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ABSTRACT 

The infrared spectra of Ni I^P (OCH^) 2' 

Ni [S2P (OCD^) 2] 2 ' Ŝ2P ̂ OC2H5^ 2^ 2 ̂ ave been recorded in 

the range 4000-50 cm and interpreted on the basis of 1:1 

metal ligand molecular model of Ni[S2P(OCHg)^. The 

G-MATRIX was constructed using the Wilson-Decius-Cross 

method. A Urey-Bradley force field was used to describe 

the F-MATRIX. The initial set of force constants was trans

ferred from similar molecules (xanthates and dithiocarba-

mates). Since the initial set of frequencies varied from 

the experimentally determined values, the force constants 

were systematically varied by using a Jacobian matrix 

until the computed frequencies agreed with the observed 

values. The band assignments for the ligands were compared 

with those of (CH^O) (S)SH. A good correlation was found 

between the results of the normal coordinate analysis and 

previous assignments based on empirical evidence. 

The two tertiary nitrogen atoms in triethylene-

diamine or 1,4-diazabicyclo[2,2,2]octane act as donor atoms 

to form an adduct with two molecules of the planar four-

coordinate nickel(II) chelate, bis(0,0'-diethyldithio-

phosphato) nickel (II) , Ni [S2P (OCjH,.) 21 2« The formation 

constant of the adduct in ethanol solution was determined 

by a spectrophotometric method at 18°C. A non-linear 

.xii 
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least-squares treatment of the spectrophotometry data 

2 44 gave a value of 10 * for the adduct formation constant. 

The structure of the adduct was confirmed by a single 

crystal X-ray structure determination. 

The ability to form an adduct with bis(0,0jt-di-

alkyldithiophosphato)nickel(II) compounds is a function of 

the basicity of the ligand but even more important/ the 

structure. Bulky or sterically hindered ligands are not 

expected to have a great affinity for the nickel chelate. 

In a series of nitrogen heterocycles the affinity of iso-

quinoline, pyridine, and 1,10-phenanthroline for NMdmp^ 

was determined to be large on the basis of a thin layer 

chromatographic study values almost equal to zero). . 

Bulky heterocycles such as acridine, quinoline, and 

phenazine did not form strong adducts with the square 

planar nickel complex (R^ values equal to 0.7). 

The kinetics of formation of an adduct can affect 

the extractability of a system. The adduct formation of 

bis(0,0'-dimethyldithiophosphato)nickel(II) Ni(dmp)2, and 

1,10-phenanthroline in ethanol was followed using stopped 

flow kinetics. This was the first step in a series of 

experiments designed to see if there were any changes in 

rate caused by substitution of 2,9-dimethyl-l,10-phenan

throline for 1,10-phenanthroline and also bis(0,0'-diethyls 

dithiophosphato)nickel(II), Ni(dtp)2, forNi(dmp)2. The 

results indicate that the rates decrease in the following 
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order: Ni(dmp)^ + If 10-phenanthroline > NiCdtp^ + 1,10-

phenanthroline » Nitdmp^ + 2,9-dimethy 1-1,10-phenanthro-

line 'v Ni(dtp>2 + 2,9-dimethyl-l,10-phenanthroline. 

There has been a certain amount of confusion re

garding the solubility product of bis(0,0'-dialkyldithio-

phosphato) copper (n) complexes. The values previously 

reported showed considerable variation. The K of sp 

Cu(dtp)2 was determined using atomic absorption and a 

potentiometrie titration method. The results indicated a 

value of 10 ^.20^ K of Cu_(dmp)_ was determined sp 2 2 

using atomic absorption and molecular fluorescence measure-

-9 ments. A value of 10 was obtained. 



CHAPTER 1 

INTRODUCTION 

The chemistry of compounds containing metal-sulfur 

bonds poses a challenge to interpretation. Xanthates, 

dithiocarbamates, and dithiophosphates are all bidentate 

chelating ligands which form M-S bonds. The 

S S RO . S 

/ X \ / 
: R-NC • P 
\ - 2 \ - / \ -

S S RO S 

Xanthate Dithiocarbamate Dithiophosphate 

R is an alkyl group 

dithiophosphates differ from the other ligands in this 

series because of the character of the central phosphorus 

atom. Phosphorus has d-orbitals available for bonding, 

and these can promote many variations in the chemicaiL 

behavior of the chelate. In this work, the parameters 

which affect the nature of the bonding in metal dithio

phosphates will be investigated. 

Dithiophosphate salts have been known for a long 

time. Carius first synthesized the O,0'-diethylphosphoro-

chloridothioate, (CHgCE^O)^PSCl, in 1861. Pistschimuka 

first synthesized the lead salt of a diethyldithiophos-

phoric acid, produced from the reaction between P2®5 anc* 



ethanol, m.p, = 74°C, in 1912. He was unable to determine 

the positions of the sulphur atoms. Mastin, Norman, and 

Weilmuenster first confirmed the structure of the acid in 

1945, The lead salt was isolated from the reaction product 

of KHS and (CH3CH20)2PSCl: 

<c2H50) 2PSC1 p^gac) 2 " [<c2H5o)2Pss]2Pb 

The lead salt was also isolated from the reaction product 

of 1*2^5 an(̂  ethanol: 

CH-CH90H 
P2S5 Pb(.OAc)2 ' I(.C2H50>2PSSJ2Pb 

A mixed melting point of the two salts showed no depression 

The mass spectra of the acids generally indicate 1-5% 

impurities. These are usually high molecular weight 

oxidation products (Wasson, Woltermann, and Stoklosa, 1973) 

The acids prepared by the alcoholysis of ^2^5 are ° t̂en 

unstable so that they should be immediately converted to 

the metal salt. The preparation of the metal dithiophos-

phate usually involves the reaction of the metal halide 

with the dialkyldithiophosphoric acid. 

The dithiophosphates are readily oxidized to the 

bis (.0,0' -dialkyldithiophosphoryl) disulfides, 

—,S c. 
(RO). g (OR) 2 • Although the disulfide oxidation 

product is ordinarily a by-product of reaction, the ease 

of oxidation has been used to advantage in some applications 
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Since the acids and certain metal chelates are unstable to 

the oxidative hydrolysis of air, they can be used as 

oxidation inhibitors in petroleum products. As an example, 

zine diisopropyldithiophosphate suppresses the autoxidation 

of squalene by acting as a peroxide decomposer and free 

radical chain suppressor (Colclough and Cunneen, 1964) . 

Makens, Vaughan, and Chelberg (1955) used the 

oxidation of sodium dialkyldithiophosphates at the dropping 

mercury electrode as the basis for a polarographic deter

mination of the compounds. In this procedure the products 

of oxidation at the electrode were compared with those 

obtained using oxidizing agents. When copper sulfate was 

reacted with sodium diethyldithiophosphate and extracted 

into ether, the product was found to be the corresponding 

disulfide on the basis of an elemental analysis and a 

molecular weight determination, 

Dithiophosphates are stable for extended periods of 

time in acid solution. For practical analytical work, 
p.*. C 

however, the alkali metal dithiophosphinates, 

have an advantage over dithiocarbamates and dithiophos

phates. Sodium diethyldithiophosphinate remains practically 

unchanged even in 15 N F^SO^ (Kuchen and Hertel, 1969). 

Kabachnik et al. (1960) have reported the apparent 

ionization constants of dithiophosphoric acids. In 80% 

ethanol, dimethyldithiophosphoric acid has a pK =2.64 

while the diethyl derivative has a pK = 2.56. As the 
& 



alkoxy group bonded to the phosphorus increases in size, 

there is little change in the pK2. 

The dissociation constants in 40% ethanol of some 

sulfur-containing phosphorus derivatives show no correla

tion with the instability constants of the corresponding 

mercury complexes as shown in Table 1.1. Generally, the 

complexing properties of phosphorus compounds can be better 

measured by determining the stability constants and not the 

K of the acid. cl 

Table 1.1. Properties of Phosphate Derivatives and Their 
Mercury Complexes3 

Ligand Ka PKa (1:2 complex) 

(EtOj.2PSOH 1.47 x 10~2 24 

(Et) 2PS0H 2.49 x 10~4 26.2 

CEtO}2PSSH 7.75 x 10~3 29.1 

CEtJ.2PSSH 2.40 x 10~3 33.6 

(C2H5)2P (S)OCH3 — 13.7 

aToropova, Saikina, and Aleshov (1967). 

The stability of mercury complexes of sulfur-

containing phosphorus derivatives increases in the order: 
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(„C2H5).2P(.S).OCH3 < (C2H50)2PS0- < (C2H5)2PSO" < 

(C2H50)2PS~ < (C2H5)2P(S)S" 

(Toropova, Saikina, and Aleshov, 1967). The increase in 

stability when the alkyl group is directly bonded to the 

phosphorus atom can be attributed to inductive effects 

which are transmitted through the ligand reducing the 

positive charge on the metal. The increased stability of 

the dithiophosphoryl complexes can be attributed to the 

preference of Hg for sulfhydryl groups. Toropova et al. 

(1972) have studied the stability of nickel and cobalt 

complexes of dithiophosphates. The same general varia

tions in log32 as a function of the R group have been 

observed. Using the Hammett equation, Toropova et al. 

(1972) have correlated the reactivity of dithiophosphates 

with their stability constants. A negative p value re

flected an increase in the stability of complexes with the 

introduction of an electron donor into the ligand. 

Varying the constituents on the phosphorus atom 

has a marked effect on the structure of the mercury complex. 

When the phosphate derivative is R2PS2H only HgL2 forms. 

Substitution of ain alkoxy group for the methyl group 

yields predominately HgLg type complexes. When the 

derivative is the dithiophosphoric acid, HgL2, HgL^, and 

2 -HgLj complexes are all formed (Toropova et al,, 1970). 
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The dithiophosphates of heavy metals dissolve in 

water more readily than the metal xanthates. As a com

parison, the activity products of a series of xanthates and 

dithiophosphates are given in Table 1.2 (Kakovsky,. 1957). 

Tulyupa (1969) also calculated the activity products of 

many of the same compounds. His results conflict with those 

of Kakovsky (1957) and are presented in Table 1.3, Busev 

in 1959 determined the activity product of cadmium diethyl-

dithiophosphate using a method of radioactive indicators. 

Busev and Byr'ko's (1959) value for this constant was 6.4 

x 10 "^"as compared with that of Kakovsky (J..5 x 10 ^®]L. 

Because of the confusion in the values for the activity 

products of dialkyldithiophosphate compounds, an inde-

pendent determination of these values should be made. The 

values for lead, cadmium, and thallium dithiophosphates are 

comparable in the two independent determinations by Kakovsky 

and Tulyupa. The results for copper dithiophosphates differ 

markedly and should be examined. 

Metal complexes often expand their coordination 

sphere by interaction with a Lewis base; this may take 

place by the formation of an adduct either with solvent or 

other available ligands or through molecular aggregation. 

The ability to form an adduct is often reflected in the 

tendency of the complex to polymerize in non-interacting 

solvents or in the solid state; under these conditions, the 

best available Lewis base is another molecule of the 



Table 1.2. Activity Products of Certain Dithiophosphates and Xanthates3 

Lead Cadmium Copper Thallium 

Dithiophosphates 

methyl 5.0 x 10"11 — 8.0 X lO"16 — 

ethyl 7.5 x 10"12 1.5 x 10-10 1.4 X 10-16 1.2 X lO"5 

n-propyl 6.0 x 10~14 -11 4.0 x 10 x — — 

n-butyl 6.1 x 10"16 3.8 x 10-13 2.2 X 10-18 — 

Xanthates 

ethyl 2.6 x 10"'14 5.2 X 10-20 3.5 X 10~9 

n^propyl — 

o
 • 

1—I 

X 

00 1 o
 

1—1 

nr-butyl . . 2.1 x lO-16 . . . . 4.7 X 10"21 . 3.4 X io-9 

aKakovsky C1957)_. 



Table 1.3. Activity Products of Dithiophosphates3 

Dithiophosphates Lead Cadmium Copper Thallium 

methyl 2.0 x 10~12 1.0 x 10"9 -20 
5.0 x 10 5.0 x 10"5 

ethyl 1.6 x 10"13 l.'O * 10"10 -21 
5.0 x 10 ^ 1.6 x 10~5 

nr-propyl 6.3 x 10"16 
-13 

3.4 x 10 1-5 
-23 

1.6 x 10 J 4.0 x 10"7 

n-butyl 2.5 x 10~18 -15 
1.6 x 10 6.3 x 10"26 6.3 x 10"8 

aTulyupa C1969) . 



complex. Coucouvanis and Fackler (1967) state that all 

NiO^ complexes will react with Lewis bases to form adducts. 

NiS^ complexes on the other hand tend to exhibit a re

activity which depends upon the entire complex. 1,1-

Dithiolate and 1,2-dithiolate nickel complexes do not form 

adducts. 

S R2" 

X2" S—C 

2\/ Hi/ Ni 
2 \ S—— 

R 
1,1-dithiolate xf 2 _dithiolate 

Xanthate complexes interact strongly. Carlin and 

Siegel (1970) determined the formation constants of 

various heterocyclic nitrogen bases with nickel ethyl-

xanthate. The pronounced steric effects in the formation of 

the quinoline and 2-picoline adducts were apparent from the 

adduct formation constants. The values obtained for the 

adducts formed with pyridine, 3-picoline, and 4-picoline 

were 2150 +25, 3550 + 50, and 7750 ± 650, respectively; 

2-picoline and quinoline yielded values of 30. and 2, 

respectively. It would be interesting to study the effects 

of these bases on nickel dialkyldithiophosphates. Based 

on the relative values obtained by Nanjo and Yamasaki 

(1970), there is little variation in the stability constant 

of the adduct formed with pyridine when the chelate is 
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xanthate, dithiophosphinate, or dithiophosphate. The 

formation constants for nickel dithiophosphinate, nickel 

xanthate, and nickel dithiophosphate pyridine adducts are 

2.40 x 10"*, 2.08 x 10^, and 2.56 x 10^, respectively. 

Dithiocarbamates exhibit intermediate behavior in 

adduct formation. The tendency for adduct formation in 

dithiocarbamates appears to be associated with the tendency 

to form a canonical structure of Type II. 

S R .S R 

N i  V - /  N i " l f  \  
~^\ /c N\ 

s' R NS NR 

Type I Type II 

Chatt, Duncanson, and Venanzi (1956) presented 

infrared spectral evidence which showed that a substantial 

contribution was made by the resonance form, Type II, to 

the electronic structure of alkyl and aryl dithiocarbamate 

complexes. The strong thioureide band found between 1450 

and 1550 cin"^ in these complexes was assigned to the v(CN) 

vibration of the S^r NR^ ligand. This frequency lies 

between the stretching frequency region associated with 

C—N single bonds (1250-1350 cm and that of C-N double 

bonds (1640-1690 cm "*") . Nakamoto et al. (1963) verified 

the frequency assignment in their normal coordinate treat

ment of M(S2CNH2) complexes. Brown, Glass, and Burke 

(.1976) further substantiated this band assignment by a 
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detailed vibrational analysis of a series of chromium(III)-

trisr-dithiocarbamates: 

Cr(S2CNR2) 3, R — methyl, ethyl, n-propyl, and n-butyl. 

The ability of the dithiocarbamates to form adducts 

has been associated with the C—N stretching frequency 

(Coucouvanis and Fackler, 196 7) as shown in Table 1.4: 

Table 1.4. Dithiocarbamate-Infrared Data 

Ni Chelate v(.C-N) Results of Adduct Formation 

NilS-CN CCHoJ.p] 5 1550 cm Pyridine and 4-picoline do not 
form adducts 

NiIS2CNCC2Hg) 2J _ 1511 cm * There is a change in color when 
pyridine or 4-picoline is added 

NilS9CNH9J_ 1438 cm Base adducts are formed and can 
* be isolated 

aCoucouvanis and Fackler (1967). 

Variation of the alkyl substituent produced a shift 

in the thioureide bond at ca. 1550 cm~^. The adduct 

forming properties of the dithiocarbamates are a direct 

reflection of the thioureide stretching frequency. 
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Nanjo and Yamasaki (1970) have studied the adduct 

formation of dithiophosphate ligands and have attempted to 

relate frequency shifts in the infrared spectra to adduct 

formation. According to Nanjo and Yamasaki (1970), the 

spectrum of the adduct formed by nickel dimethyldithio-

phosphate with pyridine is very similar to the spectrum of 

sodium dimethyldithiophosphate except for the new bands of 

the coordinated pyridine. Assuming that P—S and P—O bonds 

shifted toward higher and lower frequencies respectively, 

Nanjo and Yamasaki stated that the P-O bond is weakened and 

the P—S bond strengthened by the addition of pyridine. A 

comparison of the original band assignments with those in 

the literature (Thomas, 1974; Thomas and Chittenden, 1970; 

Nyquist, 1969) indicates that the P—O stretch should be 

higher than that proposed by Nanjo and Yamasaki (1970). If 

their assignments are wrong, their conclusions are in error. 

A normal coordinate analysis of nickel dimethyldithio

phosphate would unequivocally assign the P-O and P-5 

stretching bands. This would eliminate any ambiguity in 

the interpretation of the infrared spectra of the nickel 

dithiophosphate adduct. 

The adduct formation of dithiophosphate complexes 

is a function of the alkyl group bonded to the dithio** 

phosphate. The ^ values calculated for the bis(pyridine) 

adducts of bis(0,0'-dimethyldithiophosphato)nickel(II) , 

Ni(dmp)2*2py, and the bis(pyridine) adducts of 



bis (j0,0' -diethyldithiophosphato)nickel (II) , Ni (dtp) 2*2py, 

4 3 are 1.58 x 10 and 2.56 x 10 , respectively (Nanjo and 

Yamasaki, 1970) . The alkoxy groups on the phosphorus atom 

of the chelate dramatically affect the coordinating ability 

of the neutral ligand. A thin layer chromatographic deter

mination of the Rj; values obtained by the reaction between 

pyridine and Nifdmp^ or Nifdtp^ adsorbed on an inert 

support should provide at least a qualitative verification 

of these results. 

Adduct formation in bis(0,0'-dialkyldithio-

phosphato) nickel (II) complexes is a function of the 

structure of the ligand. Many of the adducts formed 

between nickel dialkyldithiophosphates and heterocyclic 

nitrogen bases have been characterized by single crystal 

X-ray structure determinations. Monodentate bases add 

axially to give five or six coordinate complexes of 

nickel(II). Ooi and Fernando (1967) have characterized the 

Ni (jdtp) 2 * 2py adduct as a paramagnetic trans-octrahedral 

complex. Marked structural changes accompany adduct forma

tion. The Ni-5 bond distance increases from 2.21 A in 

Ni(.dtp)„2 to 2.49 & in the bis-pyridine adduct. The S—Ni—S 

angle in Ni(dtp)2 is decreased from 88 to 81.7° in the 

pyridine adduct while the S—P-S angle is increased from 

103° in Ni(dtp>2 to 110.4° in Ni(dtp)2*2py. Cis octa

hedral complexes have been obtained only with bidentate 

ligands such as 1,10-phenanthroline. Shetty and Fernando 



(1970) described the six coordinate complex of Ni(dmp)2*2py 

while Craig, Pallister, and Stephenson (1971) described a 

similar complex formed with Nifdtp^' Apparently the 

substitution of an ethyl for a methyl group does not cause 

a substantial change of the structure in the solid state. 

On the other hand, 2,9-dimethyl'-l,10-phenanthroline forms a 

five coordinate complex. One of the dithiophosphate 

ligands is bidentate while the other is monodentate. Both 

nitrogen atoms in the phenanthroline molecule are co

ordinated to the nickel atom. It appears that the 2,9-

dimethyl-1, lOr-phenanthroline causes a disruption of a 

metal-sulfur bond in one of the two dithiophosphate 

ligands. It would be interesting to deduce the mechanism 

of adduct formation in this complex. The mechanism might 

elucidate the structural changes which accompany the forma

tion of sterically crowded complexes. 2,4-Diazabicyclo-

[2.2.2]octane is a sterically crowded tertiary amine. This 

bulky ligand is known to form a 2:1 adduct with the planar 

chelate, bis(diethyldithiophosphinato)nickel(II). A 

determination of the structure and formation constant will 

assist in the evaluation of steric effects in adduct forma

tion. 



