’ (6.6)

Vv NCS™ v NO 2

where R is an alkyl or aryl group and the coordinating atoms are

underlined in cases of possible linkage isomerism.
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The nephalauxetic ratio B is extremely sensitive to the method
of determination of B' and B. The reported values of B' for the same
complex can differ by #50K which includes the whole range of diseleno-
and dithioligands. Hence specific orderings are not very significant
in sequence (6.6) but the overall trend is relatively firm. Furthermore
B = F2 - SF4 in terms of the Slater—-Condon electron repulsion integrals
and thus contains at least two degrees ‘of freedom hidden by the use of
one parameter136 (since C is often not known).

While the weak ligand field bands of transition metal
complexes have been rationalized with some success within the limita-
tions of the Ligand Field Theory, there are enormous difficulties
associated with the interpretation of the Laporte-allowed bands. These
latter bands are presumed to arise from four major classes of transi-
tions: (i) electron transfer (M <« L) from the ligands to partly
filled shells of the central metal ion, (ii) electron transfer (M - L)
from the metal to the ligands, (iii) transitions (L + L) between
orbitals largely associated with the free ligands, and (iv) cooperative
effects of polynuclear species which may result in transitions within
the polynuclear structure not assignable to classes (i) - (iii)l37.

Transitions belonging to classes (i) and (ii) change the
formal oxidation number of the metal ion and hence should be indica-
tive of the redox behavior of the complexes.

Qualitatively, bands arising from M « L electron transfer
mechanism are expected to occur at lower energy the more oxidizing

the central metal ion and the more reducing the ligands (i.e. the

smaller A2 of Figures 6.1 and 6.2).
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Jorgensen137 has attempted to correlate optical electron transfer
energies with an "optical electronegativity" (Xopt) difference between

the donor and acceptor orbitals through the equation

By =30 opp = Xope ) KK 6.7)

! L 9Pty
where Al is the transition energy corrected for interelectronic
repulsion differences between the ground and the excited MO's as well
as 10Dq if necessary. The factor 30 kK//EV- relates this optical
electronegativity scale to the Pauling scale of electronegativities by
arbitrarily setting Xopt at 3.9/37137.

F

. . 6 . . .
Since Xo is known for many metal ions in various -

PtM

coordination geometries and the interelectronic repulsion corrections
are not simple, equation (6.7) may be rearranged to give xopt
L

explicitly.

- L
Xopt, = 30 Vgr T % (6.8)

\J
where V is the observed transition energy corrected only for 10Dq,

ET
if necessary, and 0 is a function of metal ion and molecular geometry
only. Thus if XoptL is known for one of a homologous series of
complexes, O may be determined once and for all the ligands of the
series. TFor this purpose Xopt of the group SZP(OCZHS)Z is taken to
ve 2.70%L.

Qualitatively bands arising from an M + L electron transfer

mechanism are expected to occur at higher energy the more oxidizing

the central metal ion and the more reducing the ligands (i.e. the

large A2 of Figures 6.1 and 6.2). The optical electronegativity of
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the ligands can now be obtained from the formula

1 .

=30 %r ¢ 6.9

XoptL

where the symbols have their previous significance (see sequence 6.8).
Bands assigned to L < L transitions are usually those largely

invariant to a change of metal ion and/or geometry64’74.

6.3 Results and Discussion

Spectra of the Ligand Salts and Filled d-Shell Complexes
11

Jorgensen states that a usual condition for the occurrence
of absorption bands at relatively low energies for compounds of
elements outside the transition groups is the existence of bond-
orders above unity; Thus it is of interest to determine the regions
of the spectrum in which absorptions other than d-d transitions
may be expected since the crystallographic data clearly indicated
multiple bond character of the P-S linkages in both the salts and
complexes.,

Unfortunately, the electronic spectra of salts of the ions
"SZPFZ and ~S,P(CF

and NHASZP(C6H5)2

37.6 and 42.4kK on very intense absorptions that increased until the

3)2 have not been obtained. However NaSZP(CH3)-2H20

in methanol were found to produce shoulders at

solvent "cut-off'". Jorgensen reported11 that NH4SZP(OCZH5)2 absorbs
at 44,5 kK in ethanolic solution. It is noted that the phenyl
group absorptions occurring at > 36 kK were very much weaker than

the indicated shoulder for the anion SZP(C6H5)2' Moreover, NaSZP(CH3)2

'2H20 in aqueous solution does not absorb until a shoulder occurs
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at v 42.4 kK with no bands near the shoulder at 37.6 kK observed
in methanol. Thus a significant study of the ligand salt spectra
requires that both the solvent and counter ion dependence of the
spectra be determined.
In spite of the above limitations, it is possible to con-

1,12 that the first absorptions of the ligand

clude with Jorgensenl
anions are of remarkably high energy compared with other dithioanions
but it is not valid to infer single bond character of the P-S bonds
from these results. Jorgensenll’12 assigns the band at 44.5 kK for
NH4SZP(OC2H5)2 to some sort of Rydberg excitation 3p > 4s of the
sulfur atoms.

A filled d-shell of the metal ion precludes M < L transi-
tions involving the metal nd-orbitals, although the relatively close
metal (n+l)s orbital remains vacant in the ground state complex and
may serve as an acceptor orbital. In order to put the assignments
of the electron transfer spectra on a firm basis, it would have
been exceedingly valuable to have been able to compare the spectra of
the vacant d-shell complexes Mg[SzPXZ]2 and Ca[SZPXZ]Z’ Al[SZPX2]3
and (if possible) SC[SZPXZ]B with those of their filled d-shell
counterparts Zn[SzPXZ]2 and Ga[SZPXZ]S for the series of substituents
Lower row metals of the Periodic

X = CH C6H5’ OCZHS’ F, and CF

3"

Table show spectra complicated by intermediate coupling effects.
Again unfortunately, the Zn group complexes with X = CH3

and C6H5 proved insufficiently soluble in dichloromethane to obtain

useful spectra and their reflectance spectra were singularly

uninformative in the range (10-30 kK) accessible with the available



equipment. There was some indication of bands near 30 kK for the
phenyl substituted complexes in dichloromethane solutions obtained by
boiling the solvent with an excess of complex. However, Muller,

et a1?® report bands at 32.9 and 39.2 KK for In[S,P(CH),], in

11,12

chloroform solution while Jorgensen found bands at 34.0 and 41.0

kK for In[SZP(OCZH in ethanol solutions. Jorgensen12 speculates

5)2]3
that the band at 34 kK may represent a transition from the highest occu-
pied MO of the ligands to a Rydberg orbital consisting of a mixture
of indium 5s and sulfur 4s orbitals. This latter assignment implies
that the transition energy includes Al + 10Dq + AZ minus the gain in
reduced interelectronic repulsion (cf Figure 6.1).

While severely limited by the lack of the relevant data
suggested above, some progress can be made in the interpretation of
the electron transfer bands by the variations in bond energies with
change of substituent as illustrated by the indium complexes. If
the sum 10Dq + A2 (Figure 6.1) is largely determined by the metal atom
while Al is largely determined by the ligand (i.e. substituent)

11,12

then Jorgensen's assignment of the’534 kK band of the indium

complexes is consistent with a greater ligand electronegativity
(i.e. Al) for X = 0C2H5 than for X = C6H5.

Spectra of Oxovanadium(IV) Complexes

Considerable controversy still surrounds the interpretation
s . +2
of the electronic spectra of complexes formed by the cation OV

(3d1). All semi-quantitative attemptslle’138

to describe the bonding
in these complexes have thus far ignored T bonding between atoms other

than the V-0 linkage and arrive at essentially the same ordering of d

133



orbitals, i.e. d_o > d >d ~nd >d o 9. Selbin106 has pointed
z xy Xz yz xX“-y
out that the primary effect of equatorial bonding may be to invert
the order of the d and d__, d orbital sets which is the order
Xy Xz yz

supported by McCormicklls from a study of the dithiocarbamate
complexes. It is impossible to obtain this order from the Crystal
Field approach so that if the order is correct then calculations based
on electrostatic models must be abandoned.

The electronic spectra of vanadyl complexes consistently
show at least three bands below 30 kK of intensity much lower

than those above 30 kK82’115’l39

The solution spectra of the
vanadyl dithiophosphinates studied herein are illustrated in

Figure 6.3 while the resolved band parameters and derived quantities
are collected in Table 6.1. 1In compliance with previous practice
the appafently Laporte forbidden bands are respectively labelled I,

II, and III, in order of increasing energy.

Band II of OV[SZP(CFB)Z]Z shows a distinct asymmetry at the

maximum and a definite shoulder on the high energy side suggesting that

band II in this case at least is actually the envelope of three
components. The unique resolution observed in the spectrum of

_OV[SZP(CF is believed to result from the wider separation of

3)2]2

bands I and II allowing a clearer resolution of band II in this
complex. Close scrutiny of the high energy slope of band IT in the

complexes where X = C6 59 0C2H5, and F reveals a possible inflection

or noticeable tailing to high energy indicative of a submerged band,

but band II with X = CH3 appears simple. The apparent four bands

contained in bands I and II in the spectrum of OV[SZP(CFB)Z]Z

134

82,115,139
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FIGURE 6.3: Electronic absorption spectra of OV[SZPXZ]Z complexes in

CH2C12 solution.
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suggests that all ligand field transitions in these complexes occur
below 20 kK, as proposed140 for vanadyl acetylacetonate.

It is noted that band I is shifted with X with reference to
Table 6.1, Figure 6.3 and equation (6.4), precisely as would be
predicted by the difference between a lower anti-bonding 7 MO and an
upper anti-bonding 0 MO, where the metal experiences the transduced
substituent effects (Table 3.1). The low intensity and tailing
properties of band I are consistent with a vibronically allowed

transition (cf Figure 6.3). Hence band I is assigned to the

2
A2 < 2A1 transition (and thus is 10Dq in terms of the electrostatic

6

modelll ). Since it is anticipated that the energies of the b13 b2

(T*) orbitals should be strongly affected by the T acidity of the
ligands, becoming more anti-bonding the stronger the ™ bonding between

metal and ligand, the higher energy positions of band IT where X =

2 2
OC,H,, F, and CF, 10 By« A

transitions. If the OVS4 chromophore is subject to C4v selection
rules, both the transitions 2A2, 2Al < 2A1 are forbidden as electric
dipole transitions and are expected to be at least weak relative to the

E (i.e., 231 + 232) « 2Al

Therefore the weak band (where discernable) on the high energy slope

of band II is assigned to the 2A1 <« 2A1 transition. Finally,

with all ligand field transitions accounted for, band III is assigned

. . 2
suggests its assignment to the B

allowed electric dipole transitions.

to a spin or symmetry forbidden M <+ L electron transfer. In fact
the position of band III varies as expected for a variation in A

(Figure 6.4) with the electronegativity of the substituents.
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A qualitative MO diagram for the chromophore OV(SZP)2
of sz symmetry. The Cartesian coordinate system is

oriented such that the z axis coincides with the 2-fold

rotation axis and the O, V, and P atoms lie in the xz
plane.
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Although the tentative spectral assignments below 20 kK
present a reasonable explanation of the available data, clearly
further confirmation is reqaired. A variable temperature study of
the single crystal spectrum of OV[SZP(CHB)Z]Z would be potentially
capable of testing the validity of all the assignments made herein.
Transition symmetries as determined33 for Ni[SZP(OCZHS)Z]Z indicate
a similar inversion of orbitals as postulated for these vanadyl
complexes where T* orbitals assume a higher energy position than
o%* orbitals.

Both recent reports on the complexes OV[SZP(C6H5)2]2’36
OV[SZP(C2H5)2]2’37 and OV[S(Se)P(CzH5)2]237 include a band at V10 kK
in the spectra. It has been demonstrated in the course of this work
that such a band appears on bubbling oxygen into the sample solution.
The reflectance spectra of powdered OV[SZP(C6H5)2]2 (this work and
reference 36) and OV[SZP(CH3)2]2 are very similar to the solution
spectra of the pure complexes while solid OV[SZP(CF3)2]2
absorbs strongly over the whole visible range as expected of a
black material. The intense coloration of the F and CF3 substituted
vanadyl complexes is comnsistent with some (as yet unknown)
cooperative solid state phenomenon.

Finally, it is to be noted that the order of "10Dg"
parameters arranged by substituent is very close to what would have

been predicted by sequence (3.11) of the M-S vibrational frequencies



Spectra of Vanadium(III) Complexes

Reported31 single crystal studies of V[SZP(0C2H5)2]3 in the
host lattice of In[SZP(OCZHS)Z]B at ambient and reduced temperatures
while of somewhat uncertain interpretation nevertheless indicate that

the complex obeys D., symmetry selection rules and that the term

3
splittings (V130K) are largely due to the trigonal component in the
ligand field and not to spin-orbit coupling. Since the effects of

these small splittings are not observed in the solution spectra, the

spectra are analyzed to a good approximation in terms of O symmetry.

The strong field expressions for the relative energies of the

triplet levels were used:74
3 _ 2 2 %
E( Tlg(F)) = 7.5B - 3Dq - %(225B + 100(Dq)" + 180DgB)
e3r, (F)) = 2Dq
2g =
3 2 9 5 (6.10)
E( Tlg(P)) = 7.5B - 3Dq + %(225B” + 100(Dq)~ + 180DgB)

and ECA, (F1) = 12D

The_épectra are illustrated in Figure 6.5 while the band
parameters, assigﬁments, and derived values are collected in Table
6.2,

When the values of Dq and B' are determined from the assign-
ments of the first two transtiions and equations (6.10), the third
spin allowed (sa) transition is predicted by equatiomns (6.10) to
occur near 25 kK, where perhaps fortuitously a band is observed
in a trough between two Laporte-allowed transitions. This \)3(3A2g <

3Tlg) band is generally not observed in other complexes of V(I1I)

140
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and is forbidden as a two .electron transition (eg2 < tzgz) in the
strong field approximation. The unusually high intensity of the v3
band may arise by intensity borrowing from the Laporte allowed
neighboring bands. There is also the distinct possibility that the

v3 band is completely masked by electron transfer bands. In fact

the polarization of the band near 25 kK could not be explained in
31
]3

assignment as other than due to a d-d transition.

the crystal studies of V[SZP(OCZHS , thus reinforcing its

From the results of Table 6.2, the spectrochemical series
of ligands by X is

CF3 Y C6H5 v CH3 <Fn OCZH5 (6.11)
in agreement with the infrared spectra (sequence 3.11). In order of
increasing B, the nephelauxetic series of ligands by X is

C6H5 < CF3 < CH3 v 0C2H5 < F. A : (6.12)
This is not the order that would have been predicted by increasing
covalency as measured by the order of increasing M-S stretching
frequencies. If the ir band assignments aﬁd methods of calcula-
tion of B are correct then a re-evaluation of the inter-
pretation of symmetry restricted covalency and central field covalency
is necessary as both have been stated.74 to predict a reduced B with
increasing covalency.

Clark, et al.l25

note that if there is charge release to the
metal ion by the ligands the distinction between bonding and non-
bonding electrons inside a shell of defined radius disappear.

Furthermore, it is difficult to imagine how an increase in electron

density within a defined volume should result in reduced
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interelectronic repulsions. More consistent with the results

presented here is that increased covalency in the tris complexes

of V(III) and Cr(II1) (vide imnfra) increases interelectronic repulsions.
Since the B values are still less than unity, it is inferred that
interelectronic repulsions within the ﬂ*(tzg) subshell are the net
result of a largely symmetry restricted covalent reduction together
with a smaller central field covalent increase. This interpretation
(i.e. a synergic effect) is consistent with the accepted explanation

of the bonding in transition metal carbonyl complexes3.

However, the above qualitative arguments do not provide a
quantitative basis for separating the magnitudes of the central field
and symmetry restricted covalency effects. The nephelauxetic series
(6.12) is taken to imply that the interelectronic repulsions increase
within the metal d-shell faster as a function of M-S bond length than
they are relieved by delocalization effects.

If the first high intensity (Laporte allowed) band is
assigned to an M + L electron transfer, then the order of Xo

Pty

values by substituent, X, is

C6H5 < CH3 < F » Y CF3 v 0C2H5 (6.13)

(2.68) (2.69) (2.70) (2.70). (2.70)
While the gross ordering between the sets {C6H5, CH3} and {F, CF,,
OCZHS} of sequence (6.13) is in agreement with the group electro-

negativities listed in Table 3.7, the ordering within these two

L

by Al (Figure 6.1), then the factors influencing the relative energies

sets is exactly opposite. If it is assumed that Xop is determined
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* %
of the levels HS( ) and T (tZg) must be exposed in order to explain

sequence (6.13). Stronger bonding (shorter P-S bond lengths)

S
within the Pgi T system is anticipated to raise the energies of
s
*
the ﬁs( ) orbitals and consequently reduce Al. Since the P82

group vibrational frequencies (see sequence (3.9)) are more sensi-
tive to variation of the substituents than metal atom, it might

be inferred that the differences in Xoﬁt values should be dominated

L
% *
by the shifts of the ﬂs( ) orbitals. Furthermore, the w (t2g)

orbitals are anticipated to be more strongly anti-bonding the
greater the T-acidity of the ligand, thus shifting in energy in the
*)

same sense as the ws orbitals. Electron repulsion considerations

are ignored in the above discussion but the small differences in
Xopt values do not justify further elaboration.
L
With respect to band positions and ligand field parameters,

37
the results obtained herein are in agreement with those found for

in carbon tetrachloride solution.

36

V[SZP(C2 and V[SZP(C3H

Hodyls 72213

Band positions observed for V[SZP(C6H5)2]3 in benzene solution

and V[SZP(OC in toluene solution‘é8 are some 0.3 - 0.4 kK

2fs)213
higher than observed herein in halocarbon solvents and with

commensurate increases in the ligand field parameters.

Spectra of Chromium(III) Complexes

Reports on all the complexes Cr[SZPXZ]3 studied herein,
except Cr[SZP(CF3)2]353, have been published by other workers with
varying degrees of completeness (cf. Table 1.1). However, few
have taken adequate note of the conspicuous fine structure in the

first two ligand field bands in the spectra of these d3 systems. The



solution spectra are illustrated in Figure 6.6 while the band
parameters and derived quantities are collected in Table 6.3. The
relative energies of the quartet and singlet levels resulting from

4

the free ion terms (4F, P, 2G) upon application of a strong crystal

field of octahedral symmetry are given by the expressions ‘(including

configuration interaction, with the assumption that C = 4B)74’l41:

4
E( Azg(F)) = -12Dq
E(2Eg(G)) = -12Dq + 9B + 3C - 908, °/(10Dq)
4 =
E( ng(F)) = -2Dq
2 2
E( Tlg(G)) = -12Dq + 9B +;3c - 24B45 / (10Dq) (6.14)
E(aTlg(F)) = 3Dg + 7.5B - %[(15B)2 + (10Dq)2 - 180DqB];i
2 2
E( ng(G)) = -12Dq + 15B + 5C - 176835 /(10Dq)

1
E(4Tlg(P)) = 3Dq + 7.5B + %[ (15B)2 + (10Dq)? — 180DqB]?

Algebraic solution of the equations (6.14) shows that for the first

two spin allowed (sa) transitions, Vv

2

_ 4 _ 4 =
1= E( ng) E( AZg) and v

4 4
E( Tlg) - E( A2g)'
= - v = — a— -

10Dq V=Yg and B (Zvl \)2)(\)2 vl)/(27vl 15v2) (6.14)

In common with the spectra of other Cr(IIIL) compounds74,
the solution spectra of the complexes Cr[SZPX2]3, X = CH3, C6H5f
OC2H5, F, and CF3, show two weak (Laporte forbidden) band systems in
the visible region, generally assigned131 as vl and vz. If the
visible spectra (with a common energy scale) of all five complexes

are superimposed, it is apparent that the fine structure components

"of the vl and v, bands occur at relatively constant positions

independent of the substituent, i.e. 10Dg. For example, the shoulders

146
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FIGURE 6.6: Electronic ;pectra of Cr[SzPX?_]3 complexes in CH2C12

solution.
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on either side of the Vv, band of Cr[SzP(CH occur as inflections

1 3)2]3
on the low energy slope of the vl band of Cr[SZPFZ]B' Thus there is
little doubt that the three "extra' discernable components are due
to the three spin-forbidden (sf) transitions predicted by equations
(6.14) and are not the result of spin-orbit coupling or low symmetry
splitting of the orbitally degenerate 4T terms. The intensity of
these sf transitions is probably a result of their proximity to the
sa transitions Vl and Vz allowing intensity borrowing. Resolution
of the sf bands by the computer program BIGAUSS was inadequate due
to an insufficiently fine energy grid so that the sf band positions
were estimated by visual inspection while the total intensity was
given to the sa bands.