CHAPTER 2 

A NORMAL COORDINATE ANALYSIS OF BIS(0,0'-
DIALKYLDITHIOPHOS PHATO)NICKEL(II) 

COMPLEXES 

Structural and spectral studies have shown that the 

four-membered chelate rings formed by the interaction of 

metal ions with dithiophosphates have significant differ

ences that can be attributed to either electronic or steric 

effects that arise from the substituents on the phosphorus 

atom (Cavell, Day et al., 1971; Cavell, Byers, and Day, 

1971; Cavell, Byers et al., 1972; Cavell, Day et al., 1972). 

Variation of the alkyl or alkoxy substituent on the phos

phorus atom affects the character of the phosphorus hybrid 

orbitals and causes marked changes in the phosphorus-sulfur 

bond distance and the sulfur-phosphorus-sulfur angle in the 

chelate ring. The phosphorus-sulfur bond order as well as 

the extent of charge localization on the metal atom and the 

sulfur donor atoms have been inferred from these investiga^ 

tions (Wasson et al. , 1973). It has been presumed that 

the participation of phosphorus d-orbitals in the bonding 

in the chelate ring is the primary reason for the differ

ences in the geometry and the charge distribution in the 

chelate ring, but there are no experimental results that 

can substantiate this statement, A normal coordinate 

15 
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analysis of the model compound, bis(0,0*-dimethyldithio-

phosphato) nickel (JI)., of known structure, was undertaken to 

establish a firm basis for understanding the factors that 

influence the stability and configuration of the metal 

complexes of the dithiophosphates. 

Experimental 

Synthesis of Bis(0,0*-dimethyldithio-
phosphato)nickel(II) , NiCdmp^ 

The preparation was adapted from a method used by 

Marshall and Fernando (1972). One hundred ml of methanol 

was added slowly over a period of 1-1/2 hours to 110 g of 

finely powdered ?2S5 (Eastman Chemical Co.). The reaction 

mixture was heated under reflux for 3 hours and the I^S 

gas that was evolved was passed through scrubbers con

taining H2C>2 and NaOH. The reaction product which con

sisted of a black oily liquid was filtered and the filtrate 

was extracted with three 50 ml portions of water. Finely 

powdered NiSO^•was added to the aqueous extract con

taining the 0,0'-dimethyldithiophosphonic acid. Violet 

crystals of the nickel complex which formed on standing 

were filtered, dried, and dissolved in hot ethanol. The 

unreacted nickel sulfate precipitated as green crystals and 

was separated by filtration. When the filtrate was cooled 

to -15°, violet crystals of the pure nickel complex were 

obtained. 
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Bis (0,0'-diethyldithiophosphato)nickel(II), 

Ni(dtp)2, was synthesized in the same manner as above by 

using ethanol instead of methanol. 

Synthesis of Bis(.0,0'-dimethyldithio-
phosphato-dg)nickel(II), Ni(dmp-dg)2 

The method used for the synthesis of the deutero 

analog of Ni(dmp)2 was essentially that described by 

Nyquist and Muelder (1968). Five ml of CD3OD (Aldrich 

Chemical Co.) was dissolved in 10 ml toluene and added 

dropwise over a period of 1-1/2 hours to a stirred mixture 

of 6.5 g P2S5 -*-11 toluene. The toluene was dried 

over sodium metal and freshly distilled before use. The 

reaction mixture was maintained at 85° for 4-1/2 hours in 

an atmosphere of nitrogen, cooled to room temperature, 

filtered to remove the sulfur precipitate, and distilled 

under reduced pressure to remove the toluene. The viscous 

liquid that remained was extracted with three 2 ml portions 

of D20 (Stohler Isotope Chemicals). Finely powdered NiSO* 

6H20 was added to the D20 extract and allowed to stand. 

The violet crystals that formed were separated, dried under 

reduced pressure, and dissolved in hot ethanol. The un^ 

reacted NiSO^ was separated by filtration and the filtrate 

cooled to -15° for about 2 hours. The violet crystals that 

formed were filtered, dried under vacuum, and stored in 

a;.de.sifccator over molecular sieve (3A) . 
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Synthesis of Bis(0,0'-diethyldithio-
phosphato)platinum(II), PtCdtp^ 

The synthesis of ptfdtp^ was an adaptation of a 

method used by Jorgenson in 1962. PtC^ (133 mg) was 

digested in 10 ml of aqua regia, and KCl (320 mg) was added 

to the solution followed by 10 ml conc. HC1. The mixture 

was heated for 1-1/2 hours and 10 ml of water was added. 

2 -The resultant solution was red brown and contained PtCl^ . 

The addition of an excess of the ammonium salt of 0,0'-

diethyldithiophosphonic acid to the solution containing 

2-PtCl^ produced a lemon yellow precipitate which was 

separated, recrystallized from hot acetone, and stored in 

a desiccator. 

Spectral Measurements 

The infrared spectra from 4000 cm"^ to 200 cm 

were obtained with a Beckman IR-12 double beam spectro

photometer. The KBr disc method was used between 4000 and 

600 cm the Nujol mull technique and polyethylene pellets 

were used to record the spectra from 600 to 200 cm "'"i 

The far infrared spectra from 300 cm-"'" to 50 cm""*" 

were obtained in polyehtylene pellets and carbon disulfide 

solutions with a Beckman IR-11 spectrophotometer equipped 

with a bolometer detector cooled by liquid helium. Wave

length calibrations were made with polystyrene film and 

water vapor. 
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Calculations 

A normal coordinate analysis performed on a molec

ular model representing the essential characteristics of 

the metal-ligand complex will permit the interpretation of 

frequency shifts of infrared vibrational bands. Bond 

strength, molecular geometry, and atom masses each con

tribute to the energy of a vibrational band. It is 

important to determine bond stretching, angle bending, and 

non-bonded repulsion force constants which are representa

tive of an increase or decrease in bonding strength and are 

independent of mass and geometry changes. Changes in the 

magnitude of force constants are a more direct measure of 

changes in bond strength than simple frequency shifts which 

are sensitive to additional factors."'' Furthermore, the 

normal coordinate analysis provides unambiguous band 

assignments, particularly for those vibrations which do not 

conform well to group frequency assignment methods. 

1. The dissociation energy is usually considered 
to be directly related to the force constant—the larger 
the force constant, the greater the dissociation energy of 
a chemical bond, and therefore the stronger the bond. 
Strictly speaking there is no theoretical justification to 
assume that the dissociation energy or the depth of the 
potential energy curve (energy vs. internuclear distance) 
is theoretically related to the force constant which is a 
measure of the degree of curvature of the potential well 
near the equilibrium position. However, there is a good 
correlation between the depth and the sharpness of 
curvature of the potential well, and so bond strength and 
the magnitude of the force constant will be directly 
proportional. 
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The initial procedure in the normal coordinate 

analysis was the selection of a proper molecular model. 

Ni(dmp>2 is a 1:2 (metal-ligand) complex having a squares 

planar configuration, Fig. 2.1. The calculations were 

simplified by treating the Ni(dmp)^ complex as a 1:1 

metal-ligand system conforming to the molecular model 

shown in Fig. 2.2. This was a reasonable assumption since 

coupling between ligands should be small except for the 

Ni-S stretching and S-Ni-S bending modes which would be 

affected by the proximity of the second ligand. It has 

been found for metal-oxalate complexes that the force 

constants for the metal to oxygen bonds are overestimated 

by 10-15% if the 1:1 complex model is used (Fujita,1 Martell, 

and Nakamoto, 1962a, 1962b). Finally, the two methoxy 

groups bonded to the phosphorus atom were treated as single 

atoms X^ and X2 having an effective mass of.15.994 amu. 

The 6-atom model contained 15 internal coordinates 

having the following molecular parameters obtained from a 

single crystal X-ray structure determination (Kastalsky and 

McConnell, 1969) : r^ = = 2.22 A, r^ = = 1.98 A, 

r5 = rg = 1.565 A, a = 88°, = 84.5°, v = 103°, 

61 = $2 = = 02 = 115°, e = 96°. Since the model has 

^2V symmetry, its twelve normal vibrations may be classified 

into four species: 5A^ + 1A2 + 3B^ + 3B2 (3A^ + 1B^ + 2Bj 

stretching and 2A^ + IA2 + 2B^ + IB2 bending). The B^ 

vibration, which concerns out-of-plane ring bending, was 
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Fig. 2.1. Spatial Arrangement of Ni(dmp)2 
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Fig. 2.2. Molecular Model and Internal Coordinates 
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not described among the internal coordinates of the 

molecular model;,it was expected to occur in the low 

frequency region and was omitted from the calculations. 

The next step in the calculation procedure was the 

construction of the G-MATRIX using the method of Wilson, 

Decius, and Cross (1955). The G-MATRIX is a description of 

the kinetic energy of the system taking into account the 

geometry and mass distribution of the molecular model. 

Since there were 15 internal coordinates, taking into 

account all the possible interactions between the various 
J.V 

stretches and bends, the G-MATRIX was 15 order. To 

evaluate the G-MATRIX, two independent methods were used. 

Mizushimo and Shimanouchi (1958) have developed formulas 

for the evaluation of the G-MATRIX elements. The elements 

were evaluated using the molecular parameters above and 

incorporated as a subroutine in a program already developed 

for the calculation of the G-MATRIX (program GPROG). In 

addition, Dr. G. Behnke, in a private communication (19771, 

arrived at the same G-MATRIX using the Wolfsberg modifica

tion .of the Schactschnider G-MATRIX program. In Dr. G. 

Behnke's approach the input data were the Cartesian co

ordinates of the atoms in an arbitrary reference frame. 

The angle and bond interactions were automatically eval

uated. It was necessary to evaluate the G-MATRIX using 

two independent approaches since the Schactschnider program 

had not been tested on ring systems. The Schactschnider 
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program in turn helped to verify the G-MATRIX output of the 

program GPROG. 

The output of the G-MATRIX program is displayed in 

Table 2.1. 

When working with the program GPROG, it was 

generally difficult to obtain a correct G-MATRIX. The 

following hints proved to be helpful in diagnosing errors 

in the G-MATRIX elements: 

1. The largest values are generally located on the 

G-MATRIX diagonal. 

2. Some of the interactions involve negative signs; 

hence it is important to ascertain that the sign 

has not been omitted. 

3. If unusually large values are located off the 

diagonal, a check should be carried out to determine 

that all parentheses are properly located. 

4. If the molecule has a ring, it should be verified 

that all bond lengths and bond angles lead to ring 

closure; otherwise, redundancies will not be 

removed. 

5. Some interactions between many of the internal 

coordinates are equivalent. The correctness of the 

equalities should be determined. 

Once the G-MATRIX was constructed, the next step was to 

transform the internal coordinates. More internal co

ordinates were present in the molecular model than were 
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Table 2 .1. Nickel Diethyldithiophosphate, G-MATRIX Data 

llr1 .048217 .000594 .003530 0.000000 0.000000 0.000000 -.007644 -.015889 . 1o o7644 .015839 
-.009343 0.000000 0.000000 -.009343 0.000000 

llr 2 .000594 .048217 0.000000 .003530 0.000000 0.000000 -.007644 .007644 . . 015889 .015889 
0.000000 .-.009343 -.009343 0.000000 0.000000 

L\r3 .003530 0.000000 .063466 -.008355 -.013277 -.013277 .013913 -.013913 . 15991 -.015991 
.-.018683 .019026 .019026 -.018683 . 018 99 

llr 4 0.000000 .003530 ..-.008355 .063466 -.013277 - /013277 .013913 .015991 13913 -.015991 
.019026 -.018683 -.018683 .019026 .018399 

llr5 0.000000 0.000000 -.013277 -.013277 .094782 -.002814 0.000000 -.008873 08873 .017746 
'""•015090 .014709 -.015090 .014709 -.020419 

L\r6 0.000000 0.000000 -.013277 -.013277 -.002814 .094782 0.000000 -.008873 -.008873 .017746 
.014709 -.015090 .014709 -.015090 ""'• 020419 

!la -.007644 -.007644 .013913 .013913 0.000000 0.000000 .019204 -.008789 -.008789 -.001626 
.000478 .000478 .000478 .000478 0.000000 

M3 1 -.015889 .007644 -.013913 .015991 -.008873 -.008873 -.008789 .024789 · 1 02077 -.018075 
.011879 ~.007305 -.007305 .011879 .012296 

M3 2 .007644 -.015889 0.15991 -.013913 -.008873 -.008873 -.008789 .002077 . , 24788 -.018075 
~.007305 .011879 .011879 ..-.007305 .012296 

-.015991 .017746 .017746 -.018075 .. 037777 fly .015889. .015889 -.015991 -.001626 ..-. pl8075 
~.005052 -.005052 ..... 005052 -.005052 -.024593 

I 

L\ cS 1 -.009343 0.000000 .-.018683 .019026 -.015090 .014709 .000478 .011879 -.007305 -.005052 
.063546 :... . 030145 ~.017820 .002317 -.012142 

fl cS 2 0.000000 - .-009343 .019026 -'!018683 .014709 -.015090 .000478 -.007305 .011879 -.005052 
-.030145 .063546 .002317 -.017820 -.012142 

. l ll879 llZ 1 0.000000 -.009343 .019026 .,.-. 018683 .-.. 015090 .014709 .000478 -.007305 -!'005052 
-:--.017820 .002317 .063546 -.030145 ""'·012142 

ll'Z ~.009343 0'!000000 -.018683 . 019.0 26 .014709 .,... . 015090 .000478 .011879 ~.b07305 -.005052 2 .002317 -!017820 -.030145 •. 063546 -.012142 

fl€ 0.000000 0.000000 .018399 .018399 -.020419 -"020419 0. 0000.00 .012296 .012296 -.024593 
v • 01214_2 -:--.012142 -.012142 - .. 01214.2 ~.078687 
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required by the 3N-6 rule. Some of these internal coordi

nates could be expressed as linear combinations of others, 

and were therefore redundant. A T-MATRIX transforms the 

G-MATRIX by removing redundancies. The T-MATRIX is not 

orthonormal, but it is orthogonal and performs a linear 

combination of some of the internal coordinates. The order 

of the matrix would thus be reduced as some of the rows go 

to zero. The T-MATRIX was not used in the calculations to 

reduce the order of the G-MATRIX. 

The next step was the construction of a suitable 

U—MATRIX. The U-MATRIX is an orthogonal matrix whose 

elements must satisfy the relations: 

1. g(u.k)2 = 1 (orthonormal) 

2* *ulk^ = 0 (orthogonal) 

Furthermore, the U-MATRIX must take into account the 

symmetry properties of the molecule. The symmetry co

ordinates must be a linear combination of internal coordi

nates which obey the symmetry relations inherent in the 

molecule. In the case of Ni(dmp)2, the symmetry coordinates 

must yield at least 5A^, 1A2* and 3B2 relations'. 

As an example of a symmetry coordinate and the 

method for actually evaluating the symmetry, we have the 

following: 

Sg =  1 / /2  (Ar5-Arg) 

Under the identity operation (I) each internal coordinate 
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is transformed into itself. If the operation C2 is applied, 

(C2) (Sg. = (l//2)Arg - (l//2)Ar5 

Under a. . and a, « the results are identical to the (xy; (yz) 

identity and C2 operations respectively. The characters 

for the operations I, Co/ <*„,,/ <?„ are +1, -1, +1, -1. This 
xz y z 

transforms as in the point group C2v. One must proceed . 

through all the symmetry coordinates and obtain relations 

which satisfy the symmetry of the point group of the 

molecule. 

Finally, the U-MATRIX should factor out the various 

rows and columns of the G-MATRIX so that the symmetry 

species are blocked into smaller matrices along the 

diagonal with an order equal to the number of elements in 

the symmetry species. For example, since there are three 

B2 vibrations, these should comprise a 3 x 3 matrix. 

The U-MATRIX computer output is in Table 2.2. 

Once the U-MATRIX was constructed/ the G-MATRIX was trans

formed according to UGO where U was the matrix transpose. 

The results of the matrix multiplication are shown in 

Table 2.3, The coordinate transformation applied to the 

G-MATRIX resulted in the removal of one of two redundant 
+"VI 

coordinates and a reduction of the matrix to 14 order*. 

One of the redundancies involved the sum of the changes 

in the angles around the phosphorus atom (Av + AS^ + 

A62 + A0^ + A02 + Ae =0) and the second redundancy 
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Table 2. 2. U-MATRIX 

I 
.707107 s1 .707107 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 

0.000000 0.000000 0.000000 0.000000 0.000000 

S2 .707107 ?".707107 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.())00000 0.000000 
0.000000 0.000000 0.000000 0.000000 0.000000 

I 
S3 0.000000 0.000000 .707107 .707107 0.000000 0.000000 0 . 000000 0.000000 0.@00000 0.000000 

0.000000 0.000000 0.000000 0.000000 0.000000 

S4 0.000000 0.000000 .707107 -.707107 0.000000 0 , 000000 0.000000 0.000000 O.QOOOOO 0.000000 
0.000000 0.000000 0.000000 0.000000 0.000000 I 

S5 0.000000 0.000000 0.000000 0.000000 .707107 .707107 0.000000 0.000000 0.000000 0.000000 
0.000000 0.000000 0.000000 0.000000 0.000000 

S6 0.000000 0.000000 0.000000 0.000000 .707107 '""'• 707107 0.000000 0.000000 0. r oooo 0.000000 
0.000000 0.000000 0.000000 0.000000 0.000000 

S7 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 . 500000 .500000 · f ooooo .500000 
O·. 000000 0.000000 0.000000 0.000000 0.000000 I 

S8 0.000000 · 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 .707107 . V07107 0.000000 
0.000000 0.000000 0.000000 0.000000 0.000000 

S9 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 .707107 . . 07107 0.000000 
0.000000 0.000000 0.000000 0.000000 0.000000 

8 10 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 1. 000000 
0.000000 0.000000 0.000000 0'!000000 0.000000 

8 11 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 o.oooono 0.000000 o.. 00.0 000 .408248 
.408248 .408248 .408248 .408248 .408248 

8 12 0.000000 U.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 o. pooooo 0.000000 
.500000 .500000 -.500000 .,.. . 500000 0.000000 

I 
5 13 0.000000 0.000000 0.0000 0.Q 0.000000 0.000000 0.000000 0.000000 0.000000 0. , 00000 0.000000 

.500000 -.500000 .500000 -.500000 0.000000 

8 14 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 
.500000 -.500000 -.500000 .500000 0.000000 

5 15 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 a. rooooo 0.000000 
..-.223607 -.223607 -.223607 -.223607 .894427 
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Table 2.3. Kinetic Matrix Transformed by U..-MATRI X 

1 .04881 -.000000 .003530 0.000000 0.000000 0.000000 .000000 -.008245 0.000000 .002471 
-.001615 0.000000 0.000000 0.000000 .005909 

I '--

2 -.000000 .047622 0.000000 .003530 0.000000 0.000000 . 000000 0.000000 ..... 0 ;23533 0.000000 
0.000000 0.000000 0.000000 -.013213 0.000000 

0.0 60000 3 .003503 0.000000 .055111 ..-.000000 -.026554 0.000000 -.000000 .002079 -.022615 
.001786 0.000000 0.000000 0.000000 .023056 I 

4 0.000000 .003530 -.000000 .071820 0.000000 0.000000 .000000 0.000000 ..... 0 29904 0.000000 
0.000000 0.000000 0.000000 -.053328 0.000000 

5 0.000000. 0.000000 - .. 026554 0.000000 .091968 -.000000 ..... 000000 -.017746 .025097 
..-.001983 0 ! 000000 0.000000 0.000000 -.025587 

6 0.000000 0.000000 0.000000 0.000000 -.000000 .097596 0.000000 0.000000 o.o 0000 0.000000 
.000000 .000000 -.042143 .000000 -.000000 

7 .000000 .000000 -.000000 .000000 -.000000 0.000000 -.000000 0.000000 .,... . 0 0000 -.000000 
..-.000000 0.000000 0.000000 -.000000 0.000000 

8 -.008245 0.000000 .002079 0.000000 -:-.017746 0.000000 0.000000 .026865 -.0 10000 ..... 025563 
.001945 0.000000 0.000000 0.000000 !012661 

9 0.000000 -:-.023533 0.000000 -.029904 .000000 0.000000 -.000000 -.000000 .022710 0.000000 
~! 0000.00 0.000000 .,- .QOOOOO .027129 ...... 000000 

10 .022471 0.000000 ,,_,_ 022615 0.000000 .025097 0.000000 -.000000 -.025563 0.0 0000 .037777 
..-.002867 0.000000 0.00-0000 0.000000 - !! 017478 

11 ,:-, . 001615 0 .. 000000 .001786 0.000000 -.001983 !! 000000 ..-.000.000 .001945 -.000000 ~.002867 
.000220 ~ ! 000000 - ! 000000 ~ .000000 .001760 

12 0.000000 0.000000 0.000000 O.OOOOGO 0.000000 .000000 0.000000 0.000000 0.000000 0.000000 
-.000000 .048904 .000000 -.000000 .000000 

13 0.000000 0.000000 0.000000 0.000000 0.000000 -.042143 0.000000 0.000000 ~ .0 00000 0.0.00000 
-:- .000000 .000000 .073554 -.000000 .000000 

14 0.000000 -.013213 0.000000 -.053328 0.000000 .000000 -.OOOQO.O 0.000000 .0271 29 0.000000 
-.000000 -.000000 -.000000 .113828 ..... 000000 

15 .005909 0.000000 .023056 0.000000 .,..._ 025587 -.000000 0. 000000. .012661 ~ .000000 ..- .017478 
.001760 .000000 . 0.00000 - . . 000000 .085957 
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involved the sum of the changes in the ring angles (Aa + 

+ A&2 + Av ^ 0), The G-MATRIX factored out properly 

into (7 x 7)A^, (1 x llA^, (2 x 2)B^, and (4 x 4).B2 

matrices. A further simplification involved the deletion 

of the A2 vibration which, being neither infrared nor Raman 

active, was not observed. Coordinate redundancies which 

had not been removed explicitly provided a check on the 

calculation procedure. 