In the strong crystal field approximation, two kinds of
electronic transitions are expected within the d-orbital manifold
of an octahedral d3 system: (i) those sf transitions within the

t subshell, i.e. between T anti-bonding orbitals, and (ii) those

2g

’ * %
sa transitions between the T (tzg) and the o (eg) sets. The
difference in electronic repulsion energies that must exist between

the two types (sa and sf) transitions is quantitatively accounted

for by defining two nephelauxetic parameters74:

635 = Bsa/B =B (6.16)
1
and 355 = Bsf/B
]
= S%%;%l— , provided that C « B. (6.17)
_ _. 141
The subscripts derive from the nomenclature Y3=eg and Ys:tzg .

From equations (6.14) it is seen that, to second order perturbation,

149



sub-shell configuration intermixing introduces small terms in multiples

of Bgsl(lODq) to the energies of the sf transitions and hence a

slight dependence upon lODqlal.

B

A large difference between 835 and

55 is interpreted to indicate little interaction between the c*(eg)
74

and ﬂ*(tzg) subshells (cf. Figure 6.1) .
- -

The calculated values of Bsa’ 835, and 655 are included in

Table 6.3. It is clear that 635 << B indicating, according to

55
Leverjﬁ extensive electron delocalization onto the sulfur atoms in
the G*(eg) orbitals. A simpler explanation more consistent with

the discussion of the B-values observed for the V[SZPXZ]B complexes
is that the occupation of a more distant and previously unoccupied
MO subshell relieves electron repulsions. Moreover, the 855

values are in agreement with the extent of symmetry restricted
covalency predicted by the T-acidity of the ligands when the electri-
cal substituent effects in Table 3.7 are considered to be transduced
by the P atoms. Large values of BSS relative to 835 may indicate
less electron delocalization in the ﬂ*(tzg) orbitals than in the

o* orbitals of the complexes Cr[SZPX in accordance with the

2]3
expected differences in M-S bond lengths. The 855 values listed

in Table 6.3 were calculated from the 2Eg <« 4A28 transition energy

but are also very close to the average value obtained by using all
three sf transitions, e.g. (0.733 + 0.733 + 0.698)/3 = 0.72 for
Cr[SzP(CH3)2]3.

In agreement with the ir spectra (i.e. sequence (3.11),)

the spectrochemical series of ligands, by X, is

C6H5 v CF3 < CH3 < OC2H5 v F. (6.18)
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Also the nephelauxetic series of ligands, by X, is

CF3 < C6H5 < OCZHS ﬁ F < CH3 (6.19)

where the high positions of CH, might be attributed to its T donor

3
effect on the ﬂ*(tzg) subshell with all orbitals singly occupied.
This nephelauxetic series provides further support that the symmetry
restricted covalency is a dominant effgct as the M-S vibrational
frequencies (Chapter 3) would indicate a larger central field
covalency for either X = OCZH5 or F than with X = CH3.

Assuming with Jorgensen131 that the first weak bands in

the uv spectra of the complexes Cr[SZPX2]3 are due to the transitions

#
) ) (Figure 6.1), then the order of ligand optical electro-

n«(tzg s

negativities, by X is

C6H5 < CH3 < CF3 < OCZHS n F (6.20)

(2.64) (2.65) (2.66) (2.70) (2.70)

This sequence is similar to that found for the V(III) complexes and
a similar explanation is believed valid (vide supra).

Single crystal studies31 of CrtSZP(OCZHS)z]3 show that the
transition intensities obey the electron dipole selection rules for
D3 symmetry and confirm the assignments of Vl and v2. Moreover, the
excited 4ng(F) term was found31 to be split into a lower 4Al level
and an upper 4E level separated by 0.150 kK. Finally, these crystal
studies demonstrated that the intensity behavior of the first uv band
in polarized light was inconsistent with its assignment to the v3
(d-d) transition. The expected positions of the Vs band calculated

from 10Dq and B' values are included in Table 6.3, but reference to

Figure 6.6 shows this spectral region to be masked by high intensity
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Laporte—allowed bands.

Cancellieri, et al.l42 found both Cr[SZP(C6H5)2]3 and

Cr[SZP(OC2H5)2]3 to be inactive in emission, giving no detectable
Juminescence (fluorescence or phosphorescence) bands in either the
visible or near-ir regions. These authors attribute142 the absence

of luminescence to the small separation between the grognd state,

the potentially phosphorescent spin doublet states and the potentially
fluorescent 4T2g state, allowing nonradiative decay. This is the
probable explanation for the failure in this study to obtain Raman
spectra either from crystals or CH2C12 solutions due to strong
internal absorption by the complexes Cr[SZPX2]3, X = CHB’ C6H5’

OC2H5, F, and CF

3°

In conclusion of this discussion of the complexes
Cr[Sszz]3 it is noted that the spectra and band assignments from
this work are in agreement with other studies within small solvent
shifts (Table 1.1). A parallel investigation of the spectral
dependence upon the alkyl (R) groups in the complexes Cr[SZP(OR)2]3

revealed a sﬁall red-shift of vl with increasing mass of R

. . . . . P ¥
accompanied by a corresponding increase 1in band intensities .

A more recent and possibly less careful study34 of the same effect

indicated no such dependence.

Spectra of Manganese (II) and Iron(III) Complexes

The tetrahedral bis complexes Mn[SZPXZ]Z and the octa-
hedral tris complexes Fe[S,PX,], are both 3d high spin systems
277273
(Chapter 5). Therefore, by the "hole formalism"74their ligand field

spectra should be analyzable in terms of the same energy level



expressions. The ground terms are 6Al(g)' The absence of any other
sextet terms requires that all ligand field transitions including
the ground state be both spin and Laporte forbidden. Hence the d-d
bands are anticipated to be very weak. The solid Mn(II) dithio-
phosphinates range in color from very pale green (X = C6H5’ CF3) to
very pale pink (X = F) while the solid Fe(III) dithiophesphinates

appear intensely black.

and
3> C6H5’ CFB’

Of the four complexes of Mn(II), X = CH
F prepared for this study, reflectance spectra were obtained for only
the first three compounds. These spectra were sufficient to indicate
a very low absorption profile preceeding the onset of electron trans-
fer bonds. However, as often found with Mn(II) complexes with
organic ligands, too much of the ligand field spectrum was obscured
by Laporte—allowed bands for a meaningful analysisll.

Unlike Fe[SZP(OC which is reportedll to be

2l5) 213
unstable in solution, Fe[SzP(C6H5)2]3 could be kept in halocarbon
solutions indefinitely provided it was protected from air. The
electronic spectra of these two Fe(III) dithiophosphinate complexes
are the only ones known to date. The solution spectrum of Fe[SzP(CGH
is illustrated in Figure 6.7 while the band positions of both the X
= OCZH5 and C6H5 complexes are collected in Table 6.4.

From the oxidizing nature of Fe(III), the intensity and
breadth of the absorption bands, Jorgensen11 has inferred that all
the observed bands are Laporte allowed and mask the ligand field

bands. Bands have been reported61 for Fe[SZP(OC2H5)2]3 as shoulders

at 7.5 and 10.8 kK, but the presence of bands at such low energy are
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TABLE 6.4

Electronic Absorption Spectra of Fe(III) Complexes

Fe[SZP(C6H5)2]3a Fe[SZP(OC2H5)2]3b
v (kK) v (kK)
16.3 16.7 ;
19.2 20.1
22.8 25.5
27.4 28.3
A3l
38.5

2 Dichloromethane solution, see Figure 6.7.

Ethanol solution, data taken from Reference 11.



not supported by this work or Jorgensenll. However, Fe[SzP(OC,,HS)z]2

is expected to absorb near the latter regions (vide infra). The

higher energy bias of the Laporte allowed bands with X = OC2H5

(Table 6.4) indicate that Xopt(SZP(OCZHS)Z) is greater than Xopt

(SZP(C The very low energies of the first bands are consistent

6157 2) -
with the thermal instability of Fe[SzP(C6H5)2]3.

Spectra of Iron(II) Complexes

The magnetic results (Chapter 5) have established a high
spin ground state for these tetrahedral bis complexes Fe[SZPXZ]Z’

X = CH F, and CF Thus the ligand field spectra of these

3> Cells» 3°

d6 metal ion compounds should parallel those of a d¥ metal ion with

the added potential of spin-forbidden (sf) bands. Only one spin-

allowed (sa) transition is expected, the 5T2 <« 5E transition. Due

to the extreme sensitivity of the complexes to oxidation in solution,

only the reflectance spectra were obtained as illustrated in

Figure 6.8. Unfortunately, the spectral range accessible with the

available equipment was not quite sufficient to observe the 3 - 6 kK
. . 5 5 ‘ps

region expected to contain the T2 < “"E transition.

However, a well defined maximum was observed at 8.05 kK

in the spectrum of Fe[SZP and partial peaks observed for the

Fala
remaining complexes of Figure 6.8 indicate extrapolated maxima near

6 kK. Since no other bands are anticipated to occur in this spectral
region, these bands are tentatively assigned to the 5T2 « 5E transi-
tion. Such an assignment results in the highest values of 10Dg

thus far observed for four coordinate Fe(II) complexes. The structure

apparent in the low energy band is probably the spin-forbidden band
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ABSORPTION (arbitrary units)
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FIGURE 6.8: Diffuse reflectance spectra of Fe[SZPXZ]Z complexes .



arising from the 3T AR 5E transition, but splitting due to Jahn-Teller

1
25,143 _nnot yet be ruled out.

distortion;llor spin-orbit couplingl
Analysis of the sdbstituent effects within this system is
complicated both by the incomplete spectra and the probable structural
variations in the solid state. The MSP bond angles in Fe[SzP(CH3)2]2
are certain to be close to 109° similarly to Co[SzP(CH3)2]2,
(Table 3.1) and so the transmission of substituent effects may be
quite different for bridging ligands as compared with chelating
ones. Nevertheless, the indicated spectrochemical order of ligands

by X group is {CFS’ CeHes CH3} < F.

It is implicit in the band assignments of the tris complexes

that the MO energy szparations illustrated in Figure 6.1 are in the

order A2 > Al > 10Dq in agreement with results obtained74’141for

-3 -

the hexahalide complexes MY , Y=1, Br , and cl . Similarly,

6

the electron transfer band energies of the tetrahedral complexes

4 are in the order by Y143:

FeY

I < Br < Cl (6.21)

indicating M «+ L transfer and the same order of MO energy separations.
(Figure 6.2)., Figure 6.8 clearly shows that the electron transfer
band energies of the complexes Fe[SzPXZ]2 shift in an dpposite sense
to the anticipated magnitudes of 10Dq. The parameter expected to
decrease with increasing 10Dq is A2 (Figure 6.2), and thus the

lower energy bands in the near-uv spectral region are assumed to be

M > L transfer bands implying that the order Al > AZ > 10Dg may be

characteristic of these tetrahedral bis complexes.
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Two kinds of M > L electron transfer may occur in a high
spin tetrahedral d6 complex, Since two of the electrons in the e
subshell (Figure 6.2) must be paired, the transition energies are
approximately74

E(L* <« t2) N A2

or E(L*¥* <« e) AZ + 10Dq - P, (6.22)

where L* is some undefined MO lying ab&ve the t2 set, and P is a
mean pairing energy within the e3 configuration. For a high-spin
complex P must be greater than 10Dq and hence the lower energy
electron transfer bands are assigned to the L* « e type transitioms.

Spectra of Cobalt(III) Complexes

Both the Fe(II) complexes of the preceeding section and
these Co(III) complexes are formally d6 metal ion systems, but the
larger ligand field generated by coordination of three bidentate
dithiophosphinate groups to a trivalent metal ion is sufficient to
force electron pairing and a 1Alg ground state in the pseudo-
octahedral Co(III) compounds (Chapter 5). The solution spectra
are illustrated in Figure 6.9 while the banq parameters and derived
quantities are collected in Table 6.5. It proved exceedingly diffi-
cult to produce the Co(III), X = CHB’ C6H5’ and F compounds
completely free of the Co(II) species, hence the spectra in Figure
6.9 include arrows marking the contributions from these impﬁrities.
Furthermore, the positions of the v, bands which appear as definite
shoulders with X = OC,H_ and F were extracted with large uncertainty

275
from the spectra where X = CH3, C6H5, and CF3. Therefore, the
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FIGURE 6.9:
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Electronic spectra of Co[SzPX2]3 complexes in CH2C12

solution. Arrows mark positions of Co(IIl) species
absorptions. Relative absorption scale factors,

UV/Vis, according to X: CH3 33.6, CgHg 37.5, OC

101.4, F 5.3, CF, 62.3.
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numbers listed in Table 6.5 for the VZ band of those latter complexes
represent a very optimistic accuracy.

Diamagnetic, six—éoordinate Co(III) derivatives are
anticipated to exhibit two spin—-allowed and two spin-forbidden transi-
tions of which it is necessary to observe three in order to calculated
10Dq, B', and C'7? The spin-forbidden bands, expected to occur at
lower energy than the spin-allowed bands, were not observed in this
investigation and were not reported by Jorgensen99 in his study

of Co[SZP(OC2 but Lever74quotes the values 1620 K for C' and

Hs)olg

4.05 for the ratio C'/B'. The strong crystal field energy expressions

for the singlet terms arising from the free ion term 3D are74
E('A;) = -24Dg + 37B - 12082/ (10Dq)
E(lTlg) = -14Dq + 33B — 34B2/(10Dq) (6.23)
E(szg) = -14Dq + 49B - 118B%/(10Dgq)

where it is assumed that C = 4B and multiples of Bz/(lODq) account

for configurational interaction. It is unclear in equations (6.23)
whether B' or 635 should be uéed in the configurational interaction
terms, but fortuitously, the magnitudes of these two quantities are
similar and the alternate usages produce negligible differences (B'
was used for the results listed in Table 6.5).

The spectrochemical series of ligands in order by X is

CF3 < C6H5 < CH3 < OCZHS < F. (6.24)

in agreement with the order predicted by the ir measurements.
The nephelauxetic series of ligands might be anticipated

to be an even stronger function of the T acidity of the ligands in
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cases where the ﬂ*(tzg) subshell is filled than in cases such as the
Cr(111) complexes where the ﬂ*(tzg) subshell is half-filled. While
the differences are somewhat smaller than expected, the order by

substituent, X

CF3 v F N 0C2H5 < C6H5 < CH3 (6.25)

is indeed in the reverse order of increasing T-acidity.
The distribution of bands in the uv spectra of these Co(III)
complexes (Figure 6.9) is again consistent with M < L electron

transfer and hence the order Al > AZ > 10Dq (Figure 6.1). Assuming
(*)

transition,

that the first uv band arises from a o*(t, ) <« T

2g
the optical electronegativities of the ligands fall in the order, by

{
X

C6H5 < CH3 < CF3 < OCZHS v F (6.26)

(2.64) (2.65) (2.66) (2.70) (2.70)

The qualitative explanation of this order is assumed to be the
same as that given for the V(III) complexes.

The oriented single crystal spéctra of Co[SzP(OC2H5)2]331
using polarized light and variable temperature conditions confirms
the assignments of the spin-allowed transitions. The ligand field
band intensities were observed31u>obey the electric-dipole selection
rules for D3 symmetry. Furthermore, the lT term was shown to be

lg
31

split by ~0.15 kK into a lower lA and upper lE term~~ . Allowing

2

for solvent shifts the results found herein are in agreement with

those reported by Jorgensen99 for CO[SZP(OC2H5)2]3 and recently by

. 38
Muller, et al’”" for Co[SzP(C6H5)2]3.



Spectra of Cobalt(IIl) Complexes

By the "hole formalism" the ligand field term energies

of the high spin d7 tetrahedral bis complexes Co[SZP should be

X512
described by the same expressions used for the d3 octahedral tris
complexes Cr[SZPX2]3,

in Figure 6.10 for the substituents X = CH3, C6H5’ ocC F, and

2H5’
CF3, clearly indicate the difficulty of the analysis pfoblem.
However, the spectra of tetrahedrally coordinated Co(II) have been
extensively investigated74so that there is a broad base of both
theory and experiment to aid in the interpretations. The band
parameters and derived quantities are collected in Table 6.6.
Weakliem144 performed a detailed analysis of the crystal
spectra of Co+2 ions in ZnS and CdS (both of the Wurtzite structure)
and calculated the band patterns and intensity distributions among
spin-orbit components for a Co+2 ion tetrahedrally coordinated by
sulfur atoms., Ferguson1 subsequently demonstrated that the
splittings of the orbitally degenerate excitéd electronic states
are dominated by the low symmetry components of the ligand field,
that the assumption of cubic symmetry is valid only for the deter-—
mination of the approximate band positions, and further that fine
structure may not be wholly spin-orbit in origin. The large band
widths observed for regular tetrahedral C0Y4— ions in solution have
been attributed to the cumultative effects of vibrational structure,
spin-orbit coupling, and a possible dynamic Jahn-Teller distortion

in the excited states74.

i.e. equations (6.14). The spectra illustrated
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(A)

(B)

ABSORPTION ({arbitrary units)

[SER | 1 Lyt

1000 2000 - 3000 4000
. ENERGY (KK) .
FIGURE 6.10: Electronic spectra of CO[SZPXZ]Z complexes in CH?_Cl2

solutions. CoOS3P2(CH3)4 in CH2C12 produced spectrum

(A) but in CCl4 produced spectrum (B). Relative
absorption scale factors, UV/Vis, according to X: (A)
11.6, (B), 13.8, CH, 19.7, C HS 42.6, OC,H. 16.8, F 17.0,

275
CF3 13.7.
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Of the three sa ligand field transitions predicted by
equations (6.14) for tetrahedral Co(II) compounds, the vl(4T2(F) <
4A2) transition is forbidden by electric~dipole selection rules in
Td symmetry and is very weak when discernible at all, occurring

. . . 74,144 .
near 3 kK in the infrared spectral region . The weak ligand
field generated on tetrahedral coordination allows both the

4 4Az) transitions to be observed

v, Gy (8) < *a)) and v (P (@) «
in the visible region of the spectrum74’14% In the strict D2d
point group symmetry of a free molecule CO[SZPXZ]Z’ all three sa
ligand field transitions are electric-dipole allowed, but the vl
band has not been observed in either this investigation or by .
Jorgensen99 for Co[SZP(OC2H5)2]2.
The most prominent features in the visible and near-ir

spectra (Figure 6.10) of the Co[S,PX,], complexes is the "spike" at

15 kK and the component of the lower v, band system at N8 kK.

It is believed herein that whatever the source of the fine structure

in bands v, and v3, use of these distinciive and ligand field

2
dependent features as measures of v2 and v3 in calculations should
allow a sensitive comparison of substituent effects. The more
common practice of determining centers of gravity for the v2 and

145
v3 band systems is possibly even less accurate and more laborious.

The spectrochemical series of ligands by X is

CH3 " C6H5 < CF3 < 002H5 < F (6.27)

as shown by the data in Table 6.6. This order is believed to reflect

the effect of T* character in the upper occupied t2 subshell
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(Figure 6.2) of the metal ion d shell. The stronger T—acid
ligands are now positioned to the right in sequence (6.27).

These Co(II) complexes are both the first tetrahedral
dithiophosphinate system as well as the first dithiophcsphinate
system in which both subshells of the split d-orbital manifold
of the metal ion are occupied in the ground state for which 635
values have been calculated. 1f, as Levefﬂ*maintains, the large
difference between 835 and 855 observed in the tris Cr(III) compounds
is due to a large degree of electron delocalization in the eg(c*)
orbitals in octahedral molecules, then it might be anticipated that

B

35 should be even smaller in these bis Co(II) complexes in which
o* orbitals are occupied in the ground state. By comparison of
the data in Tables 6.3 and 6.6 this is seen not to be the case
nor is it true of halide complexesﬂt i.e. CrY6-'3 vs CoY4—2 complexes.

However, the nephelauxetic series of ligands in order of increasing

B, by X, i.e.

OCZH5 <Fn C6H5 < CH3 < CF3 (6.28)

would indicate the dominance of the T-acid effect of the ligands in
relieving electron repulsions in both the e and t2 levels (Figure 6.2)
were it not for the position of CF3. Since the CF3 substituted
ligand appears to be the weakest coordinating ligand of the series,

at least in the tris complexes, the high position of CF3 iq sequence
(6.28) is in partial support of Lever's contention that o*-type

delocalization may be significant, but is not necessarily the cause

of large differences between 855 and 635. It is noted (Table 3.4)
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3)2]2 are the lowest

that the M-S stretching frequencies of Co[SzP(CF
of the series although such comparisons are tenuous when the solid
state structures are not known.

As with the complexes Fe[SZPX Figure 6.10 shows that .

P
the uv bands of the complexes CO[SZPXZ]Z are shifted with X in an
opposite sense to the shifts of 10Dq. Thus once again electron
transfer appears to be of the M + L type. Similar arguments as
proposed for the Fe(Ill) complexes suggest that the lowest energy
electron transfers are to be assigned to L* « e transitions, where

L* is some undefined MO. Thus using equation (6.9) the order of

XoptL values by substituent are

CH3 n CF3 < C6H5 < OCZHS < F (6.29)

(2.65) (2.65) (2.68) (2.70) (2.71)

The small value of Xopt(SZP(CF ) is probably the result of weak

3)2
M-S bonding resulting in a smaller value of Al in Figure 6.2 (see
the previous V(III) section for discussion of factors determining
Al).

Included in Figure 6.10 are the spectra of CoOS3P2(CH3)4
in dichloromethane and carbon tetrachloride. The dichloromethane
solution was deep blue in color as were chloroform solutions which
gave superimposable spectra. For lack of alternatives, the centers
of gravity of the v2 and v3 multiplets were used to estimate the
ligand field parameters given in Table 6.6. The carbon tetrachloride

solutions were deep green and gave solution spectra distinctly more

similar to those of the complex Co[SzP(CH3)2]2, indicating selective
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dissolution of the "tetrathio component' of the blue complex

CoOSBPZ(CH in nonpolar solvent.

3)4
Comparison of Figures 6.10 and 6.11 illustrates the
spectral changes that occur upon dissolution of both CO[SZP(CHS)Z]Z

and CoOSSPZ(CH in alcohol. Jorgense:ng9 postulates that the

3)4
spectral changes observed for CO[SZP(OCZHS)Z]Z in ethanol are due

. to a six coordinate disolvate, however, the dentateness of the
dithiophosphinate ligands in these species is unknown. All complexes

were recovered unchanged from the alcohols.

Spectra of Planar Nickel Group Complexes

An enormous volume of literature exists describing
attempts to rationalize the bonding of the planar complexes of
Ni(II), PAd(II), and Pt(II) in terms of their electronic spectra
with no single set of experimental results appearing to provide a
definite solution to the problem. In the assigmment of the ligand
field spectra the major uncertainty seems to revolve about the
positions of the lower three metal ion d orbitals and nearly all
permutations have been reported with support claimed from some piece
of evidence or other. Chatt, et al.l46 proposed that in square planar,
d8 complexes, the d orbitals increase in energy in the order

d o<d_,d <d , o<d referred to the coordinate system of
z Xz Xe-y Xy

vz
32a
Figure 6.12. Tomlinson and Furlani studied the oriented crystal

——Pe- - M- - — =4 P— Figure 6.,12. Molecular coordinate

S b S system (xy plane).
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spectra of N1[SZP(C Ni[S P(OC2 5)2]2, and N1[SZCNR2]2, where

6ls) 1o
R = H, C,H, n-C

3H7, and i_C4H9’ but found the results inconclusive.
' 32
Nevertheless these latter authors @ support the order dxz < dyz <’
. 32b . . .
< < -
dzz dxz—yz dxy' Dingle , in a re-examination of the crystal
146
1 $ <

spectra of N1[S CN(C 5)2]2 supports Chatt's order with dxz dyz'

Looney and Douglas33, in a study of the magnetic circular dichroism

spectra of Ni[SzP(OC H N1[S CN(C and other less

2 5)2]2’ 5)2]2
symmetric complexes observed that the lowest energy transition was
degenerate in all cases. The ramifications of this latter result are
(i) the out-of-plane T bonding is so strong in these planar Ni(II)

complexes that the d__, d orbitals lie above the d_o 9, d zvbrbitals,
Xz vz X4y z

and (ii) since the order dxz’ d > d

vz x2—y2’ dzz is not obtainable from

an electrostatic model, the real meaning of Crystal Field calculations
and results obtained from this starting point are even more question-
able when applied to dithiophosphinate complexes.

The spectral band parameters obtained in this study for

= Ni, Pd, Pt, X = CH OC.H., F,

3> Cgllg» OCyHs,
) and PtZS6P4(CF3)8 are contained in

the complexes M[S 2]2,

and CF3 (except Pt[SzP(CF3)2]2
Table 6.7. Representative spectra from the Ni, Pd, and Pt series and

Pt S_P, (CF are illustrated in Figures 6.13 - 6.16, respectively.

276 4 3)8
Jorgensen12 has expressed surprise that the energy of the
d_p orbital should be so low in Chatt's order (above)146 as it was
expected to be a third as T-anti-bonding as the dxy orbital. 1In
compliance with Jorgensen's expectationlz, and the MCD results33,

another MO diagram is drawn in Figure 6.17 for these planar

complexes which moves the dxz-y2 orbital from second highest in the



173

.mAm

movqmo

mNum Jo wnx3joadg

q

*T1°9 97qel Jo (B) 9230uUl00F 92§ e

(i)qZ'T¥ (¢) 0'9%  (000S) ¢z  (000S)vety  (000S)TI"TY
(2)qT"6¢ (00£2) 9°0v us(s€8) €°6€ US(0087) 8°9¢ US(00ST) 8°LE
us(i)q8 ¥e (#62)01°6€  us(o6%) %'S€  us(0sS) 0°¢€e  us(ozz) 6°¢€€
us(0ST)q9'1€  us(08) 276z  :(082) 0°Tev  i(O¥T) L'82nv  &(¥S) #°TEn
us(08%) qz 62 (€°€T)9T €T (0°91)98°€7 (€ ve)en e (2'12)€6°1T
4s(0ST) q0°ST (1) €°02v  (TL°0) 97°0%nv  &(€°27) 9°6Tn  ((L°T) 8°6Tv 3
(088) 8°#%7 - (00LT) 8°S%  &(%09) %'w¥n 4YS(OTIS) 9°¢€Y ;
ys(08S) €°.¢ us(0€T1))Z 6€ US(00TT) L°8€ us(0097) z°'9¢  &(0SS) #°9¢n
(0LSY)L8°T€ (0z0¥) 6% HE (091%)06°¢€€ (0695)00°¢€ (0T9%)z8"CE
us(0Lz) vtz us(0SZ) 0°6T  us(oG%) €°6r  us(08S) %'Lz us(08¢) 1°8T
(§°L€)02°0T (L*€€)1€°7C  us(€'€) 7°€T (€°29)70°07 (57 €¥)8Y° 0T
us(%°S) L'6T (1°€€)8T"1¢ Pd
(005 ) 9°¢€¥ ¢ (000%) z°ey (&) 9°¢» (oo0% ) T'€Y
ys(00T) €°6€ us(0L%) 0°0% (i) oy (0TYT) T°L€  F(00Z) S°6€
£(02T) 8°%¢n us(0T9) v°9¢ us(OTOT) 9°GE £(06£) 8°'zenv  4(0TZ) T'¥eEn
(0€TT)SS"0¢ (09€2)00°2€ (08S%) LT 1€ (0Lezy)SL 6T (082€)8T"0¢
us(sz) €%z us(8'65)6¥°Gc  US(ZET) 6°67  us(06T) 6°%T  US(OET) 9°GTn
us(e1) T°1¢
(ST E)ee LT (21°6)T6°8T ($°€T)0T 6T (8°ST)SL LT (9°21)06° LT
(59°6)59°¢T (2L°L)80°¥T (Th'8)HS 4T (T°TT)8S°€T (zz 8)LLET N
om)a o) a opa (e a cra
o i *w¢90 w0 ®4o = X

d
SCERSI LR

[“Xd“STW xeueTq Fo B13doadg DTUOIIDSTH

L°9 d19VL



CF,

CHy

CeHs
2
£ ’
>
>
o
.:é
S
prd
o
—
&
O F
(Vp)
A
<

>

=

(ABS/135)

F3
(ABS/130)

CHj,
(ABS/130)

(ABS/150)

(ABS/210)

Lo Lo b Lty Adted T wd e by s by iy

1000

FIGURE 6.13:

2000 3000
ENERGY (kK)

Electronic spectra of the Ni[SZPXZ]Z

CH2C12 solution.

4000

complexes in

174



CeHs

CHj

CF3

ABSORPTION (arbitrary units)

//////{\//
Loy ol g lde

| S|

CeHs
{ABS/100)

CHg
(ABS/80)

CF3
(ABS/100)

OC,Hs
(ABS/100)

F (ABS/50)

Lt iad e gt yx g lag

2000

3000

4000

ENERGY (KK)

FIGURE 6.14: Electronic spectra of the Pd[SZPXZ]Z complexes in

CH2C12 solution.

175



176

CeHs

ABS/
C 4Hs ( 1295)

CHj
(ABS/125)

F (ABS/125)

OC,Hs
(ABS/ 85)

ABSORPTION (arbitrary units)

| U W O S O T O O [T TS S T N U IOt O N SN TN O N B

2000 3000 4000
ENERGY (KK)

| N O Y

FIGURE 6.15: Electronic spectra of the Pt[SZPXZ]Z complexes in CH2012

solution.



177

00SY

1l 8(£10)74%%24 30 wn1309dg oFUOaIVETE :9T'9 TUNOIA

uotantos “19%HH ur
DIH) AO¥IN |
000 005 000¢ 005z 0002

] 1 1 _ i 1 ] i —‘ 1 i J

{ ¥ 1 1 _ 1

318ISIA

(ot/3) ‘AN

-100¢

- 007

8_O[x 3



178

Og"’ b]g 'f'bzu +b3u
'—_"".:"'—.ﬁ'._".‘fl‘;"—':lh_.....‘.‘
! a';;a \
! b +hey + \
i._.._l_”___l?.‘?_?_-_i:;&___‘\ d-d Transition Transition Symmetry
P P 1 1 1 I
Rl oo, T (W 1) dXZ’dz_’.dx A -+ "B, ,°B
(n+1)p (M) o ag i y y L g L 3g’ “2g
by. +bs. +b ) o? 1 2) 422 7 dyy Ag ™ "Big
v 2u "P3u 1 1 1 1
W by, (d iy 3) d +d A >
A ; o (dsy ) A ) ha2ey2 Ty g Plg
0
//I' / i \“\\\“ Electric-dipole Selection Rules
,, ! /l b2g + b30 "dxz:dyz) \ \\\‘ D
/ v 7 \N ‘\“‘ e £ 3 2 23
\ -
(el stv) 7 4 ag (d2) v A 2y x
¢ \ _
a iy s . y\w By x y
9 ,/, / \\ \\\\ B - 2
it agld2y2) A\ 2
nd (M) wil - e NN B =
- svhwib 73
VA
-~ \\Q\' ! A
Qag*b]g ? b29+b3g AN a \ \\\\\S\
W N v N, \\\g
N ¥ W
'\\ \\ AN b3 2] s S \\\‘\\\%
! N\ () BRSS! 3p(S)
I} \ \ ’,:‘
'l \\ \\\ b20+ by, ,/”//,,/, ay*2ag + blu"'Zblg
! \ s // K +bog +2byytb3g+2bs,
', \\ 09 +b]g+b20+b30 ,/ ll
o ( P) h \SErTooTT TSI T II
1 -
+by +boy+ bay Tsm 1
g *b1gtout b3y Y ;
\\ /
\ /
\ /
M \ I

FIGURE 6.17:

\ /
Y _% *big *bayths, i

e rimiae e

N e

Tep

A qualitative MO diagram for a planar chromophore

M(SZP)2 of D2h symmetry. The Cartesian axes are

oriented such that the molecular and xy planes coincide

with the M + P atoms on the x axis.



Chatt order to the lowest level. In the cases of the nickel complexes

33 and the crystal spectral studies32 are consistent

the MCD results
in showing that the first and second observed transitions are
forbidden or at least reduced in intensity in z and xy-polarization
respectively, as predicted by the selection rules included with
Figure 6.15. Furthermore, the crystal spectra32a of Ni[SzP(C6H5)2]2

and Ni[SzP(OC show extra bands in the visible region to

ofls)ols
higher energy than the two observable in_the liquid solution spectra.
Thus it is quite possible that all the so-called "d-d" transitioms
in the Ni complexes lie below 20 kK as postulated for the vanadyl
complexes and found for the tetrahedral bis CO[SZPXZ]Z complexes.
The peak occurring at 21.2 kK in the spectrum of Ni[SzP(CF3)2]2
. possesses a maximum which was reproducible between spectra from
samples of different preparations, but by its position and intensity
is possibly a spin forbidden band.

If either the first or second band positions in the solution
electronic spectra of the Ni complexes are taken as measures of

the ligand field strength, then the apparent spectrochemical series

of ligands, by X, is

CF3 < C6H5 < CH3 < F < OCZHS (6.30)

in agreement with the infrared data and known crystallographic results
(X = CH

and OC2H In view of the uncertainty concerning

3* %5 50
the applicability of electrostatic models to this system, no
attempt is made to determine Crystal Field parameters of orbital

energy separations or interelectronic repulsions. Furthermore,

179
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uncertainty as to the assignment of bands attributable to electron
transfer precludes determination of a new series of Xopt values.
L
For the palladium complexes, evidence obtained from
+2 11,12
Pd(NHB)4 and related species indicates that the three expected
"d-d" transitions coincide within twice the half-width of the band

observed. Both Pd[SZP(OC and Pd[SzPFZJ2 show structure in

2M5) 51,
the first observed electronic band not observed for the other Pd
complexes. Superposition of the spectra of these two Pd complexes
X = OCZH5 and F) indicates that the structure may be due to a spin-
forbidden transition revealed only because of the high energy
shift of the spin-allowed transition induced by the substituents
OCZH5 and F. The extent to which hidden components alter the
apparent band positions is unknown, but the overall order of band
positions is close to that observed for the Ni-series as a function
of X and hence a similar spectrochemical series of ligands pertains.
For the platinum complexes the regular increase in orbital
splittings down the Periodic Table continues. The pronounced tailing
to lower energies of the first band is general for all the sub-
stituents (except possibly CFB) and is the probable result of a
vibronic excitation mechanism. A temperature study is necessary to
settle this point. Thus the bands extracted from the low energy
side pf this first transition are spurious in all probability. It
is somewhat surprising that spin-forbidden bands are not more evident
in the spectra of the Pt complexes due to the increase in spin-orbit

64,94

coupling down the Periodic Table . The large shift in the most

intense uv absorption from that observed in the complexes of other
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metals is unexpected, since this band is anticipated to result
from an intraligand transition of much less sensitivity to changes
of metal ion. However, a large perturbation of the ligand bonding
by Pt may be suggested by the formation of the dinuclear complex
PtZS6P4(CF3)8 unique among the dithiophosphinate complexes isolated
thus far. It is notable that such a complex should form with the

ligand forming the weakest M-S bonds in most other systems (see

Chapter 3). It would prove exceedingly interesting to determine
S—P~_

whether the probable Pt\\ //Pt ring in this dinuclear compound is
P—S

planar or puckered as a plane ring would indicate a most unusual
aromatic heterocycle. The spectrum illustrated in Figure 6.16 clearly
indicates that the electronic properties of this complex are very
different from those of the expected but as yet unisolated mono-
nuclear compound Pt[SZP(CFB)Z]Z (cf Figure 6.16),

Relative band intensities were not discussed previously and
no explanations are attempted but it is noted that the band
intensities observed for the tris complexes are much higher than
those of the same metal ion with monodentate ligands, while thoée
of the tetrahedral bis complexes are lower74. Within the set of
five substituents employed in this study the general trend in inten-

sities, by X, was observed to be

C6H5 > CH3 "N OCZH5 > F > CF3. (6.31).

6.4 Summary and Conclusions

Subject to further verification the successes in the

spectral assignments for the complexes Ni[SzPXZ]2 and OV[SZPXZ]Z
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render highly uncertain the analyses of spectra of dithiophos-
phinate complexes using electrostatic models when metal-ligand m-
bonding is suspected or known to be significant.

The Ligand Field Theory approximationsllsdo seem to
yield reasonable results comparable over a wide range of ligands
provided that the coordination geometry is close to tetrahedral
or octahgdral. In the tris dithiophosphinate complexes it appears
that if there are vacant T* orbitals, then OC2H5 assumes a lower
spectrochemical position than F, but the order is reversed when the
T* levels are filled. This latter effect is possibly the result of
the greater T-donor property of the ligand induced by OC2H5 (Table
3.7).

A definite correlation exists bétween the M-S vibrational
frequencies observed in the infrared spectra and the magnitude of
the ""d-d" transition energies observed in the electronic spectra.
The higher the M-S vibrational frequency, the higher the "d-d"
electronic transition energy. This correlation breaks down somewhat
if the degree of polymerization is not the same between the two
physical measurements.

Electron transfer bands in the tris and vanadyl complexes
appear uniformly to be of the L -+ M type while in the tetrahedral
bis complexes, transfer appears to be of the M - L type. By the
direction of uv band shifts with substituent it would appear that
electron transfer (if it occurs at all in the region observed) is of
the L - M type. Also, as is to be expected, the Xopt values of the

L
ligands reflect more upon the strength of the metal-ligand bonding
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than on the group electronegativity of the substituent.