The kinetic energy of the system can now be eval-

-1 ~ —1 uated using the expression 2T = RG R where G is the 

reciprocal of the transformed G-MATRIX, R is the first 

derivative of the column matrix R composed of the internal 

coordinates, and ft is the transpose of R. 

In order to evaluate the potential energy of the 

system, one needs to construct a suitable F-MATRIX. The 

potential energy is written 2V = RFR where R is a column 

matrix composed of the internal coordinates defining the 

system and R is its transpose; F is a matrix whose compo

nents are the force constants of a molecule. 

There are two major approaches to evaluating the 

potential energy. One can use a generalized valence force 

(GVF) field. It consists of stretching and bending force 

constants as well as the interaction force constants 

between them. For large molecules, the number of inter

action force constants is too large to give any reliable 

information. In another approach, Shimanouchi (1949a, 



1949b, 1949c) developed the Urey-Bradley force (UBF) field 

which consists of stretching, bending, and repulsive force 

constants between nonbonded atoms. 

The general form of the potential field is 

V = Z [£K. (Ar.)2 + K1.r. (Ar.)] 
i 1 1 ii i 

+ SliV^lAc^)2 + HV^Uc^)] 

+ E tSFj (Aq;.) 2 + F'iq1(4qi)] 

Ar^, Aa^, and Aq^ are the changes in the bond 

lengths, bond angles, and distances between nonbonded atoms, 

Ki' Hi' anĉ  Fi are stretching, bending, and 

nonbonded repulsive force constants, respectively. 

r^, a^, and are' the equilibrium values of the 

distances. 

The first derivatives are equal to zero in the 

equilibrium case and using the relation 

*ij2 = ri2 + r/ ~ 2rirj cosaij 

one obtains the following form of the potential field 

V = iZ [K. + Z (t. .2F*. . +s, .2f: .)] (Ar..)2 
i j(^i) 13 3 13 3 

+ i Z [H. .-s . . s . j.F' . .+t. .t..F. .] (r. . Aa. •) 2 
icj ^ XD D1 ID 13 ji ID id ID 

+ Z [-t. . t..F'. . +s. . s . .F. . ] (Ar.) (Ar.) 
i<j ID D1 ID ID ]i i] i D 
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where 

sij = <ri"rj 

sji - (rj"ri c°s"ij>Alij 

t.j = (r. sina^l/q^ 

tj. = <ri sino^l/q^ 

Although the Urey-Bradley field has four force 

constants, F' is usually set equal to jjj-F/ and so the 

potential field then becomes a function of K, H, and F. 

Two advantages in using the (UBF) field are: (1) the 

number of force constants is generally smaller; (2) the 

force constants from one molecule can be transferred, and 

used to predict the fundamental frequencies of a geo

metrically similar molecule (Nakamoto, 1963; Condrate, 

1966). 

A modified program called MATRIX was used to obtain 

the F-MATRIX. The input information was the 6 bond lengths, 

the 9 bond angles, and the U-MATRIX. The output from the 

program was the F-MATRIX. The elements of the matrix were 

a linear combination of the K, H, and F force constants. 

There were three stretching (K), six bending (H), and six 

repulsive (F) force constants for the model that was 

assumed for the Nifdmp^ molecule. MATRIX computed the 

coefficients of each of the force constants for each 



element f.. of the matrix. The elements of the matrix were 
ID 

then punched out as a subroutine to be used with the House

holder program. Subroutine FORCE 1 (Table 2.4) represents 

the output of the program MATRIX for the 7x7 matrix which 

represents the A^ species of the molecule. 

Once the G and F matrices were evaluated, the next 

step was to solve the secular equation 

|GF - EX| =0 

The Householder (1953) method was best suited for the 

solution of the higher order equations and was the method 

of choice for this particular problem. 

In the Householder method a symmetric matrix is 

reduced to a tri-diagonal matrix by a series of similarity 

transformations using simple orthogonal matrices. Both 

the G and F matrices are symmetric although their product 

GF is not. Since one is solving GF the product must be 

symmetric. The easiest way to symmetrize GF is to de

compose G into the product of a real lower triangular matrix 

A and its transpose A'. The GF product can now be written 

GF = A'FA. The symmetric A'FA can now be reduced to the 

symmetric tridiagonal matrix Tn_^ by (n-2) orthogonal 

transformation, n being the order of the original matrix. 

Using Ortega's method of Sturm sequences one can evaluate 

the tridiagonal matrix. The Eigen values are equivalent to 

those of the original GF matrix. The values obtained as a 
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SUBROUTINE FORCEl 
DIMENSION FC50,50) 

THIS SUBROUTINE IS FOR THE HOUSEHOLDER METHOD. 
DO NOT USE THIS SUBROUTINE FOR FRAME METHOD PROGRAM. 

NO. OF STRETCH FORCE CONSTANTS IN THIS PROGRAM ARE 3 
NO. OF BENDING FORCE CONSTANTS IN THIS PROGRAM ARE 6 
NO. OF REPULSIVE FORCE CONSTANTS IN THIS PROGRAM ARE 6 
COMMON F,IT, XI, X2, X3, HI, H2, H3, H4, H5, H6, Fl, F2, F3 
1, F4, F5, F6 
FC 1, 1) = +1.00000000* XI+ ,96510046* F1+ .46920350* F2 
Ft 2, 1) = + .50216293* F2 
FC 2, 2J = +1.00000000* X2+ .32626834* F2+1 .22495102* F3 
1+ . .75062322* F4+ .75062322* F5 
FC 3, 2) = + .73354454* F4+ .73354454* F5 
FC 3, 3)> +1.00000000* X3+ .60719553* F4+ .60719553* F5 
1+1. ,08715575* F6 
FC 4, 1} = +1.02734320* F2 
FC 4, 2) = + .83764187* F2 
FC 4, 4} = +4.40211089* H2+2 .59030823* F2 
FC 5, 2} = +1.22572264* F3 
FC 5, 5} = +3.90734289* H3+1 .75350623* F3 
FC 6, 2) = + .50039919* F3+ .44312611* F4+ .44312611* F5 
F (. 6, 31 = + .37572624* F4+ .37572624* F5+ ,40763989* F6 
FC 6, 5) = +1.59516609* H3+ .71586594* F3 
FC 6, 6) = + .65122385* H3+1 .03776755* H4+1 .03776755* H5 
1+ , 41343752* H6+ .29225105* F3+ .36844506* F4+ .36844506* F5 
2 +  .  21117558* F6 
FC 1 ,  2} = ^ ,24271016* F4t> .24271016* F5 
FC 7, 3) = - .20579373* F4^ .20579373* F5+ .89309424* F6 
FC 7, 6)> r .56840868* H4- .56840868* H5+ .90579620* H6 
1- . 20180567* F4- .20180567* F5+ .46266250* F6 
FC 7, 7) = + .31133025* H4+ .31133025* H5+1 .98450000* H6 
1+ . 11053351* F4+ .11053351* F5+1 .01364274* F6 
DO 1 1=1, 6 
L=I+1 
DO 1 J=L, 7 
F (I, J) =F (J, I) 
RETURN 
END 
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solution are related to the wavenumber by the relation 

X ~ 4*2cV or v = 

If the units of mass and force constant are atomic weight 

and mdynes/A or 10^ dynes/cm then 

v = 1302.83 /X , 

The end result of the calculations is a prediction of the 

wavenumbers at which one might expect to observe the 

various vibrational modes. 

A modified program called HOUSE was used to eval

uate the secular equation. The F-MATRIX subroutine (FORCE) 

was incorporated into the source deck. The transformed 

G-MATRIX (the G-MATRIX was inserted into the program as the 

tridiagonalized A-MATRIX) was placed in the data file. 

Table 2.5 is the listing of the A-MATRIX output of the 

G-MATRIX program. The initial set of force constants was 

also placed in the data file. The values used for the 

initial set of force constants were based on literature 

values obtained from analogous compounds. The results of 

an initial set of force constants are in Table 2.6. 

Since the initial set of frequencies varied con

siderably from the experimentally determined values, the 

force constants were systematically varied by using a 

Jacobian matrix until the computed frequencies agreed with 

the observed values. Although other sets of force constants 



solution are related to the wavenumber by the relation 

X = 4u2c2\i2 or v = 

If the units of mass and force constant are atomic weight 

and mdynes/A or 10^ dynes/cm then 

v = 1302.83 /A .. 

The end result of the calculations is a prediction of the 

wavenumbers at which one might expect to observe the 

various vibrational modes. 

A modified program called HOUSE was used to eval

uate the secular equation. The F-MATRIX subroutine (FORCE) 

was incorporated into the source deck. The transformed 

G-MATRIX (the G-MATRIX was inserted into the program as the 

tridiagonalized A-MATRIX) was placed in the data file. 

Table 2.5 is the listing of the A-MATRIX output of the 

G-MATRIX program. The initial set of force constants was 

also placed in the data file. The values used for the 

initial set of force constants were based on literature 

values obtained from analogous compounds. The results of 

an initial set of force constants are in Table 2,6. 

Since the initial set of frequencies varied con

siderably from the experimentally determined values, the 

force constants were systematically varied by using a 

Jacobiari matrix until the computed frequencies agreed with 

the observed values. Although other sets of force constants 



Table 2.5 Computer Output of G-MATRIX Program 

A-MATRIX,DEFINED BY THE EQUATION A*G*A(T). SPECIES, 1 

1 .220932 0.000000 0 .000000 0 .000000 0. 000000 0. 000000 0. 000000 

2 .015977 .234213 0 .000000 0 .000000 0. 000000 0. 000000 0. 000000 

3 0.000000 -.113374 .281273 0 .000000 0. 000000 0. 000000 0. 000000 

4 -.037321 .011420 -.038490 .148056 0. 000000 0. 000000 0. 000000 

5 .101708 -.013495 .047511 -.120265 0. 000000 0. 000000 0. 000000 

6 -.007309 .008126 — .003773 .009176 0. 000000 • 001462 0. 000000 

7 .026.746 .09661.6 .052024 .064254 0. 000000 • 262847 0. 000000 
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Table 2.6. Computer Output of HOUSEHOLDER Program 

Force Constants Used for This Calculation 

Stretching 1.650 3.280 4.500 

Bending .500 .250 .400 .230 .230 .190 

Repulsive .600 .100 .600 .350 .350 .850 

The Results of the Calculation 

1 .54016735 957.77 

2 .21191134 599.89 

3 .15154565 507.30 

4 .10756260 427.39 

5 .14432579 274.36 

6 0.00000000 0.00 

7 0.00000000 0.00 

-1 (.The. results are in units of cm ). 



38 

will indeed give the same frequenciesthey are unreasonable 

values because they do not agree with the force constants 

that have been determined by other workers for similar 

molecules. 

The symmetry coordinates with their assignments are 

presented in Table 2.7. Table 2.8 lists the set of force 

constants which give the best agreement with the observed 

frequencies of Nitdmp^. A comparison of calculated and 

observed frequencies is presented in Table 2.9. The agree

ment is quite satisfactory, the average error is 1.2%, and 

the maximum error found is 3.6%. 

The last column\in Table 2.9 contains an approxi

mate description of each normal mode as a linear combination 

of the symmetry coordinates of Table 2.7. This was ob

tained from the calculation of the potential energy distri

bution (Morino and Kuchitsu, 1952). The relative contribu

tions are shown in Table 2.10. 

Results and Discussion 

Band Assignments 

The infrared spectra of Bis (,0,0* "dimethydithior-

phosphato)nickel(II) and its deuterio analog from 1500-120 

cm are shown in Figs, 2.3 and 2.4. The high wavenumber 

regions of the spectra are not shown although they exhibit 

the characteristic C-H and C-D stretches associated with 

the methyl moiety and its deuterio analog. The observed 



Table 2.7. Symmetry Coordinates 
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Species 
S, = 

So = 

Sr = 

S„ = 

'11 

A2 S8 

B1 S6 

Sn = 

B2 S2 
S, = 

'10 

(1//2) (Ar^ + Ar2) 

(1//2) CAr3 + Ar4) 

(1//2). CAr5 + Ar6). 

U//2J.CAe1 + Ag2) 

C-1//20) CA61 + A62 + d,Q1 + A02 

•!- 4Ae) 

C1/2).CA61 + A62 - A61 - A02) 

(1/S2L CAr5 - Arg) 

a/^J.tAfi]^ - A62 + A01 - A02) 

a//2). CArx - Ar2) 

(:i/y21.(Ar3 - Ar4) 

a/21.C.A-'S1 - A62 - AB-j^ + A02) 

U (NiS) sym 

u CPS) sym 

u (PO) sym 

6 (SPS) 

6 (OPO) 

Pt(OPO) 

uantisym 

Pr(OPO) 

u .. (NiS) antisym 

v .. (PS) antisym 

pw(0P0) 
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Table 2.8. Force Constants (mdynes/ii) for Bis (0,0'-
dimethyldithiophosphato)nickel (II) 

K (Ni- S) 

Stretching 
= 1.20 

IC (P— -s) = 2.80 

K (P 0) = 3.46 

H (S— -Ni— 

Bending 

—s) _ 0.30 

H (Ni— —S— —P) = 0.12 

HIS— -P si 
= 0.15 

H (S— -P -o) = 0.05 

H CO— -P -0) = 0. 39 

F (S— -S) 

Repulsive 
_ 0,05 

FCNi-—P) = 0.35 

FCS— -0). = 0.23 

FCQ---0). = 0.40 
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Table 2.9. A Comparison of Observed and Calculated 
Frequencies and Band Assignments of Bis(0,0'-
dimethyldithiophosphato)nickel(II) 

Observed Calculated Band Assignment3 

A1 Species 

U1 823 831 U (PO) + u (PS) sym sym 

U2 519 523 U (PS) + u (PO) sym sym 

U3 395 391 6 (OPO) + 6 (SPS) + Usym(PS) 

u4 355 350 Usym(NiS) 

°5 252 243 

B1 

6(SPS + 6(OPO) 

Species 

U6 796 792 u .. (PO) antisym 

U7 189 194 

B2 

Pr(OPO) 

Species 

°8 657 658 Uantisym P̂Ŝ  

U9 ' 328 327 Uantisym 

U10 214 214 PwCOPO) 

Q 

Includes assignment-contributions of 10% or more. 
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Table 2.10. Potential Energy Distribution 

Species 

Symmetry Observed Frequency (cm 1) 

Coordinate 823 519 395 355 252 

S1 0.0077 0.0735 0.0155 1.0000 0. 0190 

S3 0.5019 1.0000 0.0863 0.0200 0. 0139 

S5 1.0000 0.4107 0.0136 0.0109 0. 0006 

S7 0.0046 0.0340 0.1390 0.0263 1. 0000 

i—i H
 

CO 

Q.0020 0.1574 1.0000 0.0025 0. 1847 

Species 

Symmetry Observed Frequency (cm-1) 

Coordinate 796 188 

S6 1.0000 0.0014 

S9 0.0014 1.0000 

B2 Species 

Symmetry Observed Frequency CcnT1) 

Coordinate 657 328 214 

S2 0,0079 1.0000 0,0062 

S4 1.0000 0.0376 0.0307 

S, _ 0.0171 0.0170 . 1.00.00 . 10 0.0171 



1450 1250 1050 850 650 
cm" 

Fig. 2.3. Infrared Spectra of Bis(0,0'-dimethyldithiophosphato)nickel(II), 
(A) , and Bis CO,0'-dimethyldithiophosphato-dg)nickel(II), (B). 

W 



'o 

500 400 
cm -I 

300 200 

Pig. 2.4. Infrared Spectra in the Low Frequency Region of Bis(0,01-dimethyl-
dithiophosphato) nickel (II), (A), and Bis (.0,01-dimethyldithiophosphato-
dg) nickel (II) , (B) 
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frequencies that are collected in Table 2.11 show the 

expected shift upon deuterium substitution. Ni(dmp)2 has 

two closely spaced bands at 1448 and 1431 crn"^" that arise 

from the antisymmetric and symmetric methyl bending modes 

(Nyquist, 1969). Deuterium substitution shifts these bands 

to 1095 cm and 1085 cm 

In the infrared spectra of compounds that have a 

P—0—C linkage there are three regions in which character

istic absorption bands are found (Grayson and Griffith, 

1969, v. 6) : 1065-905 cm very intense bands that arise 

from (P)—0-C stretching modes; 875-730 cm \ strong 

absorption bands that arise from P—0(C) stretching modes; 

and 1240-1085 cm bands of variable intensity that arise 

from deformations involving the carbon atom. The assign

ments of the absorption bands in the infrared spectra of 

Ni(dxnp)2 an(̂  Ni(dtp)2 are consistent with the above gener

alizations for compounds with a P-O-C linkage. 