The postulate that the electrical o,m effects of the
substituents are transduced by the phosphorus atoms provides a
plausible and in some cases possibly a semi-quantitative explanation
of the differences in the electronic spectra of complexes where the
substituent is the only atomic variable. In their electronic spectral
properties, the dithiophosphinate complexes apfear quite "normal",
except that T-bonding effects in the planar and vanadyl complexes
are much greater than might have been predicted on the basis of the

"odd" character of the ligands47.
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CHAPTER 7

CORRELATIONS AND CONCLUSIONS

7.1 Substituent Dependence in Dithiophosphinates and Related Compounds

In the previous chapters the dithiophosphinates have been
largely discussed in isolation from other 1,l1-dithioacid systems of
complexes. The recently reported147 dithioarsinate complexes

M[SZAs(CH appear to be very similar to their phosphorus analogues

3)2]n
and the nuclear spin of the arsenic atoms (I = 3/2) should also provide an
interesting intramolecular probe for epr studies. For the dithiocar-
boxylate complexes M[ééCX]im the geometry of the ligands is such

that the directional transmission of the substituent electrical effects

to the MS, chromophore may be anticipated to be quite different from

4
the cases where the substituents are '"tetrahedrally' opposed to the
sulfur atoms.

As indicated in Chapter 3 (Table 3.1), the bond length
data is the most complete at present for the divalent nickel complexes.

For the dithiophosphinates Ni[SzPX the infrared spectral and

2]2’
crystallographic results together suggest that the M-S bond lengths

lie in the order by X

F 0C2H5 < CH3 " C6H5 N CF3. (7.1)

Unfortunately for comparison purposes, crystal structures of the
complexes Ni[SZC—X.]2 with a parallel series of substituents have not
been reported. The published structures for the complexes Ni[SZCX]2

indicate that the M-S bond lengths lie in the order by X29’30
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NCN < N(C,H ~ NH, < OC.H (7.2)

5)2 2 25

The coordination geometry of the carbon atom to which the substituent
is bound is trigonal in both the dithiocarboxylates and the benzene
system from which the Hammett-Taft parameters were determined86. The
relative order of substituents in sequence (7.2) is consistent with

a "direct" transmission of substituent electrical properties (Table

. 3.7) as opposed to the "inverted" transmission indicated by sequence
(7.1). Sequences (7.1) and (7.2) are both consistent with a

synergic interpretation of metal-ligand bonding.

Porta, et a1.21, noted a monotonic (but not linear)
relationship between the M-S bond lengths and the energy of the first
band (vleZ) in the electronic spectra of 1,1-dithiocacid complexes of
divalent nickel. Tomlinson and Furlani32a furfhér showed that the
correlation also held for the second electronic spectral band of these
complexes. Lever and Mantovani148 anticipated that a larger ligand
field would be reflected in higher metal-ligand vibrational frequencies
) and found v2

(g, Cu-N

for a series of planar, N-coordinated copper complexes. A similar

to be a reasonably linear function of vlel

correlation is illustrated in Figure 7.1 for the complexes Ni[SZPX?_]2
with X = CH3, C6H5’ OCZHS’ F, and CF3. Dichloromethane presents a
window in its ir spectrum between 300 and 450 K in which fegion M-S
vibrations.may be observed. Since the electronic spectra were

obtained from dichloromethane solutions, the molecular enviromnment was
standardized between the vibrational and electronic spectral measurements
by use of dichloromethane solutions for the ir spectral measurements as

well. The linearity of the results depicted in Figure 7.1 is somewhat
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TABLE 7.1

Ligand Field-Metal-Sulfur Vibrational Frequency Correlation®

b °.c

M X vM_S(K) Vl el(kK) Average M-S bond length (A)

fcn3 346(347)  13.77 2.238

CGHy 339(339) 13.58 2.236(7)
Ni  4OC,H, 353(354) 14.53 2.233(4)

F 348(349) 14.08

CF 4 334(334) 12.65

/

CH, 307(309) _ 20.48

CgHs 306(308) 20.02

OC,Hy  309(311)  21.28
Pd ﬁ 23.2

F 309(311) 19.7

22.31

LCF3 300(303) 20.20

(CH, 299(300)  22.93

CgHy 295(299)  22.43
Pt {OC,Hy  304(304)  23.86

F 298(304)  23.16

(CF 4 - -

a Spectra obtained from CH2C12 solutions.

b Bands observed in "window" of CH,Cl, spectrum, 300-450 K,
bracketed values are band positions observed in Nujol mulls.

€ Bond lengths taken from references 20, 21, and 23a, respectively.
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unexpected as no allowance was made for the widely varying substituent
masses. The small spread in VMS values for the Pd and Pt series of
complexes makes parallel cofrelations less meaningful (Table 7.1).

Similar vibrational-electronic correlations appear to hold
for the vanadyl and tris complexes. No such readily apparent relation-
ship was found for the tetrahedral bis complexes probably due to the
variation in ligand function between the solid state mulls from which
the ir spectra were obtained and the dichloromethane solutions from
which the electronic spectra were obtained.

In comparing the dithiophosphinate complexes with their
dithiocarboxylate analogue812’51, it is notable that the ligand fields
are generally higher and the electron repulsion parameters are
generally lower for the dithiocarboxylates. Nevertheless, the Co(I1I)
and Mn(II) dithiocarboxylates are unstable with respect to formation
of the trivalent metal ion complex51 in contrast to the reverse
instability observed for Fe(III) and Co(III) dithiophosphinates. Such
divergent behavior is attributable in part to the different manner of
transmission of substituent effects to the MS4 chromophore but much of
the difference must be due to the change from carbon to phosphorus as
the subtending atom.

Where the solid state of the dithiophosphinate complexes is
not complicated by ligand bridging, the relative crystal lattice
energies as functions of substituent were inferred from sublimation
and fusion temperatures as well as apparent solubilities to lie in the
order by X

C6H5 > OC2H5 v CH3 > CF3 > F. (7.3)



Sequence (7.3) represents an order of intermolecular interactions which

is quite different from the sequences presented in previous chapters

giving the relative orders of intramolecular interactions and is

clearly not simply related to the electrical effects of the substituents

given in Table 3.7.

7.2 The Application of Hammett-Taft Parameters in Inorganic Chemistry

That atoms and groups of atoms have transferable properties

(e.g. electronegativities, group vibrational frequencies, formal oxida-
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tion numbers, "hard" and "soft" Lewis acid or base behavior, etc.) is not

a new concept but is well recognized to be of tremendous predictive

value. The results of this investigation provide further support for a

synergic interpretation of chemical bonding in transition metal
complexes. No other physical constants are known to the author
which provide such intimate insight into the ''give-and-take" nature
of charge transfer in the formation of chemical bonds as the Hammett-~

Taft parameter386. Graham, et al.149, have demonstrated that vibra-

tional force constants and nmr data for organometallic complexes

can be correlated with 0,7 electron polarizations which are not

inconsistent with the Hammett-Taft substituent constants. Furthermore,

Olsen, et al.lso, found a linear relationship between polarographic

half-wave reduction potentials (E%) of transition metal 1,2-dithiolene

complexes and the inductive constants (0*) of the ligand substituents.
The specific utility of the Hammett-Taft substituent

constants as opposed to less quantitative classification schemes

will be developed for the ion CoF6 . In spite of the fact that the
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ions Co+3 and F_ are both "hard" in Pearson's kinetic classification96,
the complex ion Co}?6—3 is high—spinlSl whereas all other known
compounds of Co(III) are low—spin74. With reference to Figure 6.1

it may be seen that for an octahedral complex with a low-spin d
metal-ion configuration that the ﬂ*(tzg) orbitals are filled. This

is probably of little consequence to ligands with small m-donox
tendencies. The data in Table 3.7 clearly indicate that the

fluorine atom has a large T-donor tendency. Thus the high-spin ions
C0F6—3 quite possibly represent the compromise of the loss of some
o-type bonding (through occupation of o%* orbitals) with the gain

in some T—-type bonding. It is also noteworthy that the ions F—.

and SZPXZ— generate very similar magnitudes of 10Dq in their octahedral
Cr (11I) complexes74. Therefore, the low-spin ground states of the
complexes Co[SzPX2]3 is the probable result of the smaller inter-
electronic repulsions in the complexes afforded by the T—acid ligand
ions SZPXZ- versus the m-base F ions.

While the interpretation that charge polarization effects
of tetrahedrally opposed substituents may be considered inverted
(transduced) on transmission through the subtending atom is subject
to further confirmation, it has provided a consistent interim rationali-
zation of the results presented herein. As quantitative measures

of the substituent charge polarization tendencies the Hammett-Taft

parameters have proven very useful.

7.3 Indicated Further Work

Should a preparative route to the complexes M[SZPHZ]n be

found the properties of these compounds are anticipated to convincingly
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settle the question of the importance of substituent steric effects.
Thorough normal coordinate analyses for representative members of
each coordination geometry should allow firm vibrational band
assignments and a quantitative evaluation of the vibrational
electronic band correlations taking substituent mass effects into
account. The unambiguous identification of the excited electronic
states as well as the mechanisms of excitation.of transition metal
dithiophosphinates still requires extensive single crystal, MCD, and
low temperature solution spectral studies. Further spectral analyses
of the salts and non-transition metal dithiophosphinates are required
to assign the electron transfer and ligand spectra.

Low temperature (liquid helium) static field susceptibility
and epr investigations still remain to be carried out. The epr
spectra of the dithioarsinate complexes M[SZASXZ]n should prove
exceedingly interesting in comparison with those of their phosphorus
analogues (IAs = 3/2).

Very little quantitative and systematic thermodynamic
data is yet available for dithiophosphinate complexes. A differential
thermal analysis of these complexes should provide some insight into
the energetics of the thermally induced redox reactions and provide
some indication of the energy of the polymer-monomer transformations.

It is hoped that the results of this investigation will

lead to a greater general understanding of chemical bonding.
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APPENDIX B



TABLE Bl

Mass Spectral Data for the Tris Complexes H[Szl’le 3a

210

£ =
oy . CeHy oc My v cry
~ . N~ a N - -~ . a a
Asstgnnent [ cc 14! ¢ v cr Te o v cc . T w cr w. v cr re co
rs‘:):. £26(72)  427(61) - - 798(103) 799(33) - - 606(100) 607(61) 614(0)  4S0(138) 431(85) &58(26)  750(230) 731(101) 735(12) 758(1)
67352 - - - 450(17) - - - - - - - - 382(1) - - 479(0) -
nsery - - - - - - 1) - - - - 336¢43) - - - - - -
ns %X, - .- - - - - - - - - - () - - s81(13) - 486(0) -
ns rx, - - - - - - - - 409(48) - - - .- - - - - -
”s - - -
. - - - - - 263C136) - - - - 25110 - - 2
- (1)
LOCR A - 395¢0) - - 766¢7) - - - .- - - - - 426(19) - - - -
ns,ry - - - - 304Q18)  305(3) - - - - - - - - - - -
M5,PX, 333Q16)  338(2) - - 581(€163) 382¢2) - - 453(44) - - 34901) - - 349(2G) S50(3)  554(0) -
us PX, - - - - 42200 - - - 363(33) - - - - - 411(3)  €12(0)  416(0) -
NS PX, 3omoo) 302(100) 306(100) 309¢100)  $43(100) 350(100) 354(100) 357(100)  &Z1(100) 422(100) 429(100) 317(160) 318(100) 325(100)  517(¢100) 518(100) 522{100) 525(100)
IR XN 286¢20) 287(7)  291(19) 294(16) K7D - 47200)  430(0) - 377(1)  3Be(S)  298¢0) - 306¢10) - 49(2)  453(2)  &56(2)
HS P X, man - 216(2) - - - 400(0) - - 3n201) - - - 287¢1) 379¢4)  380(7)  38&(S) 38N
) - - - - -
nsr, 242(1) 249(11) 249Q1) 261(322) 262¢1)  269¢(4) - - 249¢7) - 242Q1)  266(1)  249(0)
Hs, PX, - - - - WL - - - 3L5(156) - - 267012 - - A1703)  418(D) - £25(3)
::‘;x, - - - - 364(S)  65£1)  369(0)  372(0) 300(167) 301(2) 30B(S)  24B(5)  249(18) 256(352)  3&B(5)  349(26) 3I5I(6)  336(22)
. - - - - - 210¢2%6) - - - - - 210012 211(3) 25 218(4)
u5.X - - - - - - - - - 25(1) T - 193(8) - - 248013) - - 256(0)
ns, - - - 187(28) - - - - 179(367) 180¢2) - 179(6) - 187(11) - 180¢2)  184(1)  187{1)
ns,PX 269(17) 270012 - - : - - - - .
m,’; X Qan (12) S17¢35) S18(5)  522(0)  525(0) 286(2)  293(1) - 486(0)  490(0)  493(0)
3Ty ; - - 409¢82) 410(5)  &L4Ch)  4L7(S) 313¢s1) - - 235(63)  236(3) - 385(9)  386(2)  390(0)  393(1)
us;rx, - - - - 332026) - 337(1)  340(1) - - 276¢)  216(3)  217€2)  224€26) - a7 2
NS, PX 193(24)  194C1) - - 255¢21) - 2 PO O
X - 223(244) 224(1) - 157¢0) - - - 248(0)  252(1)  255(0)
nsyp 178(9) - - 186(327) - - 183(8) - 178(633) 179€1)  186(14) - - 186(4) 178016) 179(2)  183(4)  185(6)
s x 162€10) - 167(8) - - - - - - - - 166€11)  162(2)  174(%) 216018) 217(2)  221€0)  224(D)
ns, 147C4) - - 153(16) - - - - 147(222) 143(1) - 347() - 155(22) - - 152€3)  15%¢2)
NS PX, 231(2)  238(1)  262(3)  243Q16) - - 450¢2)  493(0) - - - - - - - - - 463€0)
HS,F Xy - - 29(4) 230012} - - - 416(0) - - - - - - - - - -
Hs,PX 192(32) - - - 254(20) - - 262(13) - - - - - - - - 231¢0) -
nszpz - - - 1£5(79) - - - 185(1%) - - 185¢(7) - 178(513) - - - 182(0) 185(1)
s rXy - - - - 377(14)  378(8)  382(2)  3B5Q10) - 282D - 203(11)  204(27)  211(4) 353(1) - - -
nS,rxy - - - - - 301(20) 205(17) 208(18) 236(200) 237(5)  246d1L) 184(6)  185(23) 152(303) - 285¢17) 289(18) 292(43)
ns,rx - 162(4)  166(5)  169(20) - - 228(2) - - 19241} - 165(1) - 173(2) - - 220Q1) 223D
ns,? - 147¢5)  151(L1) 154(11) - 127¢3)  151() 154D 146(322) U7Q1)  154(8)  1L6() - 154(3) - 167¢15)  151€10) 156011)
X, - - - - 269¢22)  270(1). - - - - - 153013 - - 253(66) 254(5)  258(4) -
ns,x 130(8)  131(2) - - 192¢202) - - - - - - 136(14) 135¢8)  142(28)  184(&2) 185(6)  189(6)  192(N)
ns, 15¢%) - - - 115¢10) - - - - 126¢2) - 115010) 116¢9)  123(78) - 116€22) 120(7)  123(8)
nsr, 145€2) - - 153(13) - - - - - - 153016) - - - 145¢33) - 150Q1) -
nsrx, - - - - - PR 1214 V] - - - - - - 160(29) - - - -
Hsp 114¢2)  215Q1)  119(28) 122(13) - - 191 124N 114(%00) 113(1) - 11600 - - - - 119(18) 122(8)
nst - - - - 160€202) 161(12) 165(3)  168(%) - 125¢2) - 102(6) - - - 153(7)  157(8)  160(8)
ns 0 st) - - - - 23¢0) - - - - 83(11)  B4(6)  91(3]) 83(76)  Bage)  8B(S) 9NN
0%, - - - - - 268(1)  272Q1)  275(3) - - - - 152(34) - 251(16) - - -
wroxX 128(4)  129(3)  133(A) - - 151¢3)  195Q1) - 153(167) - - - - - 182027) - 187(0) -
nry - - - - - - - - - 113(346) 116(1) 121029 - 14(7) - 1130139 - 118¢0) -
oK, - - 112¢21) - 236€15)  237(1)  241(1) 244N - - - 12001) - 128¢10)  220(41) - - -
" - - - - 128(147) - 133(2)  138(2) - 97(10) - 70(8)  71(3)  78016) - - 12501)  128Q1)
L S s1(1) 52(5) - s9(149)  S1(15)  3211)  s6Q1)  3X2) - - $9€2)  51(43) - 39(47) s1(22) 529 s6(6)  59(%)
5r.%, - - 230¢207) 250(451) - - - - - - 370012) - - 266(41) - - 466(6)  408(21)
3,2.%, - - 218(23) 218(288)  466(14) 466(1)  466(1)  466(0) - 338¢6) - - - - - - 434¢0) -
Soutce 13 b L
Temp.('0)  2® 150 150 123 3 240 %3 310 160 150 150 0 100 » 80 100

4 The data is presenced as an array of n/e values for uni-positive,
that the fntensiciss of the fons r.s;r,x" were set at 100. Only peaks
fraction of the total jonizatton vhera X = Celige cry

thara are at least two entries io & vov and at least ons of which has sn tnteasity grester thao 30.

» Tais dots vas cbtajnad from the mase spectrum of the residues of a green dichloromethane solutfon, after temoval of the solveat.

netal containing fons folloved by the valative intensities of the corresponding pesks scaled such
sipnable vithout fragnentation of the X group are included (the omitted pesks ace an apprecisdls
and oc,n’ where the step-vise loss of cz“& units dominates the """\n.b). Only peaks are tncluded vhere
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TABLE B3
Mass Speetral Data for Planar H[SZPXZ]2 Complexcsa

X = CH, AN |4 CcFy
a A A y N
Assignment 7 Ni Pd Pt N/ Ni Pd Pe N/ Ri Pd Pt N7 N{ ~pd N\
S, PX, 308(100) 356(100) 445(100)  556(100) 604(100) 6‘93(100) 324(100) 372(100) 461(100)  524(100) 572(100)
MS, P X, 293(4) 341¢11)  430(10) - - 616(0) 305(¢0) 353(1) 442(1) 455(3) -
XS, PX, - - 384(9) - - - 255(29)  303(2) 392(33) 355(22)  403(0)
M5, PX - - - - - - - 236(8) - 373(S) 286(3) -
Ms, - - - - 234(4) - 186(3) 284(10)  323(9) 186(5) -
MS.P.X, 276(1) 324(1) - 524(7) 572(3) 661(1) - - - 492(0) 540(0)
MS,PX, 261(3) 309(3) 398(4) 447(0) 495(8) 584(5) - - - 423(s6) 471(6)
M54P,X - - - 293(22) - - - - - - 333(1)
M5,PX, - - - 416(12) .
MS,PX, 215(3) - - - - 476(1) 223(3) ° 271(0) 360(3) 323(9) 371.(1)
HS,P - - 322(4) - - - - - - 185(11)  233(5)
MS, - - 291(6) - - - 154(5)°  202(3) 291(6) 154(3) -
MS,P,X, 264(34)  292(36)  381(25) 492(7) 540(27)  629(23) - 308(1) - 460(1) 508(1)
MS,P X, 229(26) 277(28)  366(29) 415(8) 463(4) 552(6) - - 378Q) - -
MS,PX, 198(1) - 335(5) 384(18) - - - - - - -
MS,PX, 183(20)  231(26)  320(8) 307(3) 355(3) 191.(36) - 239(32)  328(13) 291(25)  339(36)
MS,PX 168(2) 216(2) - 230(5) - 367(3) - 220(0) 309(3) 222(5) 270(1)
MS,P - - - - - 290(1) - - - 153¢21)  201(24)
S, 122(3) - - - - - 122(20) 170(18)  259(12) 122(26)  170(33)
MSP,X, 197(0) 245(1) 334(4) - 431(23)  520(12) - - - - -
MSP,X - 215(2) 304¢4) 229(12)  277(1) - - - - - -
MSPX, 166(4) - - 352(32)  400(16) - - - - - -
MSPX, 151(6) 199(39)  288(4) 275(2) 323(24)  159(6) - 207(8) 296(7) 259Q1) 307Q21)
MSPX 136(3) 184(7) - 198(18) - = - - - 150(2) -
MSP - 169(26) 258(7) - 169(66)  258(7) - - - 121(31)  169(90)
HS - 138(1) 227(1) - - - 90(7) 138¢4) 227(6) 90(10)  138(4)
MP,X 135(1) 183(7) 272(1) 197(3) 245(6) 334(8) | - - - - -
He, - - - - - - 120(7) - - - -
MPX, - - - - 368(8) - - - - - -
MPX, - - - 243(11)  291(24) - - 175(8) 263(3) - -
up - - - - - - - - - 89(1) 137(6)
M - 106(3) 195(0) 58(10)  106(1) - 58(11)  106(9) - 58(23)  106(14)
-Source
Temp. (*C) 150 200 200 270 260 260 60 80 25 S0 80

®sce footnote{dof Table Bl, reading 4 in place of 10 for the intensity restriction. Peaks listed all contain the
metal isotopic pattern. The intensities, in parentheses following the m/e values, were obtained from the component
of the major isotopic species (3158, palo6, [ZREEIN Specrra were scaled such that parent ion intensity is set at
100 and peaks are included only if at least one entry in a row has an intensity >4 on this intensity scale.