In the spectrum of NKdmp^ the band at 1172 cm-"'" 

arises from an out-of-plane bending of the methy group 

(Nyquist, 1966; Grayson and Griffith, 1969); deuterium 

substitution shifts this band to 918 cm"^. The shoulder at 

—1 —1 1072 cm and the band at 1025 cm are assigned to the 

symmetric and antisymmetric C-O stretching modes which are 

most probably coupled with the motions of other atoms in 

their vicinity. This assignment is supported by the 

presence of corresponding bands at 1050 and 1037 cm in 
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Table 2.11. Observed Frequencies of Bis (0,0*-
dialkyldithiophosphato)nickel(II) Complexes 

Hi (dap)^ Assignsent Mi(dap—d6)2 Assignment Hi (dtp)2 Assignment 1 

2998 U .. CH_ antisya 3 
2270 U CH, 

antisya 3 
2984 l) , CH, 

antisya 3 

2979 (sh) 

2961 U CH. antisya 2 

2948 c
 

n
 
s
 

2254 U CH. 2935 U CH, sya j sya 3 2935 sya 3 

2923 U CH, sya 2 

2892 2(1448). - 2896 2196 2(1095) « 2190 2898 2(1453) - 2906 

2843 2(1431) x 2862 2140 2(1085) « 2170 2862 2(1441) - 2882 

2620 1172 + 1448 • 2620 2074 918 + 1095 - 2013 
1172 + 1431 - 2603 918 + 1085 - 2003 

2254 — 

1835 796 + 1025 « 1821 - 1828 807 + 1004 - 1811 

1630 2(823). « 1646 — 

1448 6 . . CH, antisya 3 1095 5 ^ CH, antisya 3 1453 * CH, 
antisya 3 

1431 6 CH 1085 6 CH, 1441 6 CH_ syn 3 sya 3 1441 
sya 3 

1391 WGH2 

1172 (out-ofrplane) 918 <5CHj (out«-of~plane) 1159 6CH^ (out-of-plane) 

1103 dCh^ (in-plane) 

1072(sh) usy«p(̂ »2 1061 (sh) O.^PC-0-C), sya 2 1049 sya 2 

1025 UantiBynP 2 1035 U P(-0-C), 
antisyn 2 1004 U P(-O-C), antisya 2 

970 U(C-C) 

823 s-W0' + V>(ps' 772(sh) 823 °ey»(po» + Uayn(J's> 

796 762 807 
VtLya"0' 

657 U5nti^»(PS) 
650(sh) U (PS) 

antisya 
643 U . . (PS) 

antisya 

635 (sh) 2(328) - 656 635 2(328) « 656 — 

534 2(252) - 504 — 

519 514 U (PS) + U (PO) 544 U (PS) + U (P0) syn syn sym sya syo sya 

433 2(214) - 428 414 2(205) « 410 — 

395 6 (OPO) + 6 (SPS) + U (PS) 
syn 374 4 (OPO) + 5 (SPS) + U (PS) sya 396 6 (OPO) + 6 (SPS) >4 u (PO) 

sya 
362 (jth) 2(188) - 376 361(sh)' 2(189) - 378 — 

355 °sy»(NlS> 355 U«v»<N1S> sya 357 

328 
^antisya 328 U (NiS) 

antisya 329 UantisyB(NlS> 

324 140 4 189 •> 329 325 189 + 151 - 340 323 

303 304(vw) 303 (vw) 



Table 2.11.—Continued 

Ni(dap)2 Assignaent 

263 2U40) * 280 

252 6 (SPS) + 6 (0P0) 

240 Uh) 

214 Pu(OPO) 

189 Pr(OPO) 

140 

"Nyqulst U969). 

Ni (dop—t3g) ̂ Assignment 

206 (w) 

245 £ (SPS) + 6(OPO) 

236 (sh) 

205 PuWPO) 

189 (sh) Pr(OPO) 

151 

NiCdtp)^ Assignment 

274(vw) 

224 Pu(OPO) 

184 Pr(DPO) 

123 

109 

60 
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dimethyldithiophosphoric acid, and at 1040 and 1017 cm"1 in 

diethyldithiophosphoric acid, and their assignment to 

Vsym(C~°)2 and Vantisym*C~°*2 stretchin9 modes (Nyquist, 

1969). The P-O symmetric stretching frequency occurs at 

823 cm and is assigned to v^,A^ species coupled exten

sively with the P—S stretch (v2,A2 species). The band at 

796 cm •*" is essentially a pure P—0 antisymmetric stretching 

frequency (^g/B2 species). Deuterium substitution shifts 

the two bands to 772 and 762 cm \ respectively. The 

increased mass of the CDg group affects the C—0 stretch 

which interacts with the P-O stretching frequencies and 

causes the observed shift upon deuterium substitution. 

The P—S antisymmetric and symmetric stretching 

frequencies occur at 657 and 519 cra"^ respectively. The 

band at 657 cm is assigned to the vg»B2 sPecies an<̂  that 

at 519 cm to the V2'A1 sPecies with a contribution of 

approximately 33% from the species. As expected, 

there is essentially no shift in these frequencies upon 

deuterium substitution since the methyl group frequencies 

are well separated from the metal chelate ring system 

frequencies. The P—S stretching frequencies are well 

documented (Thomas, 1974). It has been reported that there 

are two frequency ranges which correspond to the P—S 

stretch, 702-640 cm * in which a high intensity band is 

usually observed, and 575-532 cm ^ in which a weak to 

medium intensity absorption band is found (Thomas and 
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Chittenden, 1970). The antisymmetric and symmetric P—S 

stretches are found at 657 cm and 519 cm-"*" in Ni(.dmp)2» 

The position of the high frequency band is well within the 

reported range, but the low frequency band is outside the 

range that is reported for the symmetric P—S stretching 

frequencies. It is noteworthy, however, that vŝ ,m(P-S) in 

Ni(dmp)2 is observed at 519 cm*"^" when a Nujol mull or 

polyethylene pellet technique is used whereas the band 

appears at 532 cm when the spectrum is recorded in a 

KBr disc. In another study of five phosphorotetrathioate 

salts (Corbridge, 1956) in which the P—S bond order is 

1.25, the P—S stretches occurred in the region 570-520 

cm In Ni(dmp)2 the P—S bond order is 1.5 and the P—S 

antisymmetric stretch should appear at a frequency that is 

higher than 570 cm It is not surprising therefore that 

the P-S antisymmetric stretching frequency in Nitdmp^ 

occurs at 657 cm"^. 

The band at 395 cm •*" is assigned to the O—P—O bend 

(v 3,Ai species1 coupled to a small extent with the symmetric 

P—S stretch and the symmetric ring breathing vibration 

V̂5'A1 sPec;*-es) • In the deuteriated compound this band is 

shifted to 374 cm \ Analogous bands were found in the 

infrared spectra of CH^OP^SJC^ and CD^OP (=S) CI2 (Nyquist, 

1967) . The two bands at 373 cm and 393 cm that occur 

—1 -1 in the former compound are shifted to 361 cm and 379 cm 



in the deuteriated compound. These two bands had been 

assigned to the C-O—P bending modes. 

The symmetric and antisymmetric Ni—S stretching 

frequencies in Ni(dmp)2 are found at 355 and 328 cm ^ 

respectively, the symmetric stretch being assigned to the 

v4'^1 sPec;i-es an(̂  ̂ e antisymmetric stretch to the Vg,B2 

species. In a study of the metal chelates of monothio-3-

diketones and related ligands (Chaston et al., 1965), the 

Ni—S stretching frequency was found to occur at 358 cm 

Confirmation of the assignment of the Ni—S stretch was 

obtained by substitution of Pt for Ni in Ni(dtp)2> In 

the spectra shown in Fig. 2.5 the band shapes of Ni(dtp)2 

and Pt(dtp)2 are similar, and the predicted values (based 

on a change in the reduced mass) of the Pt—S stretching 

frequencies (308 and 284 cm "*") are very close to the 

observed values (305 and 272 cm-"*") . It is assumed that 

substitution of the heavy Pt atom for Ni in Ni(dtp)2 does 

not change its molecular geometry. This assumption is 

valid because the infrared bands present in the Ni(dtp)2 

spectrum are also present in the Pt(dtp)2 spectrum. 

The bands at 252, 214, and 188 cm""'" correspond to 

the Vg,A^ species coupled to a small extent with the O—P—0 

bend, the V q̂,B2 species, and the v^,B^ species, respec

tively. The band at 252 cm corresponds to the ring 

breathing vibration, the 214 cm"''' band to the in-plane 

bending or rocking motion, and the 188 cm ^ band to the 
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Fig. 2,5. Stretching Frequencies Associated with Pt-S and 
Ni-S 



out-of *-plane bending or wagging motion. The absorption 

band at 140 cm ^ is tentatively assigned to the out-of-

plane (B^ species) bending vibration of the ring. 

The infrared spectrum of bis( 0 , 0 1-diethyldithio-

phosphato) nickel (II) , from 1500-80 cm~\ is shown in Fig 

2,6. Although the high wavenumber region of the spectrum 

is not shown, the observed frequencies are given in Table 

2.11. The characteristic C—H stretches of the methyl and 

methylene groups in the (-OCH^CHg) moiety are readily 

distinguished in the list of observed frequencies. The 

band assignments in Table 2,11 correlate well with the 

assignments by other workers (Nyquist, 1969, Thomas, 1974) 

A comparison of the spectra of Nitdmp^ and Nifdtp^ 

(Figs. 2.3, 2.4, and 2.6; and Table 2,11) clearly shows 

the normal vibrations which can be attributed to new 

interactions that are found in the ethoxy group. 

Force Constants 

The initial Urey-Bradley force constants were 

transferred from the following compounds: I^PO^, 

3— (Chapman, Long,' and Jones, 1965), PS^ (Mttller et al,, 

1973), Ni (.S2CSC2H,.) 2 (Geetharani and Sathyanarayana, 1974) 

and Ni(S2COC2H5) (Ray et al., 1973). The force constants 

that were used to give the best fit with the observed 

frequencies are collected in Table 2,8, 
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Nickel(II) forms four-membered chelate rings with 

dithiophosphates, dithiocarbamates, and xanthates. The 

anomalous properties of the four-membered chelate rings in 

the dithiophosphate complexes can be attributed to the 

presence of the large phosphorus atoms with available d-

orbitals. For example, the repulsive force constant, F 

Ŝ1~S2^ k"*"s(ethylthioxanthato)nickel(II) is 0.72 

mdynes/A (Geetharani and Sathyanarayana, 1974) which is 

much greater than the corresponding value of 0.05 mdynes/A 

in Ni(dmp)2» The small carbon atom in the ethylthio-

xanthate complex permits the two ring sulfur atoms to 

approach each other closely giving rise to larger repulsive 

forces. On the other hand, the value of F(Ni-P) in 

Nifdmp)^ is 0.35 mdynes/A which is considerably greater 

than 0,05 mdynes/A, which is the value of F(Ni-C) in the 

ethylthioxanthate complex. Electrons may be delocalized 

to a much greater extent between the phosphorus and two 

sulfur atoms than between the carbon and two sulfur atoms 

in the four-membered ring systems. Consequently, the 

repulsive force constant F(Ni-P) is greater than F(Ni-C). 

The force constant, K(PZZZS) in Ni(dmp)2 is 2180 

mdynes/A which is greater than the corresponding force 

constant, 2.03 mdynes/A in the tetrathiophosphate anion 
(Miiller et al., 1973). This is consistent with an increase 

in the P—S bond order from 1.25 to 1.50 in the nickel 

chelate ring. The P—0 bond in the chelated ligand 



[K(P—0) = 3.46 mdynes/A] is weaker than the P—0 bond 
[K(P—0). = 4,50 mdynes/A] in the dihydrogenphosphate anion 
(Chapman et al., 1965). The ionizable protons on the 

oxygen atoms in the anion t^PO^ stabilize the P-O bonds. 

The value of K(Ni—S) in Ni(dmp)2 is 1.20 mdynes/A. 
This is significantly smaller than the corresponding force 

constants in the four-membered chelate ring systems of the 

nickel(II) complexes of ethylthioxanthate (1.65 mdynes/A) . 

(Geetharani and Sathyanarayana, 1974), ethylxanthate (1.78 

mdynes/A). (Ray et al., 1973), and N,N-dimethyldithio-
carbamate (2.02 mdynes/A) (Durgaprasad, Sathyanarayana, and 

Patel, 1969).. These differences in the Ni—S force constant 

reflect the variations in nickel-sulfur bonding in the four-

membered chelate rings. The Ni-S bond in the four-membered 

ring containing a phosphorus atom is therefore much more 

prone to disruption than the Ni-S bond on the corresponding 

ring systems in which the phosphorus is replaced by a carbon 

atom. The Ni-S distances that have been determined by X-ray 

crystallographic techniques do not reflect these bonding 

differences in the chelate rings. For instance, the Ni-S 

distance in bis(ethylxanthato)nickel(II) is 2.23 A and in 

bis(0,0*-dimethyldithiophosphato)nickel(II), it is 2.222 A, 

It might be deduced from these bond distances that the Ni-S 

bond in the dithiophosphate complex is somewhat stronger 

than the Ni-S bond in the xanthate complex and that the 

dithiophosphate complex of nickel(II) is more stable than 
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the xanthate complex. The force constants however imply 

correctly that the xanthate is much more stable than the 

dithiophosphate. The bond distances in these metal 

chelates are quite insensitive to variations in metal-

ligand bonding. The interpretation of subtle but signifi

cant variations in X-ray crystallographic bond parameters 

in terms of the electronic structures of these systems can 

be quite misleading. 



CHAPTER 3 

ADDUCT FORMATION BETWEEN BIS(0,0'-DIALKYLDITHIO-
PHOSPHATO)NICKEL(II) AND 
NITROGEN HETEROCYCLES 

Heterocycles can be used as neutral donor ligands 

in the presence of a chelating agent in order to enhance 

the extractability of a metal. The extraction equilibrium 

in the system can be described by the following equation: 

<q + •"""org + xSorg ̂  MVx,org + n<q (31) 

where HX is the chelating extractant and S is the neutral 

donor ligand. The equilibrium constant of the equation is 

given by the extraction constant K : 
6X 

K: = iMXmS*3°r9lH Jaq (3f2) 

SX TMm+]aqIHX]™rg[S] ĝ 

The synergistic effect of the neutral donor ligand in the 

extraction equilibria is subject to a variety of constraints. 

For the metal and chelating agent studied the value 

of K is a function of the basicity of the ligand and in 

some cases its structure. "The influence of the basicity 

of the ligand may be depressed in the case of bulky neutral 

ligands, where for steric hindrance the stability of the 

57 
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synergistic adducts is low" (Braun and Ghersini, 1975, 

p. 312).. 

Formation of the adducts is also affected by the 

nature of the chelating extractant. Bulky constituents on 

the chelate may preclude the formation of adducts with large 

polynuclear heterocycles. Such a system would be incom

patible in any effort to enhance extraction. 

The solvent affects the extraction of the adduct. 

Synergistic enhancement is higher in diluents with lower 

water solubility. In addition, the solvent can also reduce 

the formation of the adduct by competitive binding to the 

metal. 

Finally, extraction chromatography is a dynamic 

process. The kinetics of formation of the adduct can 

affect the extractability of the system. 

From the published data it appears that the rate 
of extraction of metal chelates depends on the rate 
of their formation in the aqueous phase, rather 
than on the rate of their transfer into the 
organic phase, and that the rate determining step 
is the formation of the complex with the first 
molecule of ligand (Braun and Ghersini, 1975, 
p. 309).. 

Factors which affect the rate of extraction are the nature 

of the metal chelate, the concentration of the extractant, 

the dissociation constant of the extractant, and the pH 

of the system. 
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The planar metal chelates, bis(0,0'-diethyldithio-

p h o s p h a t o )  n i c k e l  ( I I )  ,  N i { S 2 P ( O C 2 H 5 ) 2 ^ 2 '  o r  b i s ~ d i ~  

methyldithiophosphato)nickel(II) (Kastalsky and McConnell, 

1969), served as model compounds in the following studies 

because they formed adducts very readily with a wide 

variety of heterocyclic nitrogen bases. 

A Spectrophotometry Determination of the Formation 
^Constant of Triethylenediamine and Bis(Q,0'-

diethyldithiophosphato)nickel(II) 

Recently, Diemert and Kuchen (1971) reported that 

pyrazine and 4,4'-bipyridyl reacted with the planar chelate, 

bis (diethyldithiophosphinato)nickel (II) , NMS2P (C2H5) 2)2' 

and formed 1:1 adducts which were regarded as coordination 

polymers in which the nickel ions were six-coordinate. 

With 1,4-diazabicyclo[2.2.2]octane, (DABCO), however, a 

2:1 adduct was formed and the electronic spectrum of the 

compound indicated that the nickel ions were most 

probably five-coordinate. This would seem to imply that a 

second molecule of DABCO is sterically hindered from 

forming the six-coordinate complex. As expected the 

basicity of the ligand does not appear to be sufficient to 

form a 1:2 adduct. A second nitrogen atom on DABCO with a 

pKa2 = 4.18 would not be expected to coordinate with a 

second molecule of the nickel chelate, yet the stoichi-

ometry of the adduct (.2:1) seems to indicate that it does. 

This result prompted the study of the interaction of DABCO 
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with the nickel chelate Ni{S2P (.(X^Hg) ̂2' anc* determina

tion of the structure of the adduct that was formed. 

Experimental 

Synthesis and Purification of Compounds. Diethyl-

dithiophosphonic acid was synthesized by adding ethanol 

(95%) slowly and with stirring to finely ground phosphorus 

pentasulfide (Eastman Chemical Co.) in a large Erlenmeyer 

flask. The resulting solution was then heated until I^S 

ceased to evolve. The black oily liquid that formed was 

separated by filtration and an equal volume of water was 

added. Three successive extractions were carried out with 

I^O, and the sulphur particles removed from the aqueous 

layer by filtration. The clear solution now contained the 
c 

acid, (C2H50)2 P ŝh (Marshall and Fernando, 1972). 

The nickel complex bis(0,0*-diethyldithiophosphato)-

nickel(II), NMdtpJj/ was precipitated by the addition of 

nickel sulfate to an aqueous solution of the acid and 

recrystallized from acetone. The molar absorptivity of the 

compound in ethanol at 524 nm was found to be 90 and was 

employed as a criterion of purity. 

Triethylenediamine, or 1,4-diazabicyclo [2.2.2 

octanej, was obtained from the Houdry Process and Chemical 

Co., Philadelphia, Pa. The compound was purified by 

sublimation under vacuum. 
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Spectrophotometric Measurements. The spectra of 

about forty different solutions containing varying con

centrations of Ni(dtp)2 and DABCO were recorded with a 

Cary 14 spectrophotometer. Figure 3.1 represents the 

spectra of five different solutions containing varying con

centrations of Ni(dtp>2 and DABCO. The spectra were 

plotted using a BASIC language program which converted 

spectrophotometric data from absorbance vs. wavelength to 

absorbance vs. reciprocal wavelength. An isosbestic point 

was found at 505 nm (19,800 cm ^) , and the location of the 

band maximum of the 2:1 adduct of Ni(dtp>2 and DABCO was 

at 468 nm (21,400 cm ^) . The Nifdtp^ absorbed at 524 nm 

(19,100 cm-1). 

The molar absorptivities of Nifdtp^ in ethanol at 

468 nm (e^®®) , and at 524 nm (.e^^) , were calculated by 

recording the spectra of nine solutions varying in con

centration from 2.20 x 10 ^ M to 6.16 x 10~^ M. The 

average value of ec468 was 50 and of Eq524 was 90. The 

468 molar absorptivities of the adduct at 468 nm (ea ), and 
A 

524 at 524 nm (e^ ), were obtained by recording the absorption 

spectra of eight different solutions containing Ni(dtpL2 

and DABCO; the Nifdtp^ concentration varied from 2.94 x 

-4 —3 10 M to 4.93 x 10 M and the concentration of DABCO in 

each of these solutions was at least 500 times the concen-

46 8 tration of the Ni(dtp)2» The average value of £A was 
5?4 

950 and that of was 90. 
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Fig. 3.1. Visible Spectra of Ni(dtp)2 and DABCO 
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Determination of the Adduct Formation Constant.. 

The reaction of the nickel(II) chelate, C, with the base, 

B, to form the adduct, A, is represented by: 

2C + B t A 

and the formation constant, K, of the adduct is given by: 

K = ^1— (3.3} 
[C] [BJ 

where the quantities in square brackets represent equilib

rium concentrations in moles/1. If the initial concentra

tions of the base, DABCO, and the nickel(II) chelate, 

NiCdtp^, are C°B and C°c moles/1 respectively, 

C°B = [B] + [A] (3.4) 

and 

C°c = [C] + 2 [a] (3^,5) 

At 468 nm and at 524 nm, the only absorbing species are the 

adduct A, and the nickel chelate, C. The values of the 

absorbance of a solution in a 1.00 cm cell containing 

Ni(dtp)2, DABCO, and the adduct, at 468 nm and at 524 nm 

are given by the following equations which contain the 

experimentally determined molar absorptivities. 

a468 = [C]e£68 + [AJE468 = [C] 50 + [A] 950 (3.6) 

and 

a524 = [C]£ 2̂4 + [A]E"4 = [C] 90 + [A] 90 (3.7) 



The superscripts indicate the wavelengths at which the 

absorbances and the molar absorptivities were measured. 