Mass Spectral Data for the Complexes OV[SZPXZ]Za

TABLE B4

Assignment

OVSAPZXQ

VSAsza

Vs, PX
VSs,PX

oI
N W

54P2X4

Source
Temp. (°C)

2 see footnote (a) of

Va

X
.

CH, CgHs 0C,H, F CFy
317(100) 565(100)  437(100)  333(100)  533(100)
301(4) 549(74)  421(2) 317(83)  517(27)

- - 345(7) 267 (68) -
- - ©300(7) 248(7) 348(24)
285(1) 533(18) - - -
- 409(18)  313(19)  235(80)  385(2)
- - 178(14) - 178(13)
- - - 166(18) -
163(2) - 1163(5) 163(3) 163(60)
147(2) - 147(4) 147(10)  147(14)
253(50)  501(13) - - -
208(14) - - - -
193(16) - - - -
- 393(41)  297(62)  219(29)  369(5)
- 377(4) - 203(13) -
192(26)  316(13) - 200(13) -
162(7) 162(5) 162(4) - 162(14)
- 146(6) 146(6) - 146 (14)
- 269 (4) - 153(34)  253(18)
- - - 134(43)  184(71)
115(3) - - 115(14) -
160(12)  284(3) - - -
130(6) 130(12) - - 130(14)
- 160(4) - 102¢10)  152(13)
83(3) - - 83(18) 83(35)
- - - - 113(209)
- - - 82(5) 82(16)
67(3) 67(6) - 67(8) 67(25)
S1(1) 51(16) - 51(11) 51(15)
- - 370(23) - 456(1)
200 230 105 10 50
Table Bl.
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APPENDIX D

Description of the Faraday Balance Assembly

Detailed accounts of the Faraday method for determining
the magnetic susceptibilities of materials are given in references 62
and 63. The basic operational principle of the Faraday technique
is that a constant product of the magnetic field and field gradient
( g—g—) over a sample reduces the,dimens_ional restrictions and removes
the uniform packing requirements for the sample62’63. The magnet
tracks, balance table, and cryostat tube with auxiliary apparatus
were designed by Dr. R. G. Cavell, who also assembled the remaining
components. The system was made operational by the author. |

The magnetic field was generated by a Varian model V-4004
four-inch electromagnet system (V-2300A power supply and V-2301
current regulator) using specially tapered pole caps. The magnet
was mounted on a wheeled carriage riding on rails leading under a
table bearing the Cahn electrobalance (model G) used to measure the
forces induced by the application of thé magnetic field to the sample.
The "field-on'" and "field-off" conditions were achieved by moving the

"we N

electromagnet "in'" and "

" along the rails.

out
The electrobalance was modified for remote operation such
that the balance chamber was relocated under a bell jar resting on an
aluminum adapter plate bolted down onto a pump plate. Holes were
drilled through the base of the balance chamber housing below the

beam loops each of which were alignable with the central hole of

the pump plate via the adapter plate, A brass tube fitted with a
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tapered joint was bolted to the bottom of the pump plate. Samples
were suspended from the balance beam by a fine quartz fiber leading
through the brass tube and into either a glass envelope for ambient
temperature measurements or the cryostat tube both fitted with
tapered joints mating with the brass joint.

Temperatures were varied by immersing the cryostat tube
in liquid nitrogen and varying the heating current applied to wires
wrapped about an inner copper tube in which the sample is suspended.
A "proportional heating" system maintained a given heating rate and
temperature. Variable femperature measurements were carried out
under an atmosphere of helium. The liquid nitrogen level in the
dewer containing the cryostat tube was maintained by an automatic
feed system.

In the initial stages of this work, air stable samples
were loaded into open quartz buckets while air sensitive materials
were sealed into quartz bulbs (V5 mm in diameter). The latter technique
suffered the disadvantages of extreme heating near the sample and a
large uncertainty in the diamagnetic correction to be applied to the
sample container. Subsequently it was discovered that medical
polyethylene tubing (Intramedic Cat. No. PE 240 (7451), i.d. 0.066
inches, o.d. 0.095 inches) would snugly (air tightly) £fit over 2 mm
quartz tubing. Thus, the necks of bulbs blown from 2 mm quartz
tubing could be cut quite short (v2 mm) and the polyethylene tubing
could be worked to give caps with suspension hooks pulled to length.
Samples of even extreme air sensitivity were found to keep without

apparent change for periods up to several days in such containers.



225

Diamagnetic corrections for the polyethylene capped bulbs were
obtained prior to loading and the robustness of the containers proved
a distinct advantage for haﬁdling in glove bags.

During the course of variable temperature magnetic
measurements, temperatures were obtained from the voltages generated
by a copper-constantan thermocouple junction placed a few millimeters
below the sample in the cryostat tube and referenced to a junction in

an ice-water slurry.
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APPENDIX E

COMPUTER PROGRAM LISTINGS

C.-l..l...O.'O....."..0D....O......u...l....D.‘.‘.I...‘....DD.-.O..'.‘lb

axtk MAINLINE MASPEC *#%xx%
PROGRAMMED RY E.D. DAY, JUNE 15, 1971

NMASPEC IS WRITTEN SPECIFICALLY FUR THE ANALYSIS (UF THF MASS SPECTRA
CF DITHINPHCSPHINIC ACIN DERIVATIVES WITH dOMUGLLHECNUS SHUESTITUSNT
GPAOLPS. THE INPUT PEAK MASSSS APE ASSIGNEN ACCAOROING TN THF CONSTI-
TUENT METAL, SULFER, PHCSPHNZUS, AND SURSTITUENT GROUPS FCUND TG BF
IN MASS AGRFENENT. THE INPUT SPLCTRUM IS SCALED SUCH THAT ANY ARJI-
TRARY PFAX IS SET TO 1CC. FRAGMENTATION GF THE SUASTITUENT GROUP IS
ALLOWED ONLY FCR CF3,

es e INPUT AND FOPMATS

ALL NUMBERS ARE TO BF INTEGFRS AND FIGHT JUSTIFIED IN THEIR FICSLD.
ALL MASSES ARE TOQ BE EXPRESSED IN ATUMIC #ASS UMITS (A.M.Us)de.

CAPD 1

TITLE (9A4, CCLS, 1-36)

TMETAL (1A4, COLS. 37-40)
ROL (IF ANY) ALWAYS

M (15, COLS. 41-45)

SAMPLE FORMULA, SOURCE TEMP., ETC,
LeFT JUSTIFIED LETIFRS OF YETAL SYM-
CLLOWED IMMENDTATELY 3Y AN APQSTROPHE.
MULECUL AR MASS,

F
My (IS5, CCLS. 46-5%0) = MaSS (CF METAL GROUP,
MX (ISsy CCLS. S1-55) = PMASS NF SINSLF SUBSTITUENT GRQOUP.
NPEAK (ISy COLS. 56-€60) = NUABEF OF INPUT PFAK MASSES.
IMAX {15, CCLS. 61=-6£5) = PPAK HEIGHT T RZ SCALSD TO 10G.
NP (I2, COLS. 66-68) = NIYMBER OF PHOSPHOARYS ATNMS/YMOLECULE.
NS (12, COLS. 6%9-71) = NUMBFR OF SULFIR ATUMS/MILFGCULE.
NX (13, COLS. 72-74) = MJMBRFR 0OF SUBSTITUENT GROIPS/MOLECULE
METAL {1z, COLS. 75-77) = CXO-MOLECULE/LIGAND CHECK PARAMETER

(BLAMK IMPLIES METAL PRESENT, ASSIGNS PFAKS UNASSIGNED TO
METAL CONTAINING SPECIES TC LIGAND PFAKSS NUMBERCH IMPLIES
NO MLTAL IN MOLECULES; NUMBERDD [MPLIFS MUONO-CXO-MOLECULESY.
CAPDPS 2 ON3: N=Cslseeer9

TYPE (121, CCL. 10%N+1) = BLANK IMPLIES USHAL PEAK; *3x' [M2LIES
MCTASTABLE PEAK,y NGO ASSIGNMFNTS 'N' IMPLIFS PEAK NOT GF EX-
PECTFD ISOTCPIC PATTERN, PEAK ASSIGNED TUO LIGAND SPECIES.

PEAK {(I4y COLS. 10#N+2-1C*N+5) = PEAK MASS,

INTENS (15, COLS. 10%N+6-10%(N+1)) = PEAK INTENSITY.

0 008 2C P00 00000 00ETCLNPT000PS LI RNCP PP ES S NLeORPPINLIBOGIAEACEIEOINSICSRGERNSIS

MO OO OO NN NN OO NN OONONANAANONOOM

DECLARATION STATEMENTS.
IMPLICIT INTECGCER%2 (T-M)
LCGICAL=®Y PATERN(1S0),ASSIGN(1I50),,TM(15D),F(150),CF2(15C),0VI150),
IVOsFMeCMySSyPS e XSySXePXeSC,FCHyX04TR,CHECK
DIMENSION TYPE(LS50),FMTI14),PART(11),TITLE(9)
DATA FETLI)/ P ULXKe ' /o FEMT(2)/ AL a1 /3 FMT(3)/%4,19%/,FHT(4)/" 48X, '/,
lpART/! LIS ] l,! Olol’l,llstll'!,"plll,',llylll,t,ll l'l) C'
2' I,I’OOCFI'IZII) O'D'llFlll/'R/l\jl/'A/l l/,("/l)kl/
INTEGFR*2 PEAK(150), INTENS(150),P(290),5(150),X{150),FRAG
C READ INPUT. START OF EACH DATA SET.
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1 READ({S,90C +FND=20)TETLE yTMETAL, MW, MM, MX 4 NPEAK , TMAX, NP, NSy NX, WTTAL.

TATYPELL) »PEAK(T )y INTENS(I),1=1,NPEAK])

C WRITE CARD 1.

c

O

O

INI

SCA

ENT
3

WRITE(6+9C1) TITLEyMW MYy MX,NPEAK, IMAX NP 4NS,NXyMETAL
TIALIZFE PARAMMETERS.

MASS = MW

Q0 = A

CHECK = METAL.LT.O

VO = METAL.GT.O
FM = FALSE.

CM = FM

1T = 1

[FIMX.EQ.69) TI=I1+2

TF(VO) TI=11+1

[F(IT.REQ.4) 11I=6 -
D = 100.0/1MAX
LE SPECTRUM.

DO 2 I=1,NPEAK

ASSIGN(I) = +FALSE.

INTENS(1) = D*INTENS(I}+0.5

NPP = NP+1

NSP = NS+1

NXP = NX+1
ER FRAGMFNTATION LCCPS.
IT = 11-1

CHECK PEAK TYPE.

1
ADD

ACD

ADD

DD 4 I=1,.NPEAK

PATERN({I) = TYPE(I).EQ.Q
FHQSPHOPUS ATUMS TU FRAGMENT LOST.
N = -31

D 9 I=1,NPP

SULFER ATGOMS TO FRAGMENT LOST.

N = N+31

M = N-32 . N
NQ 8 J=1,NSP

SUBSTITUENT GROUPS TO FRAGMENT LOST.
M = M+32

FRAG = M-MX

DC 7 K=1,NXP

FRAG = FRAGH+MX

ICN = MASS~FRAG

SEARCH SPECTRUM FGR RESICUAL FRAGMENT.

S TF{NOT«PATFRN(L) oAND, . NOT.CHECK.OR.TYPE(L).CQ.C.OR.ASSIGNI(L))

NG 6 L=1+NPEAK
IF(ION-PEAKIL)) 645,7

160 70 7

X{L) = NXP-K
IF(FMJANDJX(L) o EQ.C.ORJCM AND.X{L)FQ.NX) GC TO 7
P(L) = NPP-I

S{L) = NSP-J

ov(L) = VC

TM(L) = NOT.CHECK
CF2{(L) = CM

FI(L) = FM

ASSIGN(L) = .TRUE.



IF{.MOTFM.ORGPIL)CEQ.AP.ORX(LI+1LLE.C¥P(L)) GO TO
P(L) = P(L)+1 :
CF2(L) = .TRUE.

F(L) = .FALSE.

GO TQ 7

CONTINUE

CONTINUE

CONTINUE

CONT INUE

IF(I1.GT.C? GO TO 10 -

IF(CHECK) CD TO 13

NoJieo JEN Re)]

C CHECK UNASSICGNED PFAKS FOR LIGAND (DI-LIGAND) FRAGMENTS.

O

CHECK = .TRUE.

FM = .FALSE.

IF(MXeTGo€S) 11=3 .
Mw = 2% (MW-MM)/NP

MASS = MW

MSP = (NS+NS)/NP+}
NXP = (NX+NX)/NP+1
NPP = NXP/2+1

¢ =8

GO TO 3

16 IF(I1.EQ.5.CR.IILEQ.2)Y GN TO 11
IF(ITeEN.4CRaCMJANDLITLEQLY)Y GO TO 12
SUBTRACT OXYGEN ATOM FRCM OXJ-MOLECULE.
MW = MW-16
MASS = MW
VO = LFALSE.
FVM = JFALSE.
G0 TO 3
SUBTRACT CF2 GRCUP FROM CF32 SUBSTITUTED MOLECULE,
11 MASS = MW+19
CMVM = LTRUE.
GC 70 3
SUBTRACT FLUORINE ATCOM FRCM CF3 SUBSTITUTED MOLECULE.
12 MASS = MW-19
FM = ,TRUE,
CM = FALSE.
GC TO 3 .
WRITE ASSIGNMENTS.. :
13 DO 19 I=1,NPEAK
IF(ASSIGN(I)) GO TOU 14
WRITE(H6,9C2) TYPE(I),PEAK(1),INTENSI(I)
GO TO 19
14 FMT(5) = PAPTI(1)
IF(OV(I)) FMT(5)=PART(2)
FMT(6) = PART(1)
IF(TMCL)) FFT(6)=TMETAL
FMNT(T7) = PART(3)
FMT(8) = PARTI(6)

FMT (9) PAFT(4)
FMT(10) = PARTLS6)
FMT(11) = PARTI(S)
FVT(12) = PART(6)
FMT(13) = PART(8)
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FMT(14) = PART(T)
IF(.NOTL.F(I)) GO TO 15
X(1) = X(1)-1
FMT(13) = PART(9)
EMT(14) = PARTI(10)
15 TF{CF2(1)}) FMT(13)=PART(11)

SS = S(1).GT,.0

PS = P(1).GT.0

XS = X(I).GT.O

IF(SS.AND.PS.AND.XS) GO TO 18

Sx = SS.ENDGXS.ANDG NCTLPS

PX = PS.ARND XS AND,aNCTL5S

SO = SSeARND.NTTPSOANG..NOTLXS

PC = PSeAMDeeaNOTeSSaAMD e aNUT XS

XC = XSeAND.eMGToSS5ANDeNCTLPS .
TO = JNUTeSSeAND, e NOT.PS.ANC, o NOT L XS

IF(SX.O0R.X0Q) CO TO 16
IF{(PX) GO TO 17
FMI(11) PART(8)
FMT(12) PART(8)
IF(SO.0R.TQ) GO TOA 16
IF(PQO) GO TO 17
WRITE(6,FNMT) TYPE(T),PEAK(I) ¢ INTENS(I),S(I),P(I)
GO 70 198
16 FMT(9) = PART(8)
FVMT(10) = PART(8)
IF(SQ) WRITE(6yFMT) TYPE(]L),PLAK(I) ,INTENS(T),S(])
TFISX) WRITE(E6,FMT) TYPE(TI)SPEAK(I) yINTAENS(T)»SCI)yX(I)
IF(S30.0P,.SX) GO TO 19
17 F¥T(7) = PARTI(8)
FMT(B) = PART(E8)}
IF{TO) WRITE(E,FMT) TYPE(I),PREAKII)INTENS(T)
TFIX0) WRITE(SH,FMT) TYPE(T)«PZAK(T) 2 INTENS(T)
)
)

[l

IF(POY) WRITE(G6.FMT) TYPE(I),PEAK({I),yINTENS(]
IF(PX) WRITE(&,FMT) TYPE(T)PEAK({I ), INTENS(]
GC TO 19

18 WRITE(6+FMT) TYPE(I)yPEAK(ITI )9 INTENS(I) yS(L)},P(I),X{1)

19 CCNTINUE
GC 70 1

20 WRITE(6,903)
sToP

900 FURMAT(1DA4,515,413/(8(A1,14,15)))

Q01 FORMAT{'1',5X,"MASS SPECTRAL ASSIGNMENTS*/ '+ ,85X,"' _ __ _ o ____
1l Y//1XeG047 /7 MOLECULAP MASS =1',15,"' A.M UL /P MASS OF MET
2AL GROUP PER MOLECULE =1',15," A, M, U, "/ MASS OF SUBSTITUENT GROUP
3IN MOLECULE =", IS5,' A.M.U.'/? NUMPER OF PELKS INPUT FOF ANALYSIS
4=1,15/% PEAK INTENSITY SCALED TC 100 =',15/* NUMRFR GF PHOSPHIRUS
SATCMS PER MCLECULE =',13/' NUMBER GF SULFER ATOMS PER MILECULE =1,
612/ NUMBER CGF SUBSTITUENT GRCUPS =1,]3/' OXD-MILECULE/LIGAND PEAK
7 CHECK PARAMETER =1',13//" V/E INTENSITY ASSIGNMENT/

8' (A.M.U.) (SCALED)*//)}

Q902 FOCRMAT(IXyAl414519410Xy%==~1)

03 FORMAT (X1 36X, %%kt END OF EXECUTION *%%k%x?)
END
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MAINLINE MACGSUS C
MAGNCTIC SUSCEPTIBILITY MARK Il1 {(MAGSUS - D)

PROGRAM IS WRITTEN FCR A CARRIAGE LENGTH 0OF 120 CHARACTERS.s HENCES
MAY FITHER BFE SUBMITTED TC COMPUTEKR AS A DECK OR USED AT A TERMINAL.

BASICALLY, PROGRAM CALCULATES GRAM, MOLAKR AND RECIPrROCAL MOLAR SUS-
CFPTIBILITIES, ARND SUBJFCTS RESULTS OF RFCIPROCAL MOLAR SUSCEPRPTIBIL—
ITYs AS A FUNCTICN CF KELVIN TCEMPERATURE., TO A LINCAR LEAST SQUARES
ANALYSIS.,.