DABCO was so large that Equation (3.4) could be simplified 

to: 

Substitution for [C] and [B] from Equations (3.5) and (3". 8) 

in Equation (3.3) and rearrangement of the terms gives: 

Any two of the Equations (3.5), (3.6), and (3.7) can be 

used to eliminate [C] and to substitute for [A] in Equation 

(3.9). Judging from the spectra, the molar absorptivity of 

the adduct at 468 nm and the measured absorbances of the 

solutions at 468 nm should be more accurate than the 

corresponding values at 524 nm because the absorption band 

of the adduct at 468 nm shows the least amount of overlap 

with neighboring bands. Substitution for [A] from Equations 

(3.5) and (3.6) in Equation (3.9) gives: 

In almost all the solutions the concentration of 

C°B = [BJ (3.8) 

IA]24C°B-[A] (4C°CC°B +|) + (C°C)2C°B = 0 (3.9) 

(GVCV 

(_a468-50C°c) 

4C°B(a468-50C°G) 
(.3.10) 

If it is assumed that (e^®8-2e4̂ 8l = 850, Equation (.3.10). 
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can be treated by a linear least-squares method and the 

value of log K obtained from 20 sets of experimental data 

(Table 3.1) is 2.34 ± 0.13. 

Equation (3.8) is of the form: 

Y = SX + Si + S2W (3.11) 

1 1 where S = — 4gg and I = ^ are the quantities that 
(e ~2ec ) 

have to be minimized by a non-linear least-squares tech

nique. The calculations were carried out on a CDC 6400 

computer with the non-linear least-squares program LEAST 

that was obtained from the Courant Institute of Mathematical 

Sciences, New York University; this program was based on 

the Los Alamos Report LA-2367 (Moore and Zeigler, 1959). 

The best values of (e^®®-2e^®®) and log K, in the least-

squares sense that were obtained from the 20 sets of 

experimental data shown in Table 3.2 are 850 and 2.44 

± • 10. 

Single Crystal X-ray Structure Determination. 

The structure of the adduct was confirmed by a single 

crystal X-ray structure determination. The two nickel 

atoms in the adduct, {Ni[S2P(OC2H5)2]2}2*CgH12N2, are 

five-coordinate and are bridged by a molecule of tri-

ethylenediamine. The average Ni-S distance in the adduct 

is 2.44 A and the Ni-N distance is 2.12 A (Rudzinski, 

Shiro, and Fernando, 1975). 
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Table 3,1. Spectrophotometry Data for the Linear Least-
Squares Determination of the Adduct Formation 
Constant of {Ni Cdtp) 2)2*^^0 

10^ (moles/1) IB]moles/1 468 a 

4.926 .135 .580 
4.926 .150 .600 
4.926 .361 1.03 
4.926 .400 1.05 
4.926 .949 1.41 
4.291 . 553 .826 
3.941 .110 .430 
3.941 .122 .450 
3.941 .290 .620 
3.941 .670 .970 
3.941 .760 1.04 
3.448 .320 .610 
3.433 .443 .595 
3.153 . 088 .280 
3.153 .097 .320 
3.153 .608 .700 
2.759 .260 .440 
2.746 .354 .422 
2.522 . 078 .220 
1.931 . 200 .230 
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Table 3.2. Variables for the Non-Linear Least Squares 
Calcnalation of the Adduct Formation Constant 

IO6Y 103X W 

8.621 2.  660 .2052 
9.100 2.956 .2400 

10.55 7.113 1.199 
11.42 7.882 1.360 
19.03 18.70 4.593 
15.60 9.492 1.447 

6.328 1.734 .1188 
6.534 1.923 .1415 
9.791 4.572 .5336 

12.85 10.56 2.171 
13.41 11.98 2.675 

8.094 4.413 .6016 
11.40 6.083 .8116 

5.644 1.110 .  0546 
4.945 1.223 .0757 

10.51 7.668 1.398 
5.998 2.869 .3432 
8.611 3.888 .4390 
4.134 .7870 .0374 
4.874 1.545 .1224 
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Discussion 

Triethylenediamine contains two tertiary nitrogen 

atoms with widely different basicities (P^a^ = 8.19 and 

pka2 = 4.18) (Schwarzenbach, Maissen, and Ackermann, 1952) 

and it was expected to behave as a monodentate ligand and 

add axially to the planar nickel(II) dithiophosphate to 

yield a 1:1 adduct in which the nickel atom was five-

coordinate (Ooi and Fernando, 1967; Shetty and Fernando, 

1970). A 2:1 adduct in which two molecules of the bulky 

triethylenediamine had added trans to each other was con

sidered to be unlikely, although it was possible that 

steric crowding might have been avoided by the disruption 

of one or more of the nickel-sulfur bonds in the nickel 

chelate ring system (Shetty and Fernando, 1970). The X-ray 

structure determination showed that each of the tertiary 

nitrogen atoms in one molecule of triethylenediamine had 

added axially to a nickel atom, thereby forming the adduct, 

t(C2H50)2PS2]2Ni*N(CH2)6N»NitS2P(0C2H5)2]2, in which the 

triethylenediamine formed a bridge between two molecules 

of the nickel chelate. In this system therefore, the 

formation of a bridged adduct is not precluded by the low 

basicity of the second nitrogen atom. The basicity of the 

second nitrogen atom in triethylenediamine is probably 

decreased by through-bond inductive interactions rather 

than through-space interactions (Heilbronner and Muszkat, 

1970) . This decrease in basicity, however, is less than 
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that expected if the first nitrogen atom in triethylene-

diamine is protonated. 

On the basis of the stoichiometry, electronic 

spectra and the magnetic moment of the adduct, Diemert and 

Kuchen (1971) postulated that a similar bridged adduct was 

formed with triethylenediamine and the planar nickel (II) 

dithiophosphinate. . The only difference between the two 

adducts is probably in the formation constants of the 

adducts. It would be of interest to determine the factors 

that affect these formation constants especially since it 

has been proposed that a 1:1 adduct is formed between 

bis (diethyldithiophosphinato)nickel (II) and hexamethyl-*-

enetetramine (Diemert and Kuchen, 1971). 

A perspective view of the molecule of the bridged 

adduct formed with triethylenediamine and the planar 

nickel(II) dithiophosphate is shown in Fig. 3.2 on the 

assumption that the space group is PI. The atoms 0(6) and 

C(11) and C(12) are related by symmetry to the atoms 0(4), 

C(7), and C(8), in the space group Pi", but in the space 

group PI, the atoms of these ethoxy groups deviate from 

these symmetry related positions. The R-values, however, 

that were obtained after refinement in each space group 

were almost identical. This indicates that the ethoxy 

groups are probably disordered. The two nickel atoms in 

the structure are five-coordinate; the four sulfur atoms 

and the nitrogen atom that are coordinated to each of the 
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C(6) 

C(5) 0(3) 

C(4) 
S(3) C(3)i 

C(7) P(2) C(8) S(2). 
0(4) 0(2) \Ni( l )  

SCI) S(4) p(ir 

C(I9) 
N(l), CCD 

0(1) 
C(I7) 

)C(22) 
C(I8) 

C(I4) C(2) 

C(20) 
0(7) 

N(2) C(2I) 
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C(I2) P(3). 
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C(I5) 
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Fig. 3.2. Perspective View of the Adduct 
{NiIS2P(OC2H5)2]2}2- CgH12N2 — The distorted 

pyramidal coordination around each nickel atom 
is shown by the broken lines. 



nickel atoms form a distorted tetragonal pyramid, around 

the central metal atom. The average Ni-S distance is 

2.44 K, which is within the range of values found for high 

spin nickel complexes, and the Ni-N distance is 2.12 A 

(Shetty and Fernando, 1970). The rest of the bond 

distances in the molecule assume their usual values. The 

standard deviations of the C-C bond distances in the 

ttiethylenediamine molecule are 2 to 3 times larger than 

the standard deviations of the C-C bond distances in the 

ethoxy groups. This may be attributed to the statistical 

disorder of the triethylenediamine molecule in this 

structure. 

The type of bridged adduct that has been de

scribed above has two nickel atoms which are coordinatively 

unsaturated. The ability of these nickel atoms to undergo 

further addition reactions may have important implications 

in certain types of homogeneous catalytic reactions, or in 

the formation of chelate polymers. 

Thin Layer Chromatography of 
Nitrogen Heterocycles 

The ability to form an adduct with bis(0,0'-dialkyl-

dithiophosphato)nickel(II) compounds is a function of the 

basicity of the ligand, but even more important, the 

structure of the heterocycle. If, for instance, bis(0,0*-

dimethyldithiophosphato)nickel(II) is sprayed on a silica 

gel plate, the following type of reaction might be expected 
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to occur: 

N  / s \  / s  \  / E  
0 Ni . P 

v/ ̂  ^ S ^ R 
OH OH 

Si Si 
I I 

Silica Gel + Nifdmp^ 

A rigid surface is formed which is available for adduct 

formation. It is assumed that the Nifdmp^ coordinates 

with the silica gel through the nickel. The structure of 

the heterocycle influences its ability to coordinate in 

the sixth position of the nickel. Bulky or sterically 

hindered ligands are not expected to have a great affinity 

for the nickel chelate. In addition, if the dithiophosphate 

ligand has large alkyl groups bonded to the phosphorus then 

these also might affect the formation of the adduct*" 

Experimental 

Bis(0,0'-diethyldithiophosphato)nickel(II) was 

synthesized as described in Chapter 3. Bis(0,0,'-dimethylr> 

dithiophosphato)nickel(II) was synthesized in the same 

manner as above by using methanol instead of ethanol. 

The chelate was dissolved in reagent grade benzene, 

and the solution was sprayed on a thin layer silica gel 

plate (Eastman Chromagram Sheet 6061) using a dichloro-

fluoromethane aerosol. Three coats were sufficient to 
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cover the silica gel plate. The plates were now allowed to 

air dry for ten minutes. 

The nitrogen heterocycles used for the study were 

the following: (1) pyridine (Mallinckrodt), (2) quinoline 

(Aldrich Chemical Co.), (3). isoquinoline (J. T, Baker 

Chemical Co.), (4) 2-methyl quinoline (Aldrich Chemical 

Co.), (5) 6-methoxyquinoline (K and K Laboratories), (6) 

8-aminoquinoline (G. Frederick Smith Chemical Co.), (7) 

acridine (Aldrich Chemical Co.), (8) phenazine (Aldrich 

Chemical Co.), (9) 1,10-phenanthroline (J. T. Baker 

Chemical Co.), and (10) 2,9-dimethyl-l,10-phenanthroline 

(J. T. Baker Chemical Co.). Isoquinoline, quinoline, and 

pyridine were redistilled. The remaining compounds were 

used as received from the manufacturer. 

The developing solvents (ethanol, 1-propanol, 

2-propanol) were redistilled. 

Liquid samples were spotted at one end of the plate 

and then developed by an ascending technique in a closed 

container saturated with developer vapor. The plate was 

then dried and the values measured. No reagent was 

needed for the detection of the components since they were 

self-indicating. Solids were dissolved in the minimum 

amount of developing solvent, and then spotted and 

developed as above. 
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Results and Discussion 

The results of the thin layer chromatography are in 

Table 3.3. The R^ values obtained with Ni(dtp>2 as the 

stationary phase and 1-propanol as the solvent indicate 

that there is little variation in the R^ value with a. 

variation in heterocycle. This is ascribed to the steric 

hindrance provided by the ethoxy group bonded to the 

phosphorus atom. In this case the alkyl group is the 

primary regulator in adduct formation. When Nifdmp^ is 

the stationary phase and 1-propanol is the solvent, the 

nature of the ligand is a primary regulator in adduct forma

tion. As an example, quinoline has an R^ value of .74 while 

isoquinoline essentially does not move (R^ = .04). This is 

attributed to the fact that quinoline is sterically 

hindered in aligning itself for proper coordination. 

x ^ \ ^ S S 

Isoquinoline on the other hand can coordinate with a 

minimum of steric interaction: 

S S 
Ni P, 

S S 
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Table 3.3. Thin Layer Chromatography Results 

Heterocycle 
# of 
Samples Rf Standard Deviation 

Ni Cdtp).2 with 1-propanol as the solvent 

isoquinoline 9 .83 2 x 10"2 

quinoline 3 .76 2 x 10~2 

8-aminoquinoline 3 .75 3 x 10~2 

6-methoxyquinoline 3 .77 5 x 10~2 

pyridine 1 0 — 

Ni (dmp) 2 with ethanol as. the. solvent 

isoquinoline 1 .59 — 

quinoline 1 .70 — 

Ni (dmp )_2 with 2-propanol as the solvent 

acridine 4 .68 6,2 ot 10"2 

isoquinoline 4 .33 1.7 x 10"2 

quinoline 1 .60 — 

Ni (dmp).2 with l-.propanol as the 
/ 

solvent 

isoquinoline 10 .04 1.2 x 10-2 

pyridine 7 0 0 

1,1O-phenanthroline 2 .005 5 x 10~3 

2,9-dimethyl-l,10-
phenanthroline 1 .06 — 

acridine 1 .65 — 

quinoline 12 .74 7.1 x 10~2 
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Table 3.3.—Continued 

# of 
Heterocycle Samples Standard Deviation 

2-methoxyquinoline 3 .65 9.1 x_10~2 

phenazine 1 .70 

V 
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Acridine and phenazine are very large heterocycles and must 

bind in a manner similar to quinoline. Steric interactions 

limit adduct formation. 

Acridine Phenazine 

The adducts of pyridine (Ooi and Fernando, 1967), 1,10-

phenanthroline and 2,9-dimethyl-l,10-phenanthroline (Shetty 

and Fernando, 1970) have all been characterized by single 

crystal X-ray structure determinations, and the low R^ 

values are indicative of adduct formation. 

Finally, there appears to be a correlation between 

the solvent and adduct formation. The longer the carbon 

chain in the alkyl group of the developing solvent,' the 

stronger the adduct formed between the nitrogen heterocycle 

and Ni(dmp)2» In analyzing the comparative R^ values of 

quinoline and isoquinoline in ethanol, 2-propanol, and 1-

propanol, quinoline retains essentially the same R^ value, 

while that of isoquinoline decreases (Rjc — .59. in ethanol, 

R^ = .33 in 2-propanol, R^ = .04 in 1-propanol). This 

seems to support the fact that synergistic enhancement is 

higher in diluents with lower water solubility. 
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Kinetic Studies of Adduct Formation 

The kinetics of formation of an adduct can affect 

the extractability of a system. Since it appears that the 

rate of extraction of metal chelates depends on the rate 

of their formation in the aqueous phase, the next series of 

experiments were designed to study the effects of steric 

hindrance on the rate of formation of an adduct. The 

adduct formation of bis(dimethyldithiophosphato)nickel(II), 

Ni(dmp)2, and 1,10-phenanthroline in ethanol could be 

followed using stopped flow kinetics. This was the first 

step in a series of experiments designed to see if there 

were any changes in rate caused by the substitution of 

2,9-dimethyl-l,10-phenanthroline for 1,10-phenanthroline 

and also bis (0,0'-diethyldithiophosphato) nickel (II)., 

Ni(dtp)2, for Ni(dmp)2. 

Experimental 

Ni(dtp)2 was synthesized as before (see Chapter 2). 

BistOjO'-dimethyldithiophosphatoJnickeKlI) was synthesized 

in the same manner as above by using methanol instead of 

ethanol. 

1,10-Phenanthroline (J. T. Baker Chemical Co,I and 

2,9-dimethyl-l,10-phenanthroline (J. T. Baker Chemical Co.) 

were used as obtained. 

Ethanol was dried over CaH2 and used without further 

purification. 
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Spectral measurements were made on a Cary 14 

spectrophotometer in a one cm quartz cell. An ethanol 

reagent blank was applied throughout. 

The kinetics of the reaction were followed at 18 ± 

0.5°C using a Durrum stopped flow spectrophotometer. Equi

molar ratios of ligand and the nickel chelate were mixed in 

the flow cell. The rate of adduct formation was monitored 

by the disappearance of the signal at 524 nm. 

Results 

Figure 3.3 is the change in absorption as a function 

of increasing ratio of 1,10-phenanthroline to Nifdmp^. 

When an equimolar amount of 1,10-phenanthroline was added 

to Nifdmp^f the absorbance decreased to .03 absorbance 

units. At ratios of 1,10-phenanthroline:Ni(dmp)^ greater 

than unity, the absorbance of the complex began to inter

fere; at ratios less than unity, all the Nildmp^ had not 

reacted. 

The data from all of the &A vs. time scans were 

the computer averaged result of two scans. 

Figure 3.4 is the change in absorption as a function 

of time for the reaction: 

Ni (.dmp) 2 + 1,10-phenanthroline 1:1 complex 

Table 3.4 is the digital output corresponding to Fig. 3.4. 

As a criterion for the analytical evaluation of the rate, 
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Fig. 3.3. Change in Absorption as a Function of Increasing 
Amount of 1,10-phenanthroline (1) Pure 
NiCdmp) ̂; (.2). Ni CdmpJ 2+Io-phenH , approximate 2:1 
ratio; (.3) Ni (ctmpj 2+Io-phen] , approximate 1:1 
ratio; (4) Ni (Amp)2+Io-phen] , approximate 1:4 
ratio; C5) Ni (dmpj2+Io-phen], approximate 1:8 
ratio. Data from Cary 14 Spectrophotometer, 
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Fig, 3,4, Change in Absorption as a Function of Time for 
the Reaction: Nifcimp^ + 1,10-phenanthroline 
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Table 3.4. Absorbance vs. Time Data for Ni(dmp)~ and 1,10-
phenanthroline 

Point Time (Sec) Absorbance Value 

0001 +.0000E+00 +.3267E+00 
0006 +.2512E-02 +.2992E+00 
0011 +.5025E-02 +.2759E+00 
0016 +.7437E-02 +.2577E+00 
0021 +.1005E-01 +.2408E+00 
0026 +.1256E-01 +.2267E+00 
0031 +.1407E-01 +.2117E+00 
0036 +.1758E-01 +«2007E+00 
0041 +.2010E-01 +.1908E+00 
0046 +.2261E-01 +.1806E+00 
0051 +.2512E—01 +,1708E+00 
0056 +.2763E-01 +.1631E+00 
0061 +.3015E-01 +«1542E+00 
0066 +.3266E-01 +.1461E+00 
0071 +.3517E-01 +.1405E+00 
0076 +f3768E-01 +,1345E+00 
0081 +.4020E-01 +.1301E+00 
0086 +.4271E-01 +.1251E+00 
0091 +.4522E-01 +.1199E+00 
0096 +.4773E-01 +,1129E+00 
0101 +.5025E-01 +.1104E+00 
0106 +.5276E-01 +.1070E+00 
0111 +.5527E-01 +.1027E+00 
0116 +.5778E-01 +.9869E-01 
0121 +.6030E-01 +.9669E-01 
0126 +.6281E-01 +.9263E-01 
0131 +.6532E-01 +.9017E-01 
0136 +.6783E-01 +.8658E—01 
0141 +.7035E-01 +.8584E-01 
0146 +.7286E-01 +,8353E—01 
0151 +.7537E-01 +.8061E-01 
0156 +.7788E-01 +.7853E-01 
0161 +.8040E-01 +.7582E-01 
0166 +.8291E-01 +.7424E-01 
0171 +.8542E-01 +.7242E-01 
0176 +.8793E-01 +.7015E-01 
0181 +.9045E-01 +.6820E-01 
0186 +.9296E—01 +.6719E-01 
0191 +.9547E-01 +.6540E-01 
0196 +.9798E-01 +.6278E-01 

REFV = +7.975 
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the reaction half time was measured. The half time is the 

time required for the reaction to go to 50% completion. This 

is determined by taking the difference between the time at 

t = .5 of the initial AA and the initial time (.t = 3.5 msec).. 

The initial and final delays were 3.5 msec and 5 sec re

spectively. The y-range was set at .30AA. The reaction time 

was 0.1 seconds during which 200 data points were obtained. 

The RC time constant was set at .1 msec. The time constant 

switch on the mixing chamber front panel should be set to a 

time corresponding to 1/10 the reaction time constant, or 

less, to provide noise smoothing without degrading the trace 

rise time. The reaction time constant is assumed to equal 

1.44 x the half time. The initial concentrations of Nitdmp^ 

-3 -3 and 1,10-phenanthrolme were 7.12 8 x 10 M and 7.138 x 10 

M. The results indicate that the half time of the reaction 

was 27 msec. 

Figure 3.5 is the change in absorption as a function 

of time for the reaction: 

Ni(dtp)2 + 1,10-phenanthroline v 1:1 complex 

Table 3,5 is the digital output corresponding to Fig. 3.5. 