A GRAFH OF RECIFROCAL MOLAR SUSCEPTIRILITY VERSUS KELVIN TEMPERATURE
IS PLCTT1EDs INCLUDING THE QOBSERVED ROINTS AND LEFAST SQUARES LINE

(FRCM WHICH THE WFISS CUNSTANT IS EVALUATED) . PLOTS APRPE DONE CN AN
11e0 X .5 INCH AFEA wITH CENTIMETER SCALE ., lLeLCes 254 DIVISIONS/IN,

FROGFAMMED BY CeCeCAYs ReGeCAVELL s AND LoF «DOTY,
LATEST RFVISICN: 26 AUGUST 13970

e s NOTES
(1) A MAXIMUM OF 40 CATA PCINTS CAN BE PROCHSSED WITHCUT REDIMEN-
SIONING ARRAYS, HUWEVER. ANY NUMBER OF DATA SETS MAY BE PROCESSED
BY STACKING DATA CECKS. ABOUT 0.05 MINUTES AND 70 LINES ARE REGU-
IKED PER DATA SFT. 3
(2) PLOTTER REOUIFEMENTS ARE 6 MINUTES AND 30 FEET OF TAPE PER
DATA SET., UNLESS A DUMMY TAPE CAKD IS USED AND PLOTTING FCREGONE.
(2) SAMPLE FORCE CATA ARE EXPECTEC TG BE OBTAINED IN HELIUM
ATMOSFHERE,

e e e DEFINITION OF SYMECLS:
(WEIGHFTS IN MILLIGRAMS, FORCES IN UNIFORM ARSBITRARY UNITS, THERM-
CCCUPLE VOLTAGFS (REFERENCE JUNCTION AT [CF-POINT) IN MILLIVOLTS,
TEMPERATURES IN KELVINS, AND SUSCEPTIBILITIES IN CGS UNITS)

INPLY GUANTITIES?

NAME NAME CF SANMPLE COMFCUNDs Ss NF UNKNUWN SUSCEPTIBILITY
(LEFT JUSTIFIED, SINCE WILL APPEAR ON PLOT.)

Fw = FORMULA WEIGHT OF S.

DICQOF = CIANACNETIC COMPONENT OF MNLAR SUSCEPTIBILITY OF Se

wS = WEIGHT 0OF Se

wBs = WEICHT OF CCNTAINER (BUCKET NR ABULB) OF Se

LF (I = CBSe FORCE (UNCCRRECTFD FOR CCNTAINER COMPONENT) ON S

vil) = VOLTAGE GENERATED RY THERMJCOUPLE WITH PROJ3E JUNCTION
AT TENFERATURE UF PCOINT 006 CM 3ELCW S, UNDER OPERAT-
ING CCADITICNS(LIQUID NITROGEN COOLING) .

wWSTC = WEIGHT OF STANDARD SAMPLE. STDs USED TO DETERMINE THE
FIELD.

wB8STOD = WEIGHT CF CORTAINER (BUCKFEY OR BULE) CF STD.

UFSTOD = FORCE ON STANDARD IN ATR, CORRECTED FOR CONTAINERe.

VSTOD = VGLTACGE GENERATED BY THERMOCOUPLE WITH PROBE JUNCTION
AT TEMPERATURE OF STD UNDCR &0OOM CCNDITICNS.

N = NUNBER OF CATA POINTS.

c1 = FCRCE CN SAVPLE CCNTAINER IN AIR AT RCOM TEMPERATURE.
Cl1 IS LATER MUDIFIED INTERNALLY.

2 = COFFFICILNT CF TLEMFERATURE DERPENDENT TERM IN EXPRES—

SICN FCR CCNTAINER FCRCE COMPONENT.
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FB = Cl4C2%WEXFSTO/Z(WSTD®*XGSTD)*T

INPLT DATA FORMATS:

CARD 1
NAME (12A4, COLS. 1—-48)
Fw (F12.0y CCLSe 49-60)
CICCR (E15%.0s CCLSe €66-7S)
N (IS, CCLS. 76-80)
CARD 2
wWST0 (F10.0s, CCLSe 1-10)
wWEeSTD (F10.9s CCLSe. 11-20)
VSTD (F10.0, CCLSe 31-40)
UFSTD {F10eds CCLSe 21-30)
®S {F10.,0s CCLSe 41-50)
was (F1040s CCOLSe S51—-69)
C1 (F10.0, COLSe 61-70)
c2 (E10.0y CCLSe. 71-80)
CARDS 3 TC (N+2)
v(1) (F1040s CCL3. 1-10)
UF(I1) (F1040y CCLSe 11-20)

CALCULATED QUANTITIES?

TESTO = KELVIN TEMFERATURE CF STC.

XGSTD = GRAM SUSCEPTIBILITY CF STD AT TEMPERATURE OF STDe.
TC1) = KELVIN TEMFERATURE (OF Se

CFE(L) = CORRECTED FOUORCE CN S

xXG(1) = GRAFM SUSCEPTIRILITY GF S.

XM(1) = CURRECTED MOLAR SUSCERPTIBILITY OF Se

2¢12 = RECIPRCCAL OF X4(I).

XML SG = LEAST SCUARES MULAR SUSCEPTISILITY.

CEV = CEVIATION OF XM{I) FROM LEAST SQUARES VALUE.
DEVINV = DEVIATICN CF Z(I) FRCM LEAST SQUARES LINE.

A = SLCPE OF LEAST SQUARES LINS IN PLCT CF Z(I) VERSUS Te.
B = ADSCISSAL INTERCEPRPT OF ABOVE LEAST SGUARES LINE.
BM = EFFECTIVE MAGNETIC MCMENT IN BOHR MAGNETONS,.
WEISS = WEISS CCNSTANT (OF Se

SDX = STARNDARD DEVIATICN €F FOINTS.,

EDA = STANDARD DEVIATICN CF Ae

sca = STANDARD CEVIATICN CF B

SOWw = STANDARD DEVIATION GF WEISS CONSTANT,

© 0 0 06 0P 8006 CII LB NO0CETCE 0080200600008 080 0008000000 00QCECELIBSIOLIIOPIOLGOESIOTTIOSOTIEOITS

REAL CATA(2048)«T{42)+4Z042)+UF(40)sV(40),CF(40)+XG(40)+XM(40),

INAME(12)

TET(V) = 272.15€6+V*(25.68G36-V*€.474187E-01)

XGST(T) = 5.385S3€E3E-05+T%(—-2.0282C06FE~07+T%2,564732E—10)

TSIV) = 272.71B54VE(25.G5607+V%(—7.S12920E~1+V¥(—1.€ES5135E-2+¢+V*

1 (~3.249632F—24VE(1.051S23E—2+V#(4,7353817E~34+V+5.258457E-4))))))
TST(V)s XGST(T), AND TS(V) ARE VALID FOR TEMPERATURE RANGES 279-317 Ke
253-303 Ks AND 85-323 K, RESPECTIVELY.

INITIALIZE PLOTS.
FUN(K) = ((K/2)*3)}/K

CALL FLOTSIDATA(1)+8192)
NELCT = 0
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C *%%%x% START OF FACH FRCDBLEM *%Xxi¥

1 READ(S5+900+ENL=8) NAMEFWsDICORsN+sWSTD+sWBSTOD+VSTDLUFSTD+WS+WBSeCly
1C2+(VIT) L UF(I)+1=14sN)
C CALCULLATE KELVIN TENMPERATURE CF STANDARD SAMPLE.
TSTD = TST(VSTD+0,009)
C CALCULATL GRAM=SUSCEFTIBILITY CF STANDARD SAMPLES
XGSTD = XGST(ISTD)
C WRITE INPLT CCONSTANTS.
WRITE(6+:901) NAFME qWSTDoF WeWBSTDoDICORWUFSTD+WSeVSTDWBS»TSTDWC1
1XGETEs,C2
C CALCULATE KELVIN TENPERATURES, SUSCEPTIBILITIES, AND LEAST SQUARES
C LINF FARAMNLTERS.

P = WSTD*XGSTL/(1.0018%UFSTD)
C2 = C2%wBS/P .
Cl = Ce957%C1—~-C2%TSTD

R = P/WS

SUMX = 0.0

SuUMY = 0.0

SLMX2 = 0.0

SUMXY = 0.0

TMIN = 1.0E50

TMAX = 0.0

YNIN = 1.0ES0

YNMAX = 0.0

DC 2 1=14N

X = Ts(v(I))
IF(XeLTeTMIN) TMIN=X
IF(XeCTeTMAX) THMAX=X

CF(TI) = UF(I1)—-(C1+C2%X)
XC{(1) = CF(I1)%*R

XM{I) = XGUI)%FWw-DICOR
Y = 1.0/7XM4(11}

IF(YelLTaYMIN) YMIN=Y
IF(YeCGTeYMAX) YMAX=Y

SLMX = SUMX+X
SLMY = SUMY+Y
SLMX2 = SUMX2+X%X
SLMXY = SUMXY+X*Y
TCI) = X

2 Z(1) = Y
8] NESUMX2-SULMX 2SUMX
A (NASUMXY—=SUMXXSUMY) /D
£ = (SUMX2¥SUMY—SUMX®SUMXY) /D
C CALCULATE WwWEISS COCNSTANT.
WEISS = —-8/A
C CALCULATE MAGNETIC MOMENT.
BV = 2.828/S0RT(A)
C CALCULATE RESIDUALS AND SUM OF SQUAKRED RESIDUALS.
SUM = 0.0
OC 2 I=1.+N
Y = A*¥T(I)+BR
XMNLEGC = 1.07Y
DEV = XMLSQ-XM(1)
DEVINV = Y=2(1)
SUM = SUM+DEVIAVEDEVINY
3 WRITE(64902) T eT(I)eYeZ{I)sDEVINVIXMLSCoXMII)+sDEVXG(I)+sCF(I),
1UFCTI)s V(L)
C CALCULATE STANDARD CEVIATICNS.
SCX = SQRTISUM/(N-2))



SCA
sCcB
SCW
SCM

SLOX*SORT(A/D)
SOX*SAQRI(SUMX2/D)
ARS(AFISS*(ANS(SCH/B) +SDA/AY)
BMXSDA/A

WRKITE(6+903) A+SCAL34SOB3+SDXeWEISS+SOWLBM4SOM

C

C *.x%% FLOT CATA ®%d##%

C

C DRAW ECUNCING RECTANCLE ABCUT PLGT.
CALL FLOT(0«048454+42)

CALL

FLOT(11.04+48eS+2)

CALL FLOT(11.C+0+04+2)
CALL FLOT(0+404+0+0+2)
C DRAW X-AXIS.

cALL
CALL
cLc =
CALL
DO 4
4 CALL
CALL
CALL

SCALE(I-05*(TVAX‘IM[N)o7oS!UprSCTvaTMINQNT)
FLOT(0a7%2¢02543)

7e7S—=NT*C

SYMBUL(O.75.DDQ0.06'l3090-0“2)

T=1NT '

SYMBOL(O e 75 4DC4I*D90406413:90+0,9—2) ’ N
FI—CT(OO75'7.7S‘-3) . \
FLCT(O040CsCa0342)

C LABEL X-AXIS.

CALL

EYMBOL(—0eCS+=2e70+0e15 3 * TENFERATURE ( K) ' +4-90.0,16)

CALL MUMBER(~0e4S3—404040408:0sC¢=3060,—-1)
C NUMBEFR X—AXISe.

DO €
X =
ND =

1

I=1«NT,2
XUPD+TMIN
ALLOG10(X)+140

S CALL NUMOER(—0elB40e05%¥ND=0e¢02=I1%D+0e12yX9=900+s—1)
C DRAW-MAGNETIC PARANETERS.

CALL
cALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
cAaLL
0 =

—l4o42-0e12%#( INT(ALOGCIO(ABS(WEISS)))I+3.0+(WEISS—ABS(WEISS) )/

SYMBOL(1 425 +—4400 306254349 =90e09-1)
SYMBOL(L o174~ 4414430409 'EFF*»—-9040,3)
SYMBGLIL e 25 9~4a3240el144"* = 1y ~90.043)
hUWBFQ(‘-251—4-080001493M0—900002,
SYMJUL(l-259‘5o?EoO.lQoZJ"QO-OQ—l)
hUMBER(l.25O“E.QO'OQIQ'SDMv—93.°'3)
SYMBQL(l-250—6012v0015'.5.N-"—90-0|Q)
SYMROL(2e001+1~4¢00¢041895112+—5009~1)
SYM%UL(E-OQv-“.CS;O.O?o13'0001—1)
SYMAOL( 200 9—4e1240e14e® = 4 ~904093)
MUMBER(2 ¢00+=8 42,0014+ WEISS21—=90e041)

1 (WEISS+WEISS))

CALL SYMBOL(2e00sC—=e144¢0614323,-50.0+—1)
CALL hUMBER(200000*.2000.IQ'SDW'—QQQODI)
D=0e12%(INTCALCGI10(SDW))+3eC)—0.25

D =
CALL

SYMBUL(Z.OO.D-.ZI.0.15"K'-—90.0.l)

CALL AUMBER(2.1040-21150¢08+0e0+—G0+05~1)
C DRAW LEAST SUUARFES LINE.

FNIN
YMIN
CALL
CALL
CALL

= AXTMIN+RE

= AMINI(YMIN,FMIN)

SCALE(]! «05%{YMAX—YMIN) 39e04UPDsSCYsDs YMINSNT)
ELCT((ARXTMAX+B—YMIN)/SCYs (TNIN=-TMAX)/SCT,»3)
FLOT((FMIN-YNINI/SCY+0¢0s2)

C DRAW Y—-AXISe.

CALL
DC 6
6 CALL
CALL

FLOT(0«0s0e04¢3)

1=1«NT
SYMUCL(I*Dv000'000611300000-2’
PLOT(9¢0+0e0+2)
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NUMBER Y-AXIS.

00 7 =1sNT,2
Y = TXUPD+YMIN
ND = 2—=INT(ALCG10(Y))

7 CALL NUMNRER(I%#D—0e06+0e34-0e10%¥NDe0s12¢Ys=90¢0+s—1)
LABEL Y-AXIS.
DD = (D+D)XINT(C2S%NT+CeS)
CALL SYMUDL (LD +0410+0e67+¢0e16+41124-3040s-1)
CALL SYM3GL(CLC+0e02+0e63+40e17+973-9060s~1)
CALL SYMBUL{DD-0e12+0e¢SE65Ce40¢3S+-9040,4,-1)
CALL SYMBUL(DD+N0e1Cs0e3700409 *CCFR*"4-2060194)
CALL SYMBOL(DDC-0621+4029+0e12:84+:-90.0,—-1)
DCRAW TITLF.
CALL SYMBEOL(9aS030+25+0e1B84sNAME+—90e0,+48)
DRAW EMPIFICAL POINTS. -

N1 = N+1
N2 = hN+2
TI(N1) = TMIN
TI(N2) = -SCT
ZIN1) = YMIN
Z(N2) = SCY

CALL LINE(Z+sTeNsls—1,3)
SET CRIGIN OF NEXT FLOCT.
NPLCT = NPLOT+1

235

CALL FLCT(12.02FUN(NPLOT)~0e755G.5%(MOD(NPLIT,3)-FUN{NPLOT+1))

1%(=1)*%x(NPLGT/3)=7e75+—3)
GC TO 1

Bhkkax END OF DATA SET FROCESSING *%kk%

CLOSE TAPE.
8 CALL FLOUOT(0¢0+404C»559)
WRITE TCTAL FLOT CCUNT.
WRITE(6+904) NPLOT
sSTopP
900 FLRMNAT(12A44F12e¢0+L15e0+15/7F1004510.0/7(2F1040))

GO0l FCRMAT("1 ' ,10X.*TENFERATURE DEPENGENT MAGNETIC CATA FOR

1?°0CONSTANTSI* /12X WEIGHT CF STANDARD = 4 FEea3s?

MG*

*,12a4/
216X

2*FORMULA WTe GCF SAMPLF = P aFT7 e3¢ GA/MOLE'/%0',12X+*'WTe OF STDe

3CCNTAINER = P sF6a3e" MG 16X ' MOLAR DIAMAGNETIC SU3Ce.

*9y3PEL10C.1

49*® (CGS UNITS)'/'0*412Xe *CHBSERVED FORCE ON STDe = *40PF6e4,
MG*/'0%s12Xs

5% (AREe UNITS) NEITGHT OF SANFLE®'s8Xe'= "3F e’

OEPVSTD 919X '= F3FS5e2s% MV 417X,?20T, CF SAMPLE CUNTAINER
T MG'/°0°,12X, '*TEMFERATURE QF STDe. = "3 FDels' K*,18Xs'Cl =¢,
BFEed4/7/7 13Xe 'CRANM SUSCe. CF STD T 142PEY.2s ' (CGS UNITS) c2

9 =%, 1PE11.3//7°0C N | T(K) 1.0/XMILSG) 1.0/7XV(0OES)

AN(LSQ) XMICPES) DEVIATION XG(GCHS) SAMPILE

C (UNCORe)')

= *3F6e3

DEVIATICN X

SAMPLE VM
BV)S/38Xe ' (LSQ-CBS) * 427Xs* (LSC—-C3S)* 416X *FCRCE FORCE*/98X s 'CORe)

G002 FCRMAT(I3¢FB8el s2(1FE12e3)+E12e25s2C12e34¢E12e62+E1243+0PFQF44,F8445s

1FEe3)

Q03 FCRMAT(/*CDATA FIT TUO EQUATICN: 1e60/7XM = (¢ 4F7e44"*
1 (P aFBels' +*3FOGoedoe?) 3 5TDe DFEVe UF 1I/7XM(LSQ) = ¢
281X 0% _Pe22Xe ' _'/'CUELISS CCNSTANT = *,F8a39% +',FSe3s* K
3CTIVE MAGNETIC MUCMENT = ®*3F4e2s" +9,FSe3¢" HaMe '514X,°
AFLGTTED /84 32€CX+*_* o47Xe*_19)

904 FURMAT(*1TOTAL NUMBER CF GRAPHS FLOTTED IN THIS RUN [S:?

END

+* 3 F6a44* )%T +

2WFEe3/7"%%,
H EFFE
eeoesDATA

sy I4)



SLBRCUTINE SCALE(RANGE +DIN UPDJUFIDsORIGINGNT)
D = ALUGIO(RANGE/(2.5%DIM))
Ic = °r©

IF(Cel. Ta00)ID = 1D~}

O = 10.0%%x{C~-1ID)

UFD = 1.0

IF(D.LE.1.0) GO TO 1

UFEC = 2.0

IF{D.LE«2.0) GO TO 1

UPD = 4.0

IF(D.LEL4.0) GO TC 1

UPD = 5

IF(DeLE+S«0) GC 7O 1

UPD = 8.0

UFD 10.0

DF1 2. 5%¥D7UPD

UFD URD*10 «0%%*%ID

UFI DOP1 *UPD

D = ULUFD/ZUPIT

NT = CIM#%DPI

P = 100%INT(CRIGCIN/10.0)
ORTIGIN = P+UPD*INT((ORIGIN-P)/UPD)}
RETURN

END

I h

W
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FIGURE El:

Sample Calcomp plot from MAGSUS.
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L kE¥x MAINLINE BIGAUSS ¥*kx%kx*x

PROGRAMMED BY LCeDe DAYs DeRe MCTAVISHe AND ReGe CAVELL.
LATEST REVISICN: APRIL 20, 1970

PROGRAM IS WKITTEN SPECIFICALLY FOR ANALYSIS OF ELECTRONIC SPECTRA
WITH WAVELENGTH AND AUSORRANCE SCALES, USING A GAUSSIAN APPROXIMA-
TION TO RFSGLVE THE SPUCTRAL FNVELOPE INTO COMPONENT PEAKS. TGO
ALLOW FOR ASYMMETRY, DIFFERENT WIDTH PARAMLTFRS ARE DETERMINED FOR
EACH SIDE 0OF A COMPONENT PFAK, THE RCSULTANT PFAKS HFERE BEING
CALLED '"8I-CAUSSIANS®. THE FUNCTIONAL FORM OF A 3I-GAUSSIAN IS

Y(X) = AXEXP(-B(=)*{X~C)*%x2), X < Co
ANEG Y(X) = A¥EXP(=B(+)¥(X=CI**2), X > Co
wHERE
A PEAK HEIGHT,.

PCAK WIDTH PARAMETEKRS OF HIGH AND L0OW ENERGY SIDES OF
PEAK o DISTANCE HETWEEN INFLECTION POINTS=SQRT(2/B)e.
POSITION (ENERGY SCALE) OF PEAK MAXIMUMe.

W

B(+)sB(-)

C

n

(SEE: Co.Ke JOERGENSEN, *ASSCRPTION SPECTRA AND CHEMICAL BONDING IN
COMPLEXES's CHAPTER 6.

THE INPUT SPECTRUM (A DISCRETE FUNCTION OF WAVELENGTH) IS FIRST
CASEL INE ADJUSTED AND THEN IS TRANSFORMED TO A DISCRETE FUNMNCTTON
OF ENERGY (WAVFNUMDERS), INTERPOLATING VALUFS AT 0.1 KILOKAYSER
{1000/CM) INTERVALS BY FINDING THE INTERPOLATED PCINTS UON A CUBIC
SEGMENT PASSING THROUGH THE FOUR NEARFST TNPUT POINTSe. ANALYSIS
EROCFENS ITERATIVELY. RESCLVING THE SPECTRUM INTO THE INPUT NUMBER
OF PEAKS. AFTER A PRELIMINAKRY SEARCH IN WHICH INITIAL PARAMETERS
ARE O3TAINELC FOR THE PEAKS AND THE PFAKS CALCULATED FROM THESE
PARAMETERS SUCCESSIVFELY SUBTRACTED FRCM THE SPECTRUM, AN ITERATION
NOW CONSISTS OF ADDING, SEARCHING FOR. AND SUBTRACTING EACH CALC-
ULATED PEFAK FRCM THE KESIDUAL SPECTRUM. AFTER EACH ITERATION, THE
SUM OF SQUARED RESIDUALS IS CCMPARED WITH A TOLERANCE FACTORe. IF,
AFTER A KREASUNAGLE NUMBER OF ITERATIUNS. THE SUM HAS NCT APPROACH-
ED A MINIMUMN, PROCESSING OF THE DATA SET IS TERMINATED.

ALL INPUT CATA IS DUTPUT AS WELL AS CALCULATED PARAMETERS OF COMP-
OCNFNTS. INCLUDING THE OSCILLATOR STRENGTHS OF THE RESPECTIVE
TRANSITIONS PLOTTING INFORMATION (CALCOMP PLOTTER) FOR THE INPUT
SPECTRUMs TFE FINAL SET OF COMPONFNTS AND THEIR ENVELOPEs IS OPT~
ICNALLY CALCULATED AND STCRED CN TAPE.,

eeeesCEFINITICN OF INPUT CUANTITIESS

SPECTRUM IDENTIFICATIUN (COMPOUND NAME. ETCe)e

GUESS AS TC NUMERER OF PEAKS COMPOSING THE SPECTRUM.
COUNT SHOULD INCLUDE ANY TAIL RISING TO THE UVe. IF M
1S NEGATIVE., SPECTRUM IS ANALYZED IN TERMS OF SIMPLE
GAUSSIAN PEAKS. I¥ FIELD LEFT BLANK, ANALYSIS IS
FUREGUNE BUT RESCALED INPUT SPECTRUM MAY BE PLOTTED.
-1, BASELINE DATA MUST BE SUPPLIED JUST AFTER THE

NAME
M

IB3ASLN
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1SEE

IPLOT

WMINsWMAX

WINT

ZERD

ERR

TAU

PATH
CONC
APC(I)
BNAME
BMIN
N3

B(I1)

it

on

non
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FIRSYT SPECTRUM DATA SET FOR wHICH IT IS TO 8E USEDe

O (FIELD LEFT DCLANK), BASELINE IS ASSUMED TO BE CON-
STANT WITH VALUE STORED IN 'ZERO*,

+1, BASELINE PRFVIOUSLY DEFINED WILL BE USED TO ADJUST
SPECTRUM,

1y THE RESULTS (F EACH ITERATIGN ARE DISPLAYED. IF
FIELD LEFT OLANKs ONLY FINAL RESULTS ARE PRESENTED.
~1y IN INITIAL S$FARCH FOR 7I-GAUSSIAN FEAKSy PEAK'®'S
NARRAWEST SIDE 1S REFLECTLD ACROSS LINE OF MAXIMUM,

2+ RESULTS IN FEFFLECTION AND DISPLAY.

1+ PLUTTING DATA ARE CALCULATED FOR 0OOTH *CRASERVED®
(1eEe RESCALED INPUT SPECTRUM) AND CALCULATED SPECTRA.
2+ PLOTTING DATA ARE CALCUILATED FOR OOSERVED SPECTRUM,.
3y PLOTTING DATA FOR CALCULATED S$SPECTRUM ARE CALCULAT-
FDe AN ENERGY SCALE OF 10 KK/CM IS USED UNLESS ANY
OF THE ABOVE PAFAMETERS ARE NECATIVE. WHEREWITH AN
ENFRGY SCALE OF 05 KK/CM IS USEDe. IF ABS{IPLOT) > 3,
THEN THE NUMBER CF ITERATI0ONS = ABS(IPLOT).

LOWEST AND HIGHEST WAVELENGTH READINGS ON SPECTRUM,
RESPECTIVELY. DEFINE WAVFLENGTH RANGE (ANGSTROMS).
CCNSTANT WAVELENGTH INTERVAL AT wHICH AS3SORPTION VAL-—
UFS ARE TAKEN. NOes OF DATA POINTS=(WMAX—-WMIN)/RKINT+1,
BASEL INE READING AT wWMAXe. IF NQTY SPECIFIED (leEes
FIELDO LEFT HBLANK) OR SET TO 0.0+ ReHeSe ABSORBANCE
REFADING TAKEN AS ZERO OF SPECTRUM,.

ESTIMATED UNCFRTAINTY ASSNCIATED WITH ABSORBANCE READ-—-
INGS FROM THE CHART SPECTRUM (AB3UT 0.002). ERR MAY
BE USED CAUTIQUSLY AS A *RESOLUTION' PARAMETER AS IT
DETERMINES THE AMUOUNT OF *RIPPLE®* IGNOREDe.

RELATIVE TOLERANCE TEST VALUE FOR DIFFERENCE BETWEEN
SUCESSIVE SUMS 0OF SQUARED RESIDUALS. A REASONABLE
VALUE IS HBETWEFN 0.001 AND 040001 .

PATH LENGTH OF CFLL (CENTIMETEKS)s OTHERWISE SET TO L.
MOLARITY OF SOLUTION. OR 1.0E0 IF NOT KNOWN.

I-TH ABSCRBANCE READING (INITIALLY).

BASEL INE IDENTIFICATION, DATE, ETC.

LOWEST WAVELENGTH READING ON BASELINE.

NUMBER OF BASELINS DATA PCOINTS (SEE CALCULATION IN
DEFINITICN OF WINT).

I-TH BASELINE ADSORBANCE REAUING. RANGE (ANGSTROMS)
MUST INCLUDE ALL. RANGES FUR wHICH BASELINE IS TO 8E
USEDs AND ALSO, *WINT®* MUST BE THE SAME.

sese e INPUT FCRMATS?

CARD 1

NAME

(15A4, COL S, 1-60)

Mes TEASLN, ISEELIFLQOT

CARD 2

(415, COLSe N= N+4y N=6lseecss 76y RESPECTIVELY)

WMINWMAX WINT s ZERISERRTAULPATH

CONC

(7F10e0s CULSe N= N+9y N=1lellseses6ls RESPECTIVELY)
(E10.0» COLSe. 71-80)
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CARDS 3 TO END OF DATA SET (IN ORDER OF INCREASING WAVELENGTH)
AP(I) (8F 100y COLSe N= N+9y N=1lsllesees7lsy RESPECTIVELY)

PASELINE DATA (IMMEDIATELY FCLLOWING FIRST APPLICABLE DATA SET):

CARD 1
BNAME (1SA4. COLS. 1-60)
BMIN (F10.0, COLS« 61-70)
NB (1S, CCLS. 71—-75)

CARDS 2 YO END OF BASELINE (IN ORDER OF INCREASING WAVELENGTH)
B(I1) (BF10e0s COLSe N— N+9y N=lellseses7ls RESPECTIVELY)

eesesNOTE: (1) UP TO SCO DATA PCINTS AND 10 PEAKS PER DATA SET CAN BE
ACCOMMODATED WITHOUT REDIMENSIONING ARRAYS. ANY NUMBER OF
DATA SETS CAN BE PROCESSED BY STACKING DATA DECKS. APPROX-
ITMATELY,s De2 MINUTES, 200 LINES (OR 3004«M LINES. IF ISEE=1).
PER CATA SET ANALYZED, AND 15 FEZET OF TAPE,s AND 0.07 HOURS
PLOTTING TIME PER GRAPH, ARFE REQUIRED. ULAST BLOCK ADDRESS
CN TAPE 1S 2%(NUM3ER CF GRAPHS)+1l.
(2) "RESCALED SPECTRUM' OUTPUY HAS BFECN BASELINE ADJUSTED,
(3) PEAKS ARE SEARCHED FOR IN ORDER GF DECREASING HEIGHT.
THERE MUST BE NO PARTIAL PEAKS OGN IR SIDE OF SPECTRUM.
{(4) HALF WIDTH (HeWe) CF ANY PEAK = (HeWoel=) + HeWwoe(+))/2,
PARAMETERS CALCULATED FOUR PEAKS LACKING A MAXIMUM IN THE
GIVEN SPECTRAL RANGE ARE NCT YD QF BFLIEVED, THEY HAVE BEEN
CALCULATED TO OBTAIN A GDROD FIT IN THF FXPLICIT RANGE ONLY.
(S) ALL GRAPHS ARE S.5 INCHES HiIGH WITH A 7.0 INCH ORDINATE,
THE WIDTH IS SEY TO THE LARGER OF 11.0 INCHES AND ABSCISSA
PLUS 0.8 INCHFSe FOR CCNVENIENT COMPARISON GF SPCECTRA,
TWO FIXED ENERGY SCALES (IPLOT) ARE PROVIDED. HCOWEVER, THE
ABSORPTIVITY SCALE IS DATA DEPENDENT. GRAPHS ARE PLOTTED IN
COLUMNS GOF 3, ACRUSS THE WIDTH OF PLCTTER CHARTY FAPER. TAPE
CCNTRCL CARDS (SEE CALCOMP USER'S MANUALs PAGE 37) MAY BE
OMITTED ONLY IF NO PLCTTING 1S REQUESTED FOR ANY DATA SET.

® ©E 0 0 CE 0 VR G0 0 0 60 S 0G0 VD OGO NOCOCE P 000G POBE LSS0 E8 0000000 SCERLSIIEDTOIESEDPDSSIOEBSIIIDYS
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CCMMON A(500)sX(SCO)sNyN1,PH{10),PUL(10)+PWR(10)+PC(10),MAX(L10),
1T(10) +sERRASYN 4REFINE «AACK s TCL s RFLECT

REAL SPACE(2047) 4A%*3,XP{1000)+AP(1000).3(500)NAME(15)+BNAME(1S),
1YDIM/7 60/ s WIDEST/0.0/

LOGICAL EASLN.T+sASYM NOSEF+NOPLOTsTWICETAIL+REFINE+BACK+RFLECT

FUNI(K) = ((K/3)%3)/K
XPLOT (W K) = (W+1 s0)RFUN(K)=-0.5
YPLUOT(K) = SeS5*(MOD(K3I-FUN(K+1))I%(—12%%k(K/3)=0e5

CALL PLOTS{(SPACE(1).8132)
NPLOT = O
C
Ceoaeo e STARY OF EACH PROBLEMececes
C
1 READ(S+900+,END=2S5) NAMEsMJIBASLNGISEE s IPLOT s AMINJWMAXsWINT s ZEROs
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IFRR«TAULPATHCCNC
NDO = (AMAX—WMINI/WINT+1,5
FEAD(S.901) (ARP(1+S00),1=1+N0)
C CALCULATICN GF WAVELCNGTHS AND CGRRESPONDING KK VALUES.
CIF(ZERVUEQeDe0) ZERD=AP(NQO+500)

NB = NO

EMIN = WMIN

BASLN = JBASLNNELO

IFCIBASLN . Te0) READ(S+902) BNAME.BMINWNB-{(B(I),1=1,NB)
K = (WMIN-BMIN)I/WINT+0e5

D = ZERO

IF(BASLN) D=D-8(NO+K)
DO 2 I=1.NP
P = (I-1)%*wiINT
IF(I 53T .NO)Y GO TO 2
IP = 14500
XP(1) = WMIN+P
XP(IP) = 100000.0/XP(I)
C BASEL INE ADBJLST SPECTRUM.
AP(I) = AP(CIP)-D
IF(BASLN) AF(I)=AP(1)-B(I%+K)
2 X(1) = BMINHP
C WRITE BASELINE SPECTRUM.
IF(IBASLNLT.O0)ICALL WRYTE(BNAMENB+170s,Xebe* BASELINE SPECTRUM *)
C WRITE INPUT SPFCTRUM.

CALL WRYTE(NAME+«NOs130:sXPsAF,* INPUT SPECTRUM *)
C FIT SPFCTRUM TO WAVENUMBER SCALE WITH POINTS AT 0.1 KK INTERVALS,

LMT = 10.0%XF(S01)

XQ = LAT/10.0

N = LMT—INT(10.0%¥XP(NO+499))

N1l = N-1

YMAX = AF (1)

DO S5 I=14N

XT = XO0—0el1%(I-1)

Wl = 100C00.0/XI

J = (WI-XP(1))/WINT+1 .S

IF(ABS(XP(S00+J)-X1).LTL0.0001) GO TU 3

K = 2

IF(WI-XP(J)aGT.0.0) K=1

K = J-K

IF{KelLTol) K=1

KP = K+1

Al = AR(K)

A2 = AP IKP)

c21 = A2-A1l

032 = AP(K+2)-A2

DX = WI-XP{KP)

TERM = AP(K+32)-3.0xDJ32-A1
C USE CUADRATIC SEGMENT GETWEEN FIRST TWO POINTSe.

CUBIC = 0.0

IF(ABS(TERM) eGT ol e 0E—6GeAND WL eGT4XP(2)) CURIC=({DX-WINT)/(3.,0%WINT
1))XTERM

AT = A1+ ((DX+WINT)I/WINT)*(D21+(DX/7(WINT+WINT))I%*(D32-D21+CUBICY)
GO YO 4
3 A1 = AP(I)

4 JIF(AI «GT,YMAX) YMAX=AI
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AP(S00+1) = Al
x(1) = X1

C WRITE POINTS ON RESCAIEFEC SPECTRUM,.

CALL #RYTE(NAMEsNs100+sX s AP,

C WRITE CONTRCL CCASTANTS.

WRITE(6+903) NANE s WMINWMAX Mg WINT o CONCoNUOIPATHs N« ZERD, ISEEsERRS
1LIPLOT »TAUL IEASLNWX(1)+sX(N)

RESCALED SPECTRUM

C CCNVERT APBSOREANCES TO AOSORPTIVITIES.

6

C = PATH*CONC

IY = -ALGG10(YMAX/C)
IY2 = 1IY+]1Y

C = 10.,0%*1Y/C

YMAX = CHYMAX

TOL = EFRXYNAX®10.0%%(—-INT(ALOGLIO{(ERR})=-2)

ERR = C*ERR
CO 6 I=1eN

A(I) = CX*AP(500+1) .
C CALCULATE PLCGCT CCNTRCL PARAMETEKS.

NOPLOT = IPLAOT «FQ.0

IF(NOPLOT) GC TO 8

XMAX = INT{XP(S01))+1

XMIN = IAT(XF(NO+500))

ECX = 246

TWICE = IPLCT.LT.O

IF(TWICE) SCX=1.,27

IPLOT = JTABS(IPLOT)

7

C WRITE PLOT PARAMETERS.,
WRITE(G+504) SCXsYDeXDIMysYDIM
SPECTRUIM,

XDIM = (XMAX-XMIN)/SCX

WIDE = AMAX1I(XDIM#0+48411.0)

XD = XDIM/2.0

VERTICAL SCALE FCOR PLUTSe.

YD = 2.¢4

CY = ALOGIO(YMAX/(YD*YDIM))

IDY = DY

IF(DYeLTe0s0) IDY=IDY-1
DYP = 10.0%%x(DY-FLOAT(IOY))

YM = 1.0
TIF(DYP.LE«10) GO TO
YM = 2,0
IF(DYPeLF«42.0) GO TC
YM = 4.0
IF({DYP.LE.440) GO TO
YM = S.,0 '
IF(DYP.LE«Se0) GO TO
YM = 8.0
IF(DYP.LE.8.0) GO TO
YM = 10.0

YO = YD*DYP/YM

SCY = YDAYMX10.0%*[DY

C PLOT RESCALED INPUT

CALL INTRP({(XP AP sNP¢0+0.050)

NP1 = NP+1
AP2 = NP1+1
XP(NP1) = XMIN

XP{NP2) = SCX

7

7

*)
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C

AP(NPL1) = 0.0
AP(NP2) = SCY
IF(IPLOT.GT.2) GO TO 8

CALL AXES{NAME ¢ WIDE + XDFI NV XNINISCYs¥YDs IYSTWICE)

CALL SYMOOL{XD=1e50+721¢0e29 *O3SERVED SPECTRPUM® 4040417)

CALL LINLC(XFP+sAP NP ,14+04+0)
NPLOAOT = NPLOT+1

IF(WIDE «CTonIDEST «ORGMODINPLOTS3)ENQa1)

WIDEST=WIDE

CALL PLOT(XPLOT{(WIDLESYT NPLCT)YRPLCT(NPLOT) »—3)

IF(IPLOT.EC«20ReMeEC0) GC TO 24

Coeeeo s GAUSSIAN ANALYSISees e

C

C FIND PEAKS,
8 NOSEE = ISEE.LE.O

ASYM = M GT .0

FEF INE = +FALSE.

RFLECT = ISEE«LTeO0eORISEE«GTW1l
¥ = JTABS(M)

DO 10 I=14+M

CALL PKFD(1)
TF({eNDOT T (I)eCRe «NOTLBACK) GO TO
AA = PH(1)

€8 = PWL(IT)

CC = PC(I)

cC =90
K = 4
CO 9 J=SsN1}

D = -BR*(X(J)-CC)I)**x2
IF{DeLT e~-40,0) GO TO 9

D = SNGL(A(J)I-AAXEXF(D)
IF(D«GT«C) GO TO 9

¢ =0

K = J

CCNTINUE

IF(CeGT~-TOUL) GO TO 10

D = CC—-X(1)

PWL(I) = ALCG(SNGL(DABS(A(1)/A(K)IIIIZ((X(1)=X(K))*x(CC—-X(K)+D))

PwR({1) = PwWL(ID)
PH{I) = SNGL{A(1))*EXP{PWL(I1)*D*D

10 CALL PKOF(1.-1)
C REFINE FIT UF PEAKS.

11

REF INE = +TRUE.

RFLECT = oFALSE.,

SS = 1.0ES0

ITER = IFLOCT
IF(IPLOT.JLE.3) ITER=10%M
DO 14 I=14+ITER

K = 1

CO 11 J=1e¥

" CALL PKOP(J+1)

CALL PKFC({J)
CALL PKOFE(J»—1)

C CALCULATE SuUM OF SQUARFD RESIDUALS.