The settings on the Durrum stopped flow apparatues were the 

same as above except for the timing which was .2 sec with 

200 data points. The initial concentrations of Nitdtp^ 
_ <3 

and 1,10-phenanthroline were 5.371 x 10 M and 4.579 x 

-  3  10 M. The half time of the reaction was 95 msec. 
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Fig, 3,5. Change in Absorption as a Function of Time for 
the Reaction: NiC<3tp)'2 + lf 10-phenanthroline 
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Table 3.5. Absorbance vs. Time Data for Ni(dtp) . 2  and 1 , 1 0 -

phenanthroline 
for Ni(dtp) . 2  and 1 , 1 0 -

Point Time (sec); Absorbance Value 

0001 +.0000E+00 +.2196E+00 
0006 +.5025E—02 +.2026E+00 
0011 +.1005E-01 +.1907E+00 
0016 + . 1507E-01 +.1797E+00 
0021 +.2010E-01 +.1728E+00 
0026 +.2512E-01 +.1667E+00 
0031 +.3015E-01 +.1580E+00 
0036 +.3517E-01 +.1532E+00 
0041 +.4020E-01 +.1501E+00 
0046 + . 4522E-01 +.1438E+00 
0051 +.5025E-01 +.1392E+00 
0056 +.5527E-01 +.1358E+00 
0061 + . 6030E-01 +.1322E+00 
0066 +.6532E-01 +.1280E+00 
0071 +.7035E-01 +.1254E+00 
0076 +.7537E-01 +.1239E+00 
0081 +.8040E-01 +.1179E+00 
0086 +.8542E-01 +.1154E+00 
0091 +.9045E-01 +.1144E+00 
0096 +.9547E-01 +.1095E+00 
0101 +.1005E+00 +.1060E+00 
0106 +.1055E+00 +.1046E+00 
0111 +.1105E+00 +.9873E-01 
0116 +.1155E+00 +.9357E-01 
0121 +.1206E+00 +.9033E-01 
0126 +.1256E+00 +.8994E~01 
0131 +.1306E+00 +.8621E-01 
0136 +.1356E+00 +.8399E-01 
0141 +.1407E+00 +.8389E-01 
0146 +.1457E+00 +«7934E^01 
0151 +,1507E+00 +,7607E-01 
0156 +.1557E+00 +,7586E^01 
0161 +.1608E+00 +.7286E-01 
0166 +.1658E+00 +.7121E-01 
0171 +,1708E+00 +. 6982E-01 
0176 +.1758E+00 +.6940E-01 
0181 +,1809E+00 +.6525E-01 
0186 +.1859E+00 +.6344E-01 
0191 +.1909E+00 +.6457E-01 
0196 +.1959E+00 + ,6107Er*01 

REFV = +6.645 
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Figure 3.6 is the change in absorption as a function 

of time for the reaction: 

Ni(dmp)2 + 2,9-dimethyl-l,10-phenanthroline 

^ 1:1 complex 

Table 3.6 is the digital output corresponding to Fig. 3.6, 

The initial and final delays were 3,5 msqsc and 10 seconds 

respectively. The y-range was set at .30AA. The timing 

was 5 sec with 200 data points. The RC time constant was 

set at 5 msec. The initial concentrations of Nifdmp^ and 

_3 
2,9-dimethyl-l,10-phenanthroline were 7.12 8 x 10 M and 

_3 6.863 x 10 M respectively. The half time of the reaction 

was .66 sec. 

Figure 3.7 is the change in absorbance as a function 

of time for the reaction: 

Ni(dtp)2 + 2,9-dimethyl-l,10-pherianthroline 

^ >. 1:1 complex 

Table 3.7 is the digital output corresponding to Fig. 3.7. 

The settings on the Durrum stopped flow apparatus were the 

same as above. The initial concentrations of Nitdtp^ and 

2,9-dimethyl-l, 10-phenanthroline were 5.371 x 10"""* M and 

-3 5.147 x 10 M respectively. The half time of the reaction 

was .80 seconds. 
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Fig. 3,. 6. Change in Absorption as a Function of Time for 
the Reaction: Ni (.dmp)2 + 2, 9-aimethyl-l, 10-
phenanthroline 
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Table 3.6. Absorbance vs. Time Data for Ni(dmp)2 and 2,9-
dimethyl-1,10-phenanthroline 

Point Time (sec) Absorbance Value 

0001 +.0000E+00 +.2090E+00 
0006 +.1256E+00 +.2168E+00 
0011 +.2512E+00 +.1741E+00 
0016 +.3768E+00 +.1422E+00 
0021 + . 5025E+00 +.1206E+00 
0026 +.6281E+00 +.1030E+00 
0031 +.7537E+00 +.9080E-01 
0036 +.8793E+00 +,7977E-01 
0041 +.1005E+01 +.7205E-01 
0046 +.1130E+01 +.6431E-01 
0051 +.1256E+01 +.5905E-01 
0056 +.1381E+01 +.5408E-01 
0061 +.1507E+01 +.4969E-01 
0066 +.1633E+01 +.4658E-01 
0071 +.1758E+01 +.4255E-01 
0076 +.1884E+01 +.3993E-01 
0081 +.2010E+01 +.3632E-01 
0086 +.2135E+01 +.3460E-01 
0091 +.2261E+01 +.3153E-01 
0096 +.2386E+01 +.3054E-01 
0101 +.2512E+01 +.2771E-01 
0106 +.2638E+01 +.2700E-01 
0111 +.2763E+01 +.2462E-01 
0116 +.2889E+01 +.2371E-01 
0121 +.3015E+01 +.2224E-01 
0126 +.3140E+01 +.2093E—01 
0131 +.3266E+01 + . 2016E*-01 
0136 +.3391E+01 +.1864E-01 
0141 +.3517E+01 +.1823E-01 
0146 +.3643E+01 +.1630E-01 
0151 +.3768E+01 +.1630E-01 
0156 +.389rE+01 +,1452E-01 
0161 +.4020E+01 +.1459E-01 
0166 +.4145E+01 +.1281E-01 
0171 +.4271E+01 +.1322E-01 
0176 +.4396E+01 +.1165E-01 
0181 +,4522E+01 +.1172E-01 
0186 +.4648E+01 +.1070E-01 
0191 +.4773E+01 +.1030E-01 
0196 +.4899E+01 +.9965E-02 

HEFV = +8.046 
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Fig. 3.7, Change in Absorption a,s a, function of Time for 
the Reaction; Ni(dtp)_2 + 2, 9-dimethylr-l, 10-
phen^nthroline 
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Table 3.7. Absorbance vs. Time Data for Ni(dtp)2 and 
2,9-dimethyl-l, lOr-phenanthroline 

Point Time Csecl Absorbance Value 

0001 
0005 
0009 
0013 
0017 
0021 
0025 
0029 
0033 
0037 
0041 
0045 
0049 
0053 
0057 
0061 
0065 
0069 
0073 
0077 
0081 
0085 
0089 
0093 
Q097 
0101 
0105 
0109 
0113 
0117 
0121 
0125 
0129 
0133 
0137 
0141 
0145 
0149 
0153 
0157 
0161 
0165 
0169 
0173 

+.0000E+00 
+.1005E+00 
+ . 2010E+00 
+.3015E+00 
+ . 4020E+00 
+.5025E+00 
+.6030E+00 
+.7035E+00 
+.8040E+00 
+ . 9045E+00 
+.1005E+01 
+.1105E+01 
+.1206E+01 
+.1306E+01 
+.1407E+01 
+.1507E+01 
+.1608E+01 
+.1708E+01 
+.1809E+01 
+.1909E+01 
+.2010E+01 
+.2110E+01 
+.2211E+01 
+.2311E+01 
+.2412E+01 
+.2412E+01 
+.2613E+01 
+.2713E+01 
+ . 2814E+01 
+.2914E+01 
+.3015E+01 
+.3115E+01 
+.3216E+01 
+.3316E+01 
+.3417E+01 
+.3517E+01 
+.3618E+01 
+.3718E+01 
+.3819E+01 
+.3919E+01 
+.4020E+01 
+.4120E+01 
+.4221E+01 
+.4321E+01 

+.7517E-01 
+.2015E+00 
+.1800E+00 
+.1619E+00 
+.1469E+00 
+.1339E+00 
+.1189E+00 
+.1093E+00 
+.1017E+00 
+.9528E-01 
+.8943E-01 
+.8423E-01 
+.7977E-01 
+.7565E-01 
+.7223E-01 
+.6827E-01 
+.6518E-01 
+.6221E-01 
+ . 5916E-01 
+.5669E-01 
+.5414E—01 
+.5223E-01 
+.4997E-01 
+.4791E-01 
+.4567E-01 
+.4389E-01 
+.4221E-01 
+.4044E-01 
+.3886E-01 
+.3746E-01 
+.3589E-01 
+.3468E-01 
+.3329E-01 
+ , 3190Et-01 
+.3070E-01 
+.2983E-01 
+.2872E-01 
+.2769E-01 
+,2700E-01 
+.2615E-01 
+,2521E—01 
+,2410E-01 
+.2342E—01 
+.2283E-01 
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Table 3.7.-—Continued 

Point Time CsecJ Absorbance Value 

0177 +.4422E+01 +.2215E-01 
0181 +.4522E+01 +.2156E-01 
0185 +.4623E+01 +.2115E—01 
0189 +.4723E+01 +.2073E-01 
0193 +.4824E+01 +.1988E-01 
0197 +.4924E+01 +.1922E-01 

REFV = +6.574 
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Discussion 

Although the criterion for the comparison of the 

reaction between bis(dialkyldithiophosphato)nickel(II) and 

1,10-phenanthroline homologues is arbitrarily assumed to be 

the half time of the reaction, the results of reaction 

indicate some very definite trends. 

Substitution of Nifdtp^ for Ni(dmp)2 results in a 

slight but noticeable decrease in the rate of reaction. 

Substitution of 2,9-dimethy1-1,10-phenanthroline for 1,10-

phenanthroline results in a dramatic rate change. The rate 

of reaction is decreased by a factor of 10. These results 

indicate that the primary regulator of the reaction rate in 

this series of compounds is the, steric hindrance to bond 

formation by the two methyl groups in 2,9-dimethyl-l,10-

phenanthroline . Although Ni(dtp>2 has an effect on reducing 

the reaction rate, the effect is not as marked as that due 

to the structure of the ligand. Comparing these results 

with the thermodynamic results obtained using thin layer 

chromatography, the R^ value of Ni(dmp)2 + 1,10-phenanthro-

line was .005 ± .005 while that of Ni(dmp)2 + 2,9-dimethyl-

1,10-phenanthroline was .06 ± .-1. Because there is a 

factor of 10 difference in the two R^ values,' thermos 

dynamic studies show the large steric effects introduced 

into the system by substituting 2,9-dimethyl-l,10-

phenanthroline for 1,10-phenanthroline. 



Mechanistic Studies 

The results of reaction were plotted using simple 

first and second order reaction schemes. All the reactions 

seemed to follow a rate law which was the sum of two first 

order reactions. The effect of water on the system was to 

speed up the reaction. If water itself is added in an 

equal volume to a solution of NiCdmp^ in ethanol, the 

reaction is too fast to follow using stopped flow tech

niques. Sweigart and Heidtmann (1975) studied the reactions 

of tributylphosphine adducts of bis(0,0'-dialkyldithio-

phosphato)nickel(II) complexes. They found that if pseudo 

first order conditions were employed with the nucleophile 

concentration at least ten times greater than the metal 

concentration, the rate of reaction of Ni{S2P (OR) ̂2 with 

1,10-phenanthroline or bipyridyl was at the limits of de

tection. Some attempts were made to employ pseudo first 

order conditions with the nickel chelate in excess. These 

experiments attempted to monitor a small change in AA and 

were inconclusive. The kinetic studies did not shed any 

light on the mechanism of reaction, but since the thrust 

of the research was to study the effects of steric 

hindrance on the rate of reaction, the results did show a 

relation between the rate of reaction and structure. 



CHAPTER 4 

DETERMINATION OF THE SOLUBILITY PRODUCT OF 
CERTAIN COPPER DIALKYLDITHIOPHOSPHATES 

There has been a certain amount of confusion re

garding the solubility product of bis (,0,0,'-dialkyldithio-

phosphato)copper (II) complexes. The values for the solu

bility product obtained by Kakovsky (1957, pp. 225-237) 

differed considerably from those obtained by Tulyupa (1969). 

Both sets of data showed a definite variation in the solu

bility product with a change in the alkoxy group bonded to 

the phosphorus atom. This seemed to indicate that the 

steric and electronic effects of the alkoxy group physically 

affect the strength of the metal-sulphur bond. As the 

number of carbons in the alkoxy substituent increases, the 

solubility product decreases (Fig. 1.3). The substituents 

on the phosphorus atom also affect the formal oxidation 

state of the copper atom, the extent of polymerization, and 

the stoichiometry of the complex. For this reason the 

copper complexes are often a mixture of species. Whether 

the species produced by Tulyupa and Kakovsky were in fact 

the same chelate depends upon the mode of synthesis. As an 

example of the difficulties encountered in trying to deter

mine unequivocally the formula of the compound (let alone 

the solubility product), a prime example is the formation of 
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bis(0,0'-dimethyldithiophosphato)copper(II), It has been 

assumed that this yellow precipitate is a 1:2 complex. 

Hill (1969) has shown that the species in chloroform 

exists in equilibrium with its two dissociation products, 

0,0'-dimethyldithiophosphato copper(I) and bis(dimethoxy-

phosphorothiono) disulphide. 

These conflicting results pointed to the necessity 

of obtaining both the Kgp and the stoichiometry of the 

chelates formed by mixing the ammonium salt of a dithio-

phosphate with copper(II) nitrate'. 

Ammonium 0,0'-diethyldithiophosphate 

Synthesis of NH^dtp 

The preparation was adapted from the method of Cold-

berry, Fernelius, and Shamma (.1960, Vol. 6, p. 142). One 

hundred ml of ethanol was added slowly over a period of one 

and one-half hours to 110 g of finely powdered ?2S5 (Eastman 

Chemical Co.). The reaction mixture was heated under reflux 

for 3 hours and the H2S that was evolved was passed through 

scrubbers containing ^202 an̂  Na0H* The reaction product 

which, consisted of a black oily liquid was filtered and 

the filtrate was extracted with three 50 ml portions of 

water. Ammonia was bubbled through the extract containing 

the 0,0'-diethyldithiophosphonic acid. Acetone was added 

in excess and the solution volume halved by heating. White 



crystals of the NH^ salt which formed on standing were 

filtered, dried, and recrystallized from ethyl acetate. 

Determination of the Purity of NH^dtp 

The purity of the crystals was shown by titration 

of the NH^(dtp) with NaOH in 90% ethanol. A non-aqueous 

medium such as ethanol, in which the autoprotolysis con-

-20 stant is low (3 x 10 ), greatly favors the detection of 

its endpoint. The dielectric constant of ethanol (DC2H5OH 

24) is lower than that of water (Dh20 = 78.5), but this 

should not significantly alter the dissociation of the NH^ 

since no charge separation is involved in the dissociation 

process: 

NH* + C2H5OH NH3 + C^OH* 

The calculated number of moles of NH^(dtp) based on the 

-4 results of the titration was 4.44 x 10 moles. This 

compared favorably with the amount weighed out (4.47 x 10""^ 

moles). This represents an error of -.7%. 

The infrared spectra and melting point were com

pared with those of the pure compound (Aldrich Chemical 

Co.). The characterization of the product of synthesis 

agreed with that of the commercially available salt'. All 

the ammonium dithiophosphates subsequently used in the 

study were recrystallized from the commercially available 

materials. 
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Cupric 0,0'-diethyldithiophosphate 

Synthesis of Cu(dtp)2 

Cu(dtp)2 was formed by adding NH^(dtp) to a solu

tion of Cu (NOg)2 *31^0. An oily brown precipitate formed 

when the reaction was complete. 

Infrared Spectrum of CuOdtp^ 

Cu(dtp)2 forms a tetrameric Cu(I) complex in 

organic solvents such as benzene and chloroform (Kuchen, 

1968). This made the recrystallization of the copper pre

cipitate from ethanol suspect. The infrared spectrum of 

the oily liquid was therefore run as a Nujol mull, and as 

the neat oil on AgCl discs. 

A Perkin-Elmer 337, Grating IR spectrophotometer 

was used in the range (4000-400) cm Figure 4.1 is the 

spectrum of Cu(dtp)2 taken on the Infracord using the AgCl 

disc method. Table 4.1 indicates the absorption bands of 

Cu(dtp)_2f those that have been observed in Ni(dtp)2 

(Rudzinski, Behnke, and Fernando, 1977), and those observed 

in Cu(dtp) (Sakata and Nanjo, 1971). 

The results of the infrared analysis confirmed the 

existence of a dithiophosphate compound. It would be 

difficult, however, to say that the synthesized compound 

is indeed the 1:2 Cutdtp^ complex. The infrared data do 

not provide a definite answer; the absorption bands of 

Cu(dtp). 2 fit the bands that are present in the cuprous 
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Table 4.1. The Infrared Spectra of Cu(dtp)_ and Related 
Compounds 

CuCdtp)2 tcm •*") Ni (dtp) 2 (cm 1)a Cu(.dtp) (cm 1)53 

1302 — — 

1235 — — 

1162 1159 1150 

1096 1103 1098 

1040 1049 1035 

1008 1004 1015 

964 970 965 

— — 955 

822 823 785 

774 807 775 

690 — — 

630 643 640 

518 544 538 

502 524 

482 -— — 

401 396 — 

aRudzinski and others (.1977) . 

^Sakata and Nanjo (1971).. 
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complex, as well as those that are present in the Nitdtp^ 

complex. 

Potentiometrie Determination of CuOdtp^ 

A method was proposed to determine the Ksp of 

Cu(dtp)2 using an Orion Cupric Ion Selective Electrode. In 

this approach a known amount of Cu(NO^)2 *was titrated 

with NH^(dtp). The stoichiometry of the compound was 

verified by determining its equivalence point. In addition 

the slope of a modified Gran plot is a function of the Ksp 

of the precipitate formed. Some advantages of this 

approach are: 

1, The ion selective electrode ©nly monitors cupric 

ion. If the Cufdtp^ subsequently dissociates to 
h5c2<^ ^OC2HC 

Cu (dtp) and h5C2O^S-S^OC2H5 th® electrode wil1 

continue to monitor only the Cu+̂  in solution. The 

disulphide does not appear to adversely affect the 

potential. As long as there is an excess of 

Cufdtp^f there should be no interference from the 

formation of side products. 

+2 2. If Cu is buffered, then the limits of detection 

—20 +2 for the system can approach 10 M Cu (Orion 

Research, Inc., 1973). 

Experimental. Cu(NO.j) Ĥ2° (Mallinekrodt Chemical 

Works) was used to make up a standard copper(II) solution. 

The standard solution had to be made on a daily basis if 
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_3  the concentration was less than 1 x 10 M. Nalgene 

beakers and sample bottles were used throughout to minimize 

losses due to adsorption on the surface of the vessel. 

KNO^ (Mallinckrodt) was used to adjust the ionic strength 

so that I = 0.1. KCl could not be used as the neutral 

salt to maintain constant ionic strength since Cl~ inter

feres with Cu+2 if [Cu+2][CI > 1.6 x 10~® (Orion 

Research, Inc., 1973). NH^(dtp) was used as the titrant. 

An Orion Research, MODEL 701, digital pH/mv meter with the 

cupric ion activity electrode, MODEL 94-29, and a double 

junction reference electrode (.Orion 90-02-00) were used for 

the emf measurements. The temperature was maintained at 

25°C by using a water jacketed beaker and the response 

time improved by stirring at a constant rate. The titra

tion was carried out in triplicate and the absolute mv 

readings were plotted on one titration curve in order to 

ascertain the reproducibility of the method. Refer to 

Fig. 4.2. It was found necessary to remove the electrode 

from the solution and to wipe the electrode surface three 

or four times during the titration in order to obtain con-
+2 

sistent results for [Cu ] at various points along the 

titration curve. This, of course, introduced some error in 

computing the dilution factor; however, the slight error 

introduced by losing a few drops of solution was more than 

offset by the reproducibility of the mv readings. 
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Copper ClI) and NH^dtp 
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Calculations. The solubility product of Cu(dtp>2 

can be defined as: 

KsP = [Cu+2j fdtP"J2 t4-1* 

After the equivalence point the excess [dtp""] can be 

+2 calculated, and the [Cu ] can be evaluated from the mv 

readings with the aid of a calibration curve. 