S = 0.0
0O 12 J=1.N

10

)
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12

13
14

15
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€ = S+(SNGL(A(J))) %%2

IF(NOSEF) GO TO 13

WRITE(O+905 )T IY2+SsIYs (JsPH(J) oPWR(IISPWLI(J)PC(JI)sI=1sM)
PRITE(G6«GO6) IYL(A(I)sJ=14N)
IF(ABS(S-SS)/SelLTeTAUANDI1sGTeM) GO TO 15

s = S

WRITE(E+607)

WRITE(O6+SCH) KeIY2:Se1Ye(A(J)sI=1sN)

C FLOT PEAKS, THEIR ENVELCPEs AND RECORD PARAMETERS.

16

17

18
19

20

IF(NOPLOUT cORLIPILOTLEG.2) GC TO 20

CO 16 I=14N

A(I) = 0.000

CO 17 I=1.+M

CALL PKOP(T,1)

CALL INTRP(XP ;AP +NP4040.04+0)

CALL AXES(NAME sWIDE «XDINM, XMINsSCYs YD 1Y,TWICE)

CALL SYMUBOL(XD=1e647e3¢0624+ *CALCULATED SPECTRUM® 40.0+19)

XX = 1.2€%

IF{ASYM) GC TG 18 ’

CALL SYMBCL(XD—1e2397c1+0e124"( GAUSSIAN CUMPONENTS)?*:0.0424)
XX = 110

GO TO 19

CALL SYMUOOL(XD=—1e38+7e1+:0e12+°¢( BI-GAUSSIAN COMPUONENTS)*+0.0.27)
CALL NUMBER(XD=XX+7els0s12sFLOAT(M) s0e0s~—1)

CALL LINF(XFsAPINP+1+0,2)

WRITE(E€.,90<) 1Y h

0O 23 I=1M

H = PH(I)

C = PC(1)

C CCNVERT WICTF PARAMETERS TO HALF-WIODTHS.

BL = SQFRT{0.693147/PwL (1))
PR = SORT(0.693147/PwR(I))

C FLCT COMPONENTS.

21

IF(NOPLOT.CR. IPLOT.EC.2) GC TO 22
DO 21 J=1,,N :

A(J) = 0.0DO0

CALL PKOF(I,1)

CALL INTRP(XPsAPNP,MAX(1),BL.1)

APL1 = NP#1

NP2 = NP14+1
XP(NP1) = XMIN
XP(NP2) = SCX
AP(NP1) = 0.0
AP(NP2) = SCY

CALL LINE(XP+APsNP¢14+0+0)

C CALCULATE OSCILLATOR STRENGTHS.

22
23

24

C END
28

STRNTH = 4.5G745%10.0%%(=6=~1Y)&H%{BL+ER)
WRITE(6+010) I +HsBRsBLCeSTENTH

IF(NOPLOT) GG TO 1 )

NPLOT = NELCT+1
IF(WIDEoGTa%wIDEST«ORMOD(NPLOT +3).EQ.1) WIDEST=WIDE
CALL PLOT(XPLOT(WIDESTeNPLOT)» YPLOT(NPLOT) —3)
BRITE(6.511)

¢o TO 1

FLOTS.

IF(NPLOTEQ.0) GO TO 26



26

sS00
S01
902
Q03

S04

245

CALL PLOT(0e0+0604+999)

WRITE(6.,912) NPLOT

sSTOP

WRITE(6+513)

sTOP

FORMAT(1SA4,415/77F10.04E10.0)

FORMAT(8F10.0)

FORMAT (1S A4 F10.0.15/(8F10.0))

FORMAT(*1°% 440X 5%%% SPECTRAL ANALYSIS - PROGRAM BIGAUSS *%*%x'//32X,
115A4//759X % * X %% ,//12Xs *WAVELENGTH RANGE =¢,F8.1,* TO'sF8e¢1+* AN
2GSTROMS ', 4X, * INPUT NUMHBER CF COMPONENTS =¢,I3//712X,*INTERVAL OF DI
BGITIZATICN =% 4F6414+* ANGSTROMS®*,9X, "CONCENTRATIUN OF SOLUTION =9,
AIPE10e3s' MOLES/LITRE*//12X,'NUMBER OF INPUT DATA PCINTS =*,0PI4,
S18Xs *CELL PATF LENGTH =1 ,F6+2s* CENTIMETERS*//12X, *NUMBER OF POINT
6S ON RESCALED SPECTRUM =90 ,14,8Xs 'ZERO =',F8e3+' ABSORBANCE UNITS*/
T7/712X«'DISPLAY CPTICN PARAMETER, ISEE ='+12+17XsUNCERTAINTY IN ABS
B8COREANCE REACINGS =V ,F6e3s® ABSURBANCE UNITS'//12X,*PLOT OPTION PAR
GAMETERs I[PLOT =',I3+18Xs"RELATIVE TOLERANCE PARAMETER, TAU =1',F8.S
X//12X+ *BASELINE UPTION PARAMETER = ¢,13,21Xs'WAVENUMBER RANGE =%,
XF6e2+® TG'+FEa2s* KILCKAYSERS')

FORMAT( /12X 'ENERGY SCALE =¢,FHe2+s* KILOKAYSERS/INCH®, 14X, *ABRSORPT
1TIVITY SCALE =*,F642s* DIVISIONS/INCH®//12X,*ENERGY AXIS LENGTH =%,
2F 662+t INCFES® ,18BX+*ABSCRPTIVITY AXIS LENGTH =¢,F6+2s* INCHES?)

90S FORMAT(*CITERATION' w1342 SUM CF SGUARED RESTIDUALS X10(*»I3.°) =*

1+E1847/76X 4 PEAKY 411X *HEIGHT X10('4I2+1)7+s7Xea*WIDTH PARAMETER
2 WIDTH PARANETER POSITICN OF MAXTIMUMI/21Xs '(AQSORPTIVITY)*»13
BXe 0 {=) T4 1GXe ' (+)1,18Xs "(KILOKAYSERS)*/(19+3F22e4+F212))

906 FORMAT(®* RESIDUALS X10(*412,%):'/(10F12.4))
907 FCRMAT(///% CONVERGENCE OF SUMS OF SQUARED RESIBUALS WAS NOT ACHIE

I1VED WITHIN THE LIMITATIUONS SET BY M AND TAU. IF A CHECK OF THE IN
2PUT DATA'/* REVEALS NC ERRCKS, RE-EVALUATE M AND TAU.?')

908 FORMAT(/12X ' NUMBER .OF ITERATIONS =',14+.25X«*SUM OF SQUARED RESIDV

909 FORMAT(//748X+*CALCULATED PEAK PARAMETERS*/*+*,47X?

LALS X10('412,°) =*,L1447/7°0  THE RESIDUALS X10(',.12,') AT THE PO
2INTS ON THE RESCALED INPUT SPECTRUM ARE:'//(10F12.4))

1 M/ZEXS'PEAK® 11X ¢ *HEIGHT X10(*+124+°)%,8%Xs 'HALF-WIDTH 3
2-) : HALF—WIDTH (+) POSITION CF MAXIMUM OSCILLATOR STR
BENGTH'/21%, $ (ABSORPTIVITY ) 438X, * (KILUKAYSERS) ' ,9Xs " (KILODKAYSERS)?,

49X " (KILGKAYSERS)//)

G10 FORMAT(IGs2F22e4+F212+1PE2563)

911

FORMAT(//7'0OPLOTTING INSTRUCTIONS CALCULATED.*)

912 FAORMAT('1CATA FOR A TCOTAL CF',1I3,' PLOTS WERE CALCULATED."///41Xe

Pk Rkt dd END OF EXECUTICN % xkkxkxtx?)

913 FORMAT('1 440X % x%%x2nxdndk END OF EXSCUTIUON wxxkbkXkkke)

END



C
C
C

NAX(KK) = IMAX
C CALCULATE APFRCXIMATE
HI = Oe€S%H
C CETEFRMINE PEAK WIDTH
11 = IMAX

JJ = N1

K = 1

L =1

I = .TRUE.
GO TO S

11 = 1

JJ = IM

K = -}

PKFD DETERMINES PEAK PARAMETERS.

SUBROUTINE PKFC(KK)

COMMON A(SQ0) + X{SOD) s NeN1sFH{10)+PWL(10)sPWR{(10)¢PC(10),MAX(10),

1T(10)yERF s ASYMIREFINE +BACK«TOL Wy RFLECT

FEAL Ax%8

LOGICAL T+ ASYMsTATL IRy DOWNs Y+ TKK+FREE L REFINE 4BACK,RFLECT

LOCATE PEAK CENTER AND MAXTIMUM.

3

FREE = ASYM

vy = 2
IMAX = M
M = M+l

CO 2 [=M,N1

IF(A(I)eGTA(IMAX)) IMAX=T

CONTINUE

IM = IMAX-1

AIM = A(IN)

Al = ACIMAX)
AIP = A(IMAX+1)
R = ATM—-A]

O = S50.02(AIP-ALI+R)

TAIL = QCeGE <040
TI(KK) = AIM.GT.AI

TKK = A{3)GT.0.0D0

IF{T(KK) e ANDTKK)

GC TO 14

IF{T(KK) cARND 4 e NOT.TKK) GO TO 1

TKK = oFALSE.
F = 10.0%R-C%x(X(1

C = =P/{Q+G)

MAXI+X(IM))

H = AL+(C=X(IMAX))*(P+Q*(C+X(IMAX))})

CUT = 0.20%H

L = IMAX

IR = JFALSE.

C = A(IMAX~—K)

R = Al

LA § |

SDMAX = —~1.0ES50
CO 6 I=11+J4J

FEIGHT OF

PARAMETERS .

INFLECTION POINTS,

246



247

J =1
F =Q
C =R
R = A(K=14L)

C TEST FOR NATURAL CHECAY.

IF(R.LT.CLT) GO TC 7

IF(REFINE) GO TO 6

SD = P-0-0+R

Y = QelLTaeHI

C TEST FOR SHOULDER.

DOWN = SD.LT.—-ERR

IEF(eNOTeTAIL e AND e (SDeGTeERReAND s eNOT oY s ORe COWNeAND oY) s OReTAIL « AND&

IDOWN.OR.G<LE.R) GO TO 7
& CCNTINUE
7 BACK = ReGTeCUT+ANDGR.NE.SNGL{A()

IEF(eNOT e IReANC oS olT e5e0ReIReAND aJslL. T2 IMAX+S) FREE=.FALSE.

IF(TKK) GO TC 15

IF(IR) GO TC &

IF(BACK) J=J—-J/2+1 .

VM = IMAX=J+1 L

IF(FREE) NN=IMAX

CO TO 9
8 MM = IMAX

IF(EACK) J=J—-(J-IMAX)/2+1

AN = J

IF( .NOT.FRFE) GO TO 4
Q9 F = 0.0

€ = 0.0

CO 10 I=MM,NN

c (X(1)=C)*%=%2

g B+ALCG(H/SNGL(A(I)))
10 S = S+D

IF{«NOT.IR) GO TO 11

PWR(KK) = 8/S
¢CO TO 4
11 FWL(KK) = B/S

IF(FREE «AND &+ NOT.RFLECT) GC TO 13
IF(FREE «ANLCRFLEFCT) PWLIKK)=AMAXLI(PWL (KK) PWR(KK))

12 FVIR(KK) = PWL{KK)
MAX(KK) = N

13 PH(KK) = &
FC(KK) = C
FETURN

C DETERMINE PARAMETERS OF PEAK FITTING TAIL.

14 B = S0.0%ALOUG(SNGL{A{2)%A{2)1/7(A(1)*A(3))))
IF(RLT0.,08) 3B=0,05
C = X(1)4(S.0%ALOC(SNGL(A(1)/A(2)))/B=0.05)
H = A(3)I*EXP(BX(X{(3)-C)%%x2)
FI = 0Oe6G2%H
CUT = 0.20%xA(1)
¢o TO 3

15 IF(3ACK) Ju=J-J4/3

C LEAST SQUARES FIT TAIL FCR HEIGHT AND WIDTH.

SUMP = 0.0
SUMQ = 040
SUMP2 = C.0



(2N s N2 N3]

248

SUMPQ = 0.0
CO 16 TI=1.J
F = —(X(I)-C)x*2
C = ALOG({(SNGL(A(I)))
SUMP = SUMPP
SUMQG = SULMG+Q
SUMP2 = SUMP24+P 4P
16 SUMPQ = SUMPG+P%Q
D = J*SUMF2-SUMP:SUNP
PWLIKK) = (J*xSUMPQ-SUMP=SUMC) /D
H = EXP((SUNMP2XSUMO-SUMP%RSUNMPQ)/D)
IF(REFINE) GC TC 12
IF(SNGL(A(1))-H*EXP{—PWL(KK)*(X(1)—=C)*%2).,LT.TOL) GO ¥O 12

PACK = «TRUE.
¢C TO 1¢
END

SUBROUTINE FKOP(KK.L)

PKCP ADDS (LeCE.0) NR SUBTRACTS (L.LT.0) THE KK-TH PEAK (AS FOUND 8Y
PKFD) FROM TFHE SPECTRUM EXISTING AT TIME GF CALL.

COMMON A(S00)+X(S00) s NeN1+sFH{10)+PWL(12)+PWR(10),PC(10)sMAX(10)
REAL A*8
PEAK PARAMETERS OBTAINED FROM PKFDe
AA = PH{KK)
IF(LLTe0) AA==-AA
EB = PWL({KK)
CC = PC(KK)

M1 = 1
N2 = MAX(KK) .
1 CO 2 I=M1.M2
E = —0R#(X(1)=CC)a*2
IF(E.LT«-40.0) GO TO 2
ACL) = ACL)+AA*EXP(E)

2 CCNTINUVE
IF(M2.ECeN) RETURN

Ml = M2+]

2 = N

EB = PWR(KK)
¢O T0 1

END
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SUBROUTINE WRYTE(NANME  RANeJJoeXsYTITLE)
WRYTF PRESENTS SPECTRUM DATA PCINTS IN ROWS OF TEN,

FEAL X(1)+Y (1) NANE(LIS)TITLEL(S)
LOGICAL INPUT+O3ASLN

INPUT = JJeEQ.130

BASLN = JJ«EQ.170

LL = 500%(130/JJ)
MM = $00%(160/7JJ)
M = Ju-1

N = (NN+IMI/ZJJ

DO 2 I=1sN
WRITE(6+,900) NAMESTITLE.IWN
KK = JJ¥*1
J = KK=JM
IF(KKGE «NN) KK=NN
1 K = J+9
IF(KsGT oKK) K=KK
WRITE(6:G01) (Y{L+MM)L=JsK)
IF(INPUTcORJBASLN) WRITE(6:502) (X(L)L=JsK)
IF(eNUT.EASLN) WRITE(6+903) (X(L+LL)L=J-K)
J = J+10
IF{KLT eKK) GC YO 1
2 CCNTINUE
RETURN
G000 FOURMAT(*1?',40X,%%x%%x SPECTRAL ANALYSIS - PROGRAM BIGAUSS x%%¢///732X
19 15A4//75GXe %% & % %%//S3XsS5A4e41Xs"PAGE? 424" OF ', 12//759Xs%% * & %
2%)
S01 FORMAT('"0 AESCRBANCE *3,10F1163)
S02 FORMAT(®* ANGSTRONS ' ,410F11.2)
903 FORMAT(? K ILOKAYSERS®,10F11.2)
END
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SUBROUTINE INTRP (XP,APsNPsNMAX DB J)

INTRP DOUSLFS TFE POINT DENSITY CF THE WHCLE SPFCTRUM (EXCEPT AT THE
ENDS)s OR BETWEEN THE INFLECTYICN POINTS NOF THE I-TH GAUSSIAN PEAK,
CEPENCING ON wHETRER J IS ZERDO OR NOT, BY USF GF A FOUR POINT CUARIC
FOLYRGIAL INTERPCLATICN METHOD. THE INDFX OF THE MAXIMUM DISCRETE
POINT OF THE I—-TH PEAK (FOUND 8Y PKFD) 15 CONTAINED IN MAX. THE TOTAL
NUNMDER OF POINTS UN THE INTERPCLATED CURVE [S RETURNED IN NP INTRP
1S WRFITTEN FCR A CONSTANT AJSCISSAL INTERVAL OF 0.1 AND ABSCISSAL
VALUES IN DECRFASING CRDER.

CCMMON A(S00)«X(500)eNsN1
RFAL A%2,XP(1),AP(1)
IF(J.EQsC) CO TU 1

Tw = SQRT(€0.0/8)+15

L = MAX—IW
IF(L.LT2) L=2
M = MAX+IWw .
TF(MeGT «eN1) M=N1
GO TO 2 -
1L =2
v = N1
2 DO 3 I=1,L
XP(I) = X(T1)
3 AP(I) = A(1L)
Q = A(L-1)
F = A(L)
S = A(L+1)
K = M-L
CO 4 I=t.K
LI = L+I
L2 = LI+I
L1 = L2-1
xLI = X{(LI)
XPL1) = XLI+C.05
xpP(L2) = xL1
F = Q
C = R
R = S
€ = A(LI+Y)
AP(L1) = (9«0%(0Q+K)=(P+S)) /16,0
4 ppP(L2) = R
NP = M+1
CO 5 I=MP,N
AP = K+I
XP(NP) = XxX(I)
5 ARP({NP) = A(I)
FETURN

END
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SUBROUTINE AXES(NAMEsWIDE o XDIMe XMINsSCY 4 YD IYeTWICE)
DRAWS ThE AXES, HEADINGs AND BOUNDARY, FOF EACH PLOT.

REAL NAME(1%S)
Lt OGICAL TWwICE

CRAW RECTANGLES.

CALL PLOT(QC 20e¢8e5+42)
CALL PLOT(WIDFE +8¢S+2)
CALL PLOT(MICE0e0+2)
CALL PLOT(Ce090e042)

CRAw AND LASEL X-AX[Se.

2

CALL PLOT(CeS+0e5+-3)

NDIV = 2.542XDIN+0eS

CO 1 I=1+NDIVs2

K =1

IF(TWICE) K=(1+41)/2

X = XMIN+K .

ND = ALDC10(X)+1,001

CALL NUMBER(1/2¢54=0e¢1*ND3—0e¢1790e1:X9020+2)
CCNT INUE

CALL SYMECL(XDIN.0.0.0.0é.13.0.0'-1)

CO 2 I=1.NC1lV

CALL SYMROUL(XDIM=-1/2¢5410e¢60404063513+0+0+-2)
CCNTINUE

CALL SYMEOL((XDIM=1a22)/2e¢03~0e33+0.124'ENERGY (KK)*+040411)

C CRAW AND LABEL Y-AXIS.

[A]

NDIV = 7,0%YD
UPD = SCY/YD

CALL NUMEER(=~0+07e=0e14001+0¢059040,2)
DO 3 I=2,NDIVe2 : :

Y = I%UPD .

CALL NUMEER(=04C7+1/YD~0e10404a1+Y39040,+2)
CCNT INUE

CALL PLOT{(QeQe7¢0:3)

R = NDIV/YD .o

CALL SYMBOL(0e03R40e06413i90+0+—2)

‘DC 4 I=1,0MDIV

4

CALL SYMBCOL (0eO0¢R=-1/7YD30+06513,90.0+-2)

CCNT INUVE

CALL SYMPCL(=0e25+2e€30412,*AASORPTIVITY X10'49040,16)
CALL NUMPER(=0e3148¢27¢9e11-FLOAT(IY)+s30e04+s—1)

CALL SYMEUL (1624773 CelS5eNAVMES0e0,460)

FETURN

END