The [dtp-] after the equivalence point can be 

defined by the relation: 

C,vn - 2C v 
IdtP~! - v + v" ° <4-2) 

o 1 

where C, is the ligand concentration, C is the metal 1 m 

concentration, v^ and vq the volume of ligand added and 

the initial volume of metal, respectively. At the 

equivalence point: 

C,v . = 2C v (4.3) 1 eqiv m o 

Substituting Equation (4.3) into Equation (4.2) and re

arranging one obtains: 

C, (v, -v . ) 
iatp-] = 1 * +eg^-v- (4.41 

+2 . The concentration of Cu is 

E = E' + H In [Cu+2J (4.5) 

where E' includes the standard electrode potential of the 

copper electrode, the potential of the reference electrode, 
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the activity coefficient, and the liquid junction potential. 

+2 
At 25°C for the [Cu ] ion: 

E = E' + .02958 log[Cu+2] (4.6) 

Rearranging one obtains: 

(E-E') 

[ C u + 2 J  =  l o * 0 2 9 5 8  ( 4 . 7 )  

In order to evaluate E' an empirical approach 

based on a procedure used by the Stockholm group was used 

(Biedermann and Sillen, 1953) . Although the procedure as 

initially outlined had been used in an acid-base titration, 

+2 it can be applied to the calculation of the Cu concentra

tion before the equivalence point: 

[Cu ] = m
v° + vls— (418) 
o 1 

The assumption is made that the copper ions are not 

complexed or reduced*. The stoichiometry of the reaction 

+2 
only gives the amount of Cu which has not precipitated. 

The ion selective electrode monitors the activity of free 

copper(II). The difference between the two would include 

any CufNHg)^ or cuprous species which would yield a low 

value of E' and a high value for K , sp 

Using the value of E1, one can calculate the conr 
+2 < 

centration of Cu after the equivalence point: 

{ E—E'.„} 
[Cu+2J = i o 2 9 , 5 8  ( 4  9 )  
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where E is the mv reading and the slope is 29,58 after the 

+2 -
equivalence point. Since the values of [Cu ] and [dpt ] 

are available at all points after the equivalence point, 

the solubility product can be calculated. 

An alternative method for the calculation of the 

solubility product involves using the slope of the Gran 

plot curve (.Gran, 1952; Rossotti and Rossotti, 1965) . In 

this approach one begins with the fundamental expression 

for the solubility product (4.1). Rearranging: 

[dtp-] = (K /[Cu+2])0•5 (4,10) sp 

Combining Equations (4,4) and (4.10): 

lo n c v,C,-v . C, ft, /r~..+2-, x 0.5 1 1 ecruiv 1 
[Ksp/ICu 3) = v + v, (4-i;L) o 1 

Rearranging: 

<-'o+vl)<Ksp/[CU+2]>0'5 = V1C1 - vequivCl (4'12) 

Dividing by K : sp 

(v +vl) Cx 

This equation is in the form y = mx + b. Plotting 

( v + v i )  
+2 0',5 vs* V1 the x-intercept is equal to veguiv and 

[Cu ] 

the slope is equal to C,/K , Since C, is known, the x sp x 

solubility product can be calculated. 
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Results and Discussion. Tables 4,2 and 4.3 sum

marize the computed values of E' and Kgp respectively using 

the first approach. The results of calculations yield a 

value of pKsp = 15.19 ± .07. A drawback of calculating 

the K ^ in this way is that there is a statistical dis-sp J 

advantage in averaging the' value of Kgp. All contributing 

data points are weighed the same even though some have 

deviations which are much larger than others; for instance, 

those as the very beginning and those near the equivalence 

point of the titration. 

Table 4.4 summarizes the data used to calculate the 

Kgp by the method of modified Gran plots. A linear least 

squares plot of the results of three titrations yields a 

slope of 9.088 x 10^ (Fig. 4.3). The initial concentration 

_2 of ligand is 2.232 x 10 M. Solving for Kgp one obtains 

—15 22 a value of 10 * This compares very favorably with the 

-15 19 previously obtained value of 10 " . In addition, the 

formation of the 1:2 complex has been verified by comparing 

the computed endpoint with the actual endpoint. A good 

correlation is obtained. The experimental endpoint, i.e., 

the X-intercept, is equal to 5.03 ml of dtp". The computed 

endpoint, assuming a 1:2 complex, is 4,95 ml of dtp". The 

difference represents an error of +1.6%. 

Finally, the determination of the concentration of 

+2 Cu after the endpoint using an ion selective electrode 

+2 suffers from one drawback, namely that the [Cu ] is 
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Table 4.2. Experimental 
Cu CdtpJ 2 

Data for the Evaluation of E' for 

Titration ml +2 4 Cu x 10 E (mv) E' (mv) 

#1 2.00 11.79 127 214 

2.93 7.68 118 210 

4.00 3.28 105 208 

4.40 1.72 97 208 

#2 1.10 16.04 129 212 

2.16 11.06 121 208 

3.58 4.97 111 209 

4.49 1.37 91 205 

#3 1.02 16.44 128 210 

1.82 12.62 126 212 

3.02 7.30 117 210 

3. 92 3.60 104 206 

4.49 1.37 . .9.1 205 

x = 209. 

range = +5 
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Table 4.3. Experimental Data for the Evaluation of K 
for Cu Cdtp} ̂ 

Titration ml pi dtp-] T +2.. 
piCu ] 

p ksp 

#1 6.56 2.92 9.30 15.13 
7.93 2.68 9. 80 15.16 
10.00 2.48 10.21 15.18 
12.51 2.34 10.55 15.23 
14.99 2.25 10.75 15.24 
19.90 2.13 11. 02 15.27 

#2 6.20 3.02 9.16 15.19 
8.84 2.58 10.05 15.20 
11.22 2.41 10.31 15.12 
14.63 2.26 10.65 15.17 
19.12 2.14 10.92 15.20 

#3 6.60 2.91 9.33 15.15 
8.02 2.67 9.80 15.14 
10.12 2.48 10.21 15.16 
11.55 2.39 10.41 15.19 
12.55 2.34 10.51 15.19 
13.43 2.30 10.58 15.18 
14.56 2.26 10.68 15.20 

pK = 15.19 
* sp 

range = + ,07 
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Table 4.4. Experimental Gran Plot Data for the Determina
tion of the Kgp of CufdtpXj 

Titration •v1 (ml) Cvo + vi>/Cu+2Cx 106) 

#1 6.56 1.410 
7.93 2.616 
10.00 4.509 
12.51 7.1 
14.99 9.593 

#2 6.20 1.186 
8.84 3.543 
11.22 5.235 
14.63 8.473 
19.12 12.720 

#3 6.60 1.478 
8.02 2.623 
10.12 4.524 
11.54 5.928 
12.55 6.833 
13.43 7.493 
14.56 8.655 

Slope = 9.088 x 105 

log K =15.22 sp 

\ 
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Fig. 4.3. Modified Gran Plot for the Titration of 
Copper(II) with NH^dtp 
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computed by extrapolating the millivolt readings obtained 

at higher concentrations. As a system check it would be 

useful to determine the copper ion concentration using an 

independent method. 

Atomic Absorption Analysis of Cu(dtp)2 

The amount of copper in a solution saturated with 

Cu(dtp)2 and a known excess of dtp can be calculated using 

atomic absorption spectrophotometry. If a solution of 

CutNO^^ is titrated with NH^(dtp), the total concentration 

of copper can be determined by a comparison with known 

standards. The free dtp can be calculated using Equation 

(4.2): 

C,v.. - 2C v 
[dtp-] = 1 I m ° (4.2) 

vo+vl 

Given these two values the solubility product can be 

determined directly. 

+2 Experimental. A standard Cu solution (about 

-3 10 M) was prepared and 25 ml aliquot was titrated using 

_2 a 10 M solution of NH^(dtp). The titrant was added until 

the dtp was in slight excess. The brown oily liquid, 

Cu(dtp)2, was then removed by filtering the solution 

through a 5y millipore filter, then a 0.2y millipore 

filter. These successive filtrations removed all the 

Cu(dtp)2 precipitate. This approach was preferred to 

centrifuging for 15 minutes and then decanting the 
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supernatant. Centrifugation does not always remove small 

suspended particles which will result in a high copper 
J  

reading. Copper standards were prepared by dissolving 

Cu(NOg) 2' in 0.1 M KNO-j. Atomic absorption measure

ments were carried out on a Varian Atomic Absorption 

Spectrophotometer at The University of Arizona Analytical 

Center. 

Results and Discussion. The copper concentration 

falls off quickly after the equivalence point so it is 

necessary to choose points relatively close to the end-

point. 

The results of the atomic absorption experiment 

were as follows: 

1. Titration #1: TCu = 1.42 x 10 ^ M (.09ppm), 

[dtp"]2 = lo"9*46, pKsp = 15.31. 

2. Titration #2: TCu = 1.89 x 10~^ M (.12ppm), 

[dtp"]2 = 10~9,89, pKsp = 15.61. 

The average value of the pK°p = 15.46 ± .15. The value 

obtained in the ion selective electrode measurement is 

15.22. The value obtained by Kakovsky (1957, pp. 205-

237) is lO""^'8̂  for the activity product of Cufdtp^- If 

this value is then converted to a pK°p at an ionic strength 

of .1 M, the pK°p = 15.20. The value obtained by Tulyupa 

in 1969 (pK = 20.3) is in error. sp 
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Cupric 0,0*-Dimethyldithiophosphate 

Synthesis of Cutdmp^ 

Encouraged by the good results that were obtained 

for the solubility product of bis(OfOj-diethyldithio-

phosphato) copper (II) , an attempt was made to determine the 

solubility product of bis(0,0'-dimethyldithiophosphato)-

copper(II), Cufdmp^f using the copper ion selective 

electrode. 

Cu(dmp)2 is formed by the addition of NH^(dmp) to 

a solution of Cu (NO^) 2 * 21^0. An oily brown precipitate 

formed when the reaction was complete. 

Potentiometric Determination of Cu(dmp)2 

The calculations and experimental procedure for the 

determination of the K ^ of Cu(dmp),, were identical to those sp 2 

employed for Cufdtp^-

Results and Discussion. The calculated K of . sp 

—11 73 Cu(dmp)2 is 10 , based on a linear least squares of 

26 data points (Table 4.5). This value is suspect for 

three reasons: (1) the calculated equivalence volume 

(4.93 ml) does not correspond with the actual endpoint 

volume—approximately 5.4-5.9 ml, (2) the value reported in 

the literature is 10~15,10 (Kakovsky, 1957, pp. 225-237) 

-11 3 as compared to the value of 10 " which was calculated, 

and (.3) the shape of the titration curve of the Cu(dmp)2 
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Table 4.5. Experimental Gran Plot Data for the Determina
tion of the KSp of Cu(dmp)2 

Titration ml E ICu+23 x 108 
(Vo + Vl> , „-4 

i n  n C  

ICu ] 

#1 7.00 -09 244 2.05 
7.51 -15 153 2.63 
8.03 -20 104 3.24 
8.53 -24 76.0 3.85 
9.01 -29 51.5 4.74 
11. 00 -39 23.7 7.40 
12.94 —4 6 13.7 10.25 
14.77 -52 8.60 13.56 
16.77 -57 5.83 17.30 

v = 5.57 
e ml 

log K = 3 sp -11.63 

#2 6.27 +01 456 1.46 
6.52 -04 361 1.66 
6.75 -08 264 1.95 
10.99 -41 20.2 8.01 
13.01 -49 10.9 11.51 
14.99 -54 7.36 14.74 
16.43 -57 5.83 17.16 
17.28 -59 4.99 18.93 
18.53 -61 4.27 21.07 

v = 5.43 
e 
lo9 Ksp = **11. 69 

#3 6.59 -03 390 1.60 
7.23 -13 179 2.41 
8.02 -23 82.2 3.64 
8.95 -31 44.1 5.11 
10.90 -43 17.3 8.63 
13.16 **51 9.29 12.52 
14.91 -56 6.30 15.90 
17.20 -61 4.27 20.42 

v = 5.93 
e 
log K = 3 sp -11,80 

— -11 73 x = 10 ' Cbased on a linear least squares calculation of 
all 26 data points) 
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does not have the steep break which was obtained for the 

Cufdtp^ (Fig. 4.4). The unusual results were thought to 

be due to the probable formation of copper(I) complexes. 

Orloski (.1964, p. 248) states that "the length of time 

during which the copper complex remains in the aqueous 

phase after addition of copper reagent is extremely 

critical, The complex deteriorates rapidly in the aqueous 

phase. . . . With phosphorodithioic acid, cuprous ions 

form a colorless complex which is apparently more stable 

than the yellow cupric complex," Orloski's statement 

would seem to indicate that a cuprous complex forms after 

the synthesis of Cufdmp^t One possible mechanism which 

+2 might account for the depressed values of Cu prior to 

the equivalence point is: 

+2 +2 Cu (dmp) 2 + Cu —¥ Cu2dmp2 

+2 
where Cu is adsorbed on the 1:2 complex prior to the 

formation of the subsequent 2:2 complex. 

H,CO S S OCH, 
+2 - X # V / 3 

Cu2dmp2 + 4dmp — C^dn^ + 2 

H3CO' S-S^ OCH3 

The cupric complex is then reduced to a cuprous complex by 

the self-oxidation of 4 dimethyldithiophosphate ligands. 

This mechanism accounts for the formation of a cuprous 

complex and might explain the low copper (.11) values before 

the equivalence point. 
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and Cu(dmp)2 



Neutron Activation Analysis of Cufdmp^ 

Prior to the eventual verification of the fact that 

the cuprous ion actually forms as a by-product in the 

synthesis of Cufdmp^/ it was thought that the low copper 

values were due to the formation of a Cufdmp)^ species. 

In order to determine the formation constant of this 

species, and to compare it with the formation constant of 

the 1:2 metal-ligand species, and that of the Kgp of 

CuCdmp^f neutron activation analysis was used. In this 

approach the total copper in solution was obtained by a 

comparison of the radioactivity of a sample solution with 

that of a standard. If a known amount of dmp was in 

excess, then the Kgp could be calculated. 

Calculations. 

TCu = [Cu+2] + [Cu(dmp)+1] + [Cu(dmp)2]ag (4.14) 

K = [Cu+2] x [dmp-]2 (4.15) 
®Jr 

kx = [Cu(dmp)+1]/([Cu+2] x [dmp-]) (4.16) 

k2 = [Cu(dmp)2laq/([Cu(dmp)+1] x [dmp-]) (4.17) 

Combining Equations (4.1) to (4.4) one obtains: 

TCu = Ksp/tdn»P"]2 + kiKsp/ Idmp~] + klk2KsP (4'18) 

If the value of [dmp ] is known one obtains an equation of 

the form: „ _ 
Y = ax" + bx + c. (4.19) 
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Three values of the total copper (Y) at three concentrations 

of drop" (x) should give ample information to obtain a least 

squares fit. In addition, since the value of the Kgp is 

known from the literature, an initial estimate of K „ sp 

should give excellent values for k^ and k2• 

Experimental. A known amount of Cu° foil was 

irradiated for twenty minutes in a 100 kW Triga reactor. 

The copper was removed and the radioactivity allowed to 

decay for about twelve hours. The copper was then dis

solved in concentrated HNO^ and neutralized with NaOH. 

NH^(dmp) was added to the slightly acidic mixture and a 

voluminous precipitate was formed. The precipitate was 

then filtered using 5y and 0.2y millipore filters. 

Seven solutions of varying concentrations of dmp"" 

were then prepared at a fixed ionic strength (I = 0.1 M). 

The precipitate was added to the prepared NH^(dmp) solu

tion, the mixture was allowed to equilibrate for one hour, 

and then the aqueous portion was filtered. Two milliliters 

of the filtrate were pipetted into a polyethylene vial, 

and the y-radiation counted using a Canberra Industries, 

MODEL 4100, multichannel analyzer with a Nal (.Tl) detector. 

The positron annihilation signal of *^Cu was monitored on 

channels 214-255, 

Results and Discussion. The results of the experi

ment are listed in Table 4.6. The results indicate that 
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Table 4.6. Neutron Activation Analysis Results for Cufdmp^ 

+2 Standard Cu Counts (10 sec) Corrected Counts (.400 sec) 

A: 8.942 x 10~3M 10,472 4.10 x 105 

8.942 x 10~4M 1,088 4.12 x 104 

8.942 x 10"5M 120 4.48 x 103 

8.942 x 10"6M 19 4.40 x 102 

2 background 8 3.20 x 10 

Idmp^J Counts (400 sec) TCu x 10^M 

B: 1 1 x 10-1M 1270 26.3 

1.842 x 10" 2M 420 8.7 

1.84 x IO~3M 347 7.2 

1.84 x 
-4 10 M 313 <6.7 

1.84 x IO'"5M 310 <6.7 

1.84 x lO"6!* 310 <6.7 

1.84 x 10~7M 310 <6.7 

background 309 <6.7 
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the total copper in solution at low concentrations of dmp~ 

is less than the minimum detectable quantity of copper, 

which is set at 6.7 x 10 ® M Cu (,43ppm). This minimum 

value corresponds to 340 counts on the MCA. Given a back-

of 320 counts, 340 seems to be a very realistic measure of 

the limits of detection inherent in this experiment since a 

weak but observable peak can be detected with 347 counts. 

The limits of detection for the method (,43ppm) are not as 

low for this experiment as those that can be obtained from 

atomic absorption (.02ppm—corresponding to twice the height 

of the noise level), but that is not to say that NAA is in

herently less sensitive. The limits of detection are 

governed by many factors including the irradiation time of 

the sample and the duration of the counting period (Guinn 

and Lukens, 1965, p. 9). The limits of detection for this 

experiment correspond to safe working limits of gamma radia

tion, and the reasonable counting period of 400 seconds. 

Neutron activation analysis confirms the fact that 

—11.73 10 * cannot be the solubility product of Cufdmp^* If 

it were, then the concentration of copper would have been 

well within the dynamic range of the experiment. 

At high concentrations of dmp- there is a notice

able increase in the amount of copper in solution. This 

can be attributed to one of two possible causes: (1) forma-

2+ tion of a 1:3 complex, or (2) formation of Cu(NH3)^ 

complexes. The second possibility is very likely since at 



concentrations of 10 ̂  M NH^(dmp) there is sufficient NH^ 

present to disrupt the Cufdmp^ in spite of the low pH of 

the aqueous phase (Bjerrum, 1957; Bjerrum, Schwarzenbach, 

and Sillen, 1957). . The next logical step in the analysis 

involves using Na(dmp) as a source of the dimethyldithio-

phosphate anion. If there is still an increase in the 

concentration of copper at high concentrations of dmp", 

then one can test for a 1:3 complex by using a large cation 

such as t-butyl NHg, which should form a precipitate. 

. Sodium 0,0'-dimethyldithiophosphate 

Synthesis of Na(.dmp) 

The synthesis of Na(dmp) as the anhydrous salt may 

improve the experimental results obtained using neutron 

activation analysis. There are presently two common pro

cedures for the preparation of the hydrated compound. 

Anhydrous Na2C02 is added to a hot ethanolic solution of 

commercial 0,0'-dimethyldithiophosphinic acid. After 

evolution of C02 has ceased, the solution is filtered, con

centrated, and cooled to precipitate the desired salt which 

is recovered by filtration and washed with ether tCavell, Day 

et al,, 1972). The second method is the neutralization of 

pure 0,0*fdimethyldithiophosphinic acid with sodium 

methoxide in dry methanol and then recrystallizing it from 

ethyl acetate. An elemental analysis of the product yields 

a species with the formula (CH^O)2P(S)SNa'2H20 (Hill, 1969). 
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A third procedure has been devised which may eliminate the 

water of hydration which inevitably is associated with the 

synthesis of the sodium salt. 

Experimental. An equal volume of ethyl ether was 

added to a solution of 6 M HCl. The mixture was stirred 

vigorously, and NH^(dmp) (Aldrich Chemical Company) added 

dropwise. Anhydrous MgSO^ was then added to the ether 

extract, and the solution dehydrated overnight. The MgSO^ 

was filtered and the solvent evaporated. Tetrahydrofuran 

which had been distilled and stored under argon was added 

to the liquid residue. At this point, a slight excess of 

sodium hydride (57% w/w) was weighed out. The 0,0'-

dimethyldithiophosphonic acid in tetrahydrofuran was then 

added dropwise to the NaH. Hj bubbles appeared'.' and were 

maintained at a minimum in order to prevent an explosion. 

The solution was refluxed for three hours, and the solvent 

evaporated. White crystals formed in a brown oil. Chloro

form extracted most of the impurities. The white crystals 

were now filtered, dried, and stored under a N2 atmosphere, 

A melting point determination yielded a value of 

62°C as compared to a literature value of 65°C Hill, 1969). 

Elemental Analysis of Na(dmp) 

The carbon and hydrogen analyses were performed by 

Huffman Laboratories, Inc., Wheatridge, Colorado. The 

results of the analysis yielded values of C = 10.86% and 
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H = 4.35%. These two values correspond to the formulation 

of the compound as a dihydrate. The formula-—(CH^O) ̂2 (S(Na* 

2H20—would require C = 11.1% and H = 4.7%. 

Infrared Spectrum of Na(dmp). 

A Perkin-Elmer Infracord IR spectrophotometer was 

used, and the sample was prepared using the KBr disc 

method. 

A comparison of the spectrum of Na(dmp) (Fig. 4.5) 

with that of the ammonium salt (Sadtler Research Labora

tories, Inc., 1974, Index 46994) indicates that the compound 

is a sodium dithiophosphate. Two large absorption bands at 

1170 cm and 1018 cm are present in Na(dmp) though 

shifted to higher frequencies in the ammonium compound 

(1190 and 1048 cm ^) . The two bands at 712 and 752 cm"''' 

are also present in the NH^(dmp) at 710 and 775 cm~^. 

Possible N-H stretching and bending vibrations due to NH* 

are absent from the spectrum. A disappointment, however, is 

the appearance of what appear to be water bands at 3480 cm""'' 

and 1630 cm ^ (Silverstein and Bassler, 1967, pp. 64-109). 

This seems to indicate that the product of synthesis is 

not the anhydrous salt. 

Mass Spectrum of Na(dmp) 

The mass spectra were run at the University 

Analytical Center. The sodium salt was run as the solid, 
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introduced into the sample chamber by the method of direct 

insertion. 

Figure 4.6 is the output of the mass spectrometer. 

The spectrum represents the fragmentation pattern at an 

applied voltage of 8 ev. The relative intensity data are 

listed in Table 4.7. 

The peaks at 93 and 125 are very characteristic of 

O/O^dimethyldithiophosphates on the basis of a comparison 

with the S-esters of dimethyldithiophosphates (Damico, 

1966). The peak at 158 is assigned to the 0,0'-dimethyl-

dithiophosphonic acid. The base peak at 172 is an anomaly. 

It is assigned to the S-ester of dithiophosphoric acid, and 

is a product of rearrangement. 

H-CO S H,COv .S 

172 3 

H3CO Ns- H3C° x SCH3 

The peak at 186 is unassigned. The (P + 2) peak seems to 

indicate the presence of two sulphur atoms, but the actual 

structure is unknown. 

Ion Exchange Determination 
of Sodium in Na(dmp) 

In order to verify the purity of Na(dmp), an ion 

exchange column was used to convert the sodium salt to the 

corresponding acid which could then be titrated with a 

solution of standard base. The usual procedure for the 
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Table 4.7. Mass Spectrum Intensity Data for Na(dmp) 

m/e Relative Intensity 

44 8.0 

73 38.7 

89 6.6 

93 21.8 

109 6.0 

125 42.5 

126 17.9 

142 8.9 

158 14.6 

172 100.0 

173 4.6 

174 9.7 

186 20.1 

187 1.5 

188 2.0 

205 1.8 

220 3.1 
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determination of the purity of dithiophosphates is the 

method of Bode and Arnswald (1962). This is an iodometric 

titration procedure, which is generally applicable. It was 

not used in this case, however, because of the simplicity 

of the acid-base titration. 

Experimental. An ion exchange column was prepared 

using Dowex 50 W-X4 Cation Exchange Resin (J. T. Baker 

Chemical Co.). The resin was converted into the hydrogen 

form with 3 M HCl, and all the free acid was removed by 

repeated washing. The titration blank was found by titra

tion of 25 ml of eluent, with a standard solution of 

sodium hydroxide, using methyl red as the indicator. 

A known weight of dissolved Na(dmp) was then added 

to the column. The eluent was collected and titrated to 

the yellow endpoint. 

Results. The results of the titration yielded a 

value of 81.2% Na(dmp), if it is assumed that the formula 

of the compound is (CH^O)2P(S)SNa'2H20. White crystals 

were formed in the synthesis, but the products of oxidation 

seem to represent almost 20% of the total. The yield can 

be improved by using a new solvent for recrystallization. 

Cavell, Day et al., (1972) have had great succes using 

ethyl acetate. 

No further work has been done on the synthesis of 

pure Na(dmp). The novel procedure is more arduous than 
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that used by Hill (1969). In addition, the purity of the. 

compound is only 80%. Although the synthetic procedure 

may prove to be ideal for the synthesis of some Na salts, 

it does not seem to be better, in this case, than the 

established techniques. 

Cuprous 0,0'—dimethyldithiophosphate 

Synthesis of Cu(dmp) 

Copper(II) nitrate was added to a solution con

taining excess NH^(dmp). When a pale yellow precipitate 

was formed, S02'was bubbled through the solution. This 

resulted in the reduction of any cupric complex which may 

have formed. The precipitate was washed repeatedly with 

water and the product dried in a vacuum dessicator. The 

material had no definite melting point but turned brown at 

42-44°C. 

Elemental Analysis of Cu(dmp) 

All elemental analyses were performed by Huffman 

Laboratories, Inc., Wheatridge, Colorado. Cu was determined 

by the method of electrodeposition. Phosphorus was deter

mined by oxidizing the sample with H^O^-HNOg-HClO^ in a 

Kjeldahl flask. The orthophosphate from the oxidation was 

determined by the colorimetric molybdovanadate method. 

Oxygen was determined by the method of Kapron and Brandt 

(1961) and by the method of Merz (1970). Sulphur was 
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determined by combustion of the sample in an oxygen flask 

using saturated bromine water as the absorbent. Phosphorus 

was removed by precipitation with MgO at 5°C. Excess Mg 

and other metals were removed by a cation exchange resin. 

The sulphur was then quantitated by titration with barium 

perchlorate. 

The low value of sulphur (25,97%) is probably due 

to the presence of phosphorus which is incompletely removed 

in the presence of sulfuric acid. If the solution is more 

than 5% by volume sulfuric acid, the solubility of the 

precipitate increases (Kolthoff et al., 1969, p. 644). 

The results for oxygen are also low (12.72%, 13.29%). 

This might have been expected due to the presence of both 

a reducible metal and sulphur. The results of analysis are 

in Table 4.8. 

Table 4.8. Elemental Analysis of Cudmp 

Analysis Expected Value % Value Found % 

Oxygen (Kapron and Brandt 14. .50 12. .72 

Oxygen (Merz). 14. .50 13. .29 

Sulphur 29. .06 25. .91 

Phosphorus 14. .04 14. ,15 

Copper 28. .8 28. ,9 
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Infrared Spectrum of Cu(dmp) 

A Perkin-Elmer Infracord IR spectrophotometer was 

used in the range (.4000-700) cm Figure 4.7 is the 

spectrum of Cu(dmp) taken on the Infracord using the AgCl 

disc method. The infrared spectrum from (600-200) cm ^ 

was obtained with a Beckman IR-12 double beam spectro

photometer. The KBr disc method was used (Fig. 4.8). 

The IR spectra (Figs. 4.7 and 4.8) exhibit a few 

unusual peaks at 840 cm and 489 cm"''' but these are not 

found in the spectrum of Nitdmp^ (Rudzinski et al., 1977) 

probably due to ring puckering which might affect the 

ordinary C2v symmetry causing the appearance of the extra 

absorption bands. The extra peaks might also be due to 

the formation of Cufdmp^* With time, the precipitate 

turned a darker yellow which is usually indicative of the 

formation of the 1:2 complex. 

Spectrophotometric Determination 
of Copper (I)'. 

An independent verification that the product of 

the reaction between CufNOg) ̂ 3H2° an(̂  NH^(dmp) was indeed 

Cu(dmp) was needed. For this reason the amount of Cu(I) 

in a saturated solution of Cu(dmp) was determined by the 

method of Smith and McCurdy (1952). 

A sample of pure copper was dissolved in nitric 

acid. NC>2 gas was evolved from the mixture, and when the 

reaction subsided, a slight excess of hydroxylamine 
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hydrochloride was added. This reduced the cupric to 

cuprous ion. A 100% excess of 2,9~dimethyl-l,10-phenan-

throline was now added. This resulted in the formation of 

a 1:2 complex which may be formulated as: 

CH. 
;cu: 

rCH 

The resulting solution was buffered at a pH of 6 with 

sodium acetate and diluted to one liter. Fifty ml of the 

yellow colored solution obtained was extracted with a 10 ml 

portion of isoamyl alcohol. Two 10 ml extractions with 

freshly distilled isoamyl alcohol were found to be adequate. 

The combined extracts were diluted to a total volume of 25 

ml with distilled isoamyl alcohol. The absorbance readings 

were measured in a one cm quartz cell at 454 ym with a 

Beckman DB spectrophotometer. A reagent blank correction 

was applied throughout. 

For the analysis of the Cu(dmp), the procedure was 

analogous to that already described. The only difference 

was that hydroxylamine hydrochloride was not added to the 

filtered aqueous solution. 
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The results of the analysis are tabulated in Table 

4.9. The limits of detection for this method appear to be 

at 0.3ppm. The working curve yields a value of 1.50ppm 

-5 cuprous ion in solution. This corresponds to 2,36 x 10 

M Cu+"*" solution. 

Table 4.9. Spectrophotometry Data in the Determination of 
Cuprous Ion Using 2,9-dimethyl-l,10-
phenanthroline 

Cu(.I); (ppm) Absorbance 

10.0 .83 

5.00 .40 

2.50 .23 

1.25 .14 

.63 .12 

.31 .05 

.16 .02 

.08 .02 

.04 .02 

Cu(dmp) solution . .15 
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Ion Selective Electrode 
Determination of Copper(II) 

+2 The amount of Cu was now determined m a saturated 

solution of Cu(dmp). Using an ion selective electrode, a 

working curve was constructed using copper standards in 

the range of 10 ^ M to 10 ® M Cu+̂ . The results seem to 

+2 —8 indicate a Cu concentration of less than 10 M. Since 

this value is based on an extrapolation of data at high 

concentrations, the only conclusion that can be drawn is 

+2 that the Cu concentration is less than 10 M or less 

than 5% of the total. 

Mass Spectrum of Cu(dmp) 

Assuming that the product of reaction between 

Cu(NOg)2* 3H2O and an excess of NH^(dmp) is Cu(dmp), the 

stoichiometry of the species was now determined. The mass 

spectrum of Cu(dmp) was obtained in the hope of determining 

whether the compound was a dimer or a monomer,. Hill (1969) 

postulated that the structure of Cu(dmp) was 

2- 4.9 

I (CHgO)(S)S]2 CU2 on the basis of a comparison between 

the absorbance of a solution of copper complex, and the 

absorbance of a solution containing the 1:1 mole ratio of 

disulphide:cuprous complex. The data showed "that the 

position of equilibrium obtained on association of the dir-

sulphide and the cuprous complex (both initially 0.001 M 

in chloroform) is practically the same as that obtained on 



dissociation of the cupric complex (initially 0.002 M" 

(Hill, 1969, p. 4). 

The samples for the mass spectra were submitted to 

the University Analytical Center. All the compounds were 

run as solids and were introduced into the sample chamber 

by the method of direct insertion. The mass spectral data 

are tabulated in Table 4.10. Figure 4.9 is the output of -

the mass spectrometer. There is a paucity of data avail

able on the mass spectra of metal dithiophosphates, so that 

the interpretation is difficult. In order to evaluate the 

spectrum of Cu(dmp), the fragmentation patterh of this 

compound was compared with that of a similar compound, 

namely bis(dimethyldithiophosphato)hickel(II). One 

noticeable difference between the mass spectra of the two 

metal chelates is that the parent peak in the copper 

complex is relatively weak. This is ascribed to the forma

tion of a relatively non-volatile polynuclear species. 

Some of the assignments of the fragments in the 

mass spectrum, based on a comparison of the mass spectrum 

of Cu(dmp) with spectra in the work of Cavell, Byers et al. 

(1972) and Livingstone and Mihkelson (1970) are the 

following: 

H,COV Y,S SV >0CHO 3 \ / ^ / 3 

(1) 314 P P 

H3CO S—OCH3 



Table 4.10. Mass Spectrum Intensity Data for the Metal 
Chelate C^Cdmp)^ 

m/e 

76 

93 

125 

157 

158 

188 

220 

222 

250 

314 

315 

316 

370 

377 

379 

440 

442 

Relative Intensity 

5.5 

100 

65.0 

10.5 

9.1 

11.3 

6 . 0  

.9 

7.1 

39.3 

4.2 

7.6 

2.5 

2.9 

1.8 

.3 

. . .4 
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(2) 250 

OCH-
P-" 3 

/ \ 
S—S OCH3 H3C0 

o 
(3) 220 

/ \ 
P 

H3C0 

(4) 157 or 

H3C0 

H-CO 
3 \ 

s—s 

All the-above fragments might be expected in the fragmenta-

tion of Cu(dmp) since analogues are present in the frag

mentation of Ni (S2P(CH3) 232 In addition, the peak at 188 is 

tentatively assigned as: 

It is assumed that the disulphide fragments present are a 

result of electron impact. In addition, decomposition of 

the sample may also be catalyzed by phosphoric acids 

formed in the chamber; this behavior has been observed with 

phosphates (Quayle, 1959). The characteristic peaks due to 

the presence of the copper 63 and copper 65 isotopes, in a 

7:3 ratio cannot be found in the mass spectrum, and there

fore the chelate itself is assumed to be non-volatile. The 

only peaks which have a ratio which is close to the copper 

isotope ratio are those at 377 and 379. The peak 

(5) 188 P 
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intensities of 2.9 and 1.8 are roughly in this ratio. The 

peak at 377 has the correct molecular weight to correspond 

to Cu(dmp)2, although it is difficult to ascertain whether 

this is the parent peak or a fragment of Cu2dmp2. The 
* 

peaks at 440 and 442 may be indicative of the dimer, but 

are too weak to be of any use. 

The low molecular weight fragments at 93 and 125 are 

very characteristic of dithiophosphate compounds. In an 

article by Damico (1966), the mass spectra of some organo-

phosphorus pesticide compounds have been reported. In all 

the 0,0'-dialkydithiophosphate-S-esters these two peaks are 

observed. They are tentatively assigned to the following: 

H3C0. 0Ch3 
(.6) 93 % 

H3C0\ 
(7) 125 P 

H3CO S 

At this point there appeared to be sufficient 

support for the structure Cu2dmp2, based primarily on the 

elemental analysis, Hill's (1969) work,' and the determina-

+1 +2 tion of Cu and Cu in a saturated solution of Cu2dmp2. 

Atomic Absorption Analysis 
of Cu2dmp2 

The equilibrium for the dissociation of Cu2dmp2 

is defined as follows: 
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Cu2dmp2 2Cu+ + 2dmp~ 

2Cu+ ——»- Cu+2 + Cu° 

The total copper in solution can be determined by 

atomic absorption. 

TCu = [Cu°J + ICu+J + [Cu+] (4.20) 

Based on the assumption that the amount of [Cu°] and [Cu+2] 

is negligible, T û is equal to the concentration of Cu+"*" in 

solution. For the purpose of determining the solubility 

product, the K of Cu„dmp„ is defined as: Sp 6 Z 

K = [Cu+1] x [dmp~] (4.21) 
sp 

Assuming that the concentration of dmp~ is equal to the 

concentration of Cu*"'", the K = [Cu+̂ ]2. In order to sp 

verify experimentally the initial assumption that TCu = 

lCu+'*'], one can bubble C>2 through a solution containing 

+1 +2 o Cu2dmp2 solid and if 2Cu — 02 —- Cu +Cu , the solu

bility of the Cu2dmp2 should increase the longer the oxygen 

is bubbled through the solution. If it does not increase, 

+2 then it can be assumed that the amount of Cu formed is 

very small. Monitoring the potential of the solution using 

an ion selective electrode yields no change in the concent 

tration of cupric ion. 

The atomic absorption analysis of C^dn^ provides 

the total copper in solution when the cuprous chelate is 

placed in contact with an aqueous solution. The total 
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1 +1 copper, if it is assumed that TCu = [Cu ], can then be 

used to determine the K . If the method of standard sp 

additions is used to determine the total copper,' then 

matrix effects associated with the dithiophosphate anion 

can be mitigated. 

Experimental. The copper standards were prepared 

by the addition of hot nitric acid to copper metal. Once 

the copper dissolved and the NC^ dissipated, NaOH was 

added to the acid in order to neutralize the solution. At 

this point the copper solution is diluted to one liter using 

a 0.001 M KNOg solution. This insures constant ionic 

strength so that the conditional solubility product can be 

determined. 

C^dn^ is added to a standard copper solution. 

The precipitate was allowed to equilibrate and saturate the 

solution over a three-hour period. The excess C^dn^ was 

removed by filtration. 

The atomic absorption measurements were carried 

out on a Heath 703 atomic absorption spectrophotometer 

equipped with a single slot burner for use with an air-

acetylene flame. A standard copper hollow cathode lamp was 

used as the source. The copper resonance line at 3248.8& 

was used for all measurements. 

Results. The results of the experiment are 

reported in Table 4.11. The average concentration of Cu*"*" 
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Table 4.11. Atomic Absorption Results for the Determination 
of the K ^ of Cu0dmp0 sp 2 r2 

Sample Total Copper3 
Relative 
Intensity Cu+1 

#1 5.525 X 10~5M 59.3 — 

#2 1.105 X IO"5M 13.0 — 

#3 5. 525 X IO~6M 5.4 — 

#4 1.105 X IO~6M 1.2 ,— 

#5 5.525 X IO~5M + Cu (I) 79.7 1.885 x 10~5 

#6 1.105 X IO"5M + Cu (I) 34.6 2.115 x 10~5 

#7' 5.525 X 10~6M + Cu (I) 26.4 1.92 x 10~5 

#8 1.105 X 10"6M + Cu (I) 23.8 2.10 x 10-5 

pK° = 9 . 4 5 r  9.35, 9.43, 9.36 sp 
aTotal copper is the total of all copper-containing 

species in solution, Cu(I) is the Cu*-1- which is produced by 
the dissociation: C^dn^ — 2 Cu+1 + 2 dmp. 
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—5 C in solution is 2.00 x 10 M. To calculate the pK , the 
SP 

— +1 c [dmp ] is assumed to equal the ICu ], and thp pK = sp 
+1 2 -log [Cu ] . The average of the four values of the pKgp 

determined in Table 4.11 is 9.40 ± .05, This compares 

favorably with that determined by the method of Smith and 

McCurdy (.1952) , namely, 9.25. 

Molecular Fluorescence 
Analysis of C^^mp^ 

Molecular fluorescence measurements may also be 

utilized in the determination of the K . Due to the two sp 

methoxy groups on the phosphorus atom which can delocalize 

ir electrons, the dmp in solution is expected to promote 

fluorescence. 

In order to calculate the K of Cu„dmp0, it is sp z z 

necessary to assume that the difference in the relative 

intensity, upon addition of cuprous complex, is due solely 

to an increase in the concentration of dmp . This increase 

- +1 in dmp is equal to the concentration of Cu due to the 

stoichiometry of the chelate. Taking into account the 

common ion effect, the K is equal to: sp 

 ̂ x ICnt1' (4-22) 

Standards for the analysis were prepared by taking 

NH^dmp (Aldrich Chemical Company), recrystallizing the 

ligand in ethyl acetate, and then drying in a vacuum 

dessicator. The NH^dmp was then diluted to one liter using 
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distilled, deionized water. No supporting electrolyte was 

added to the solution because of the quenching effect 

caused by all the common anions (NO^, Cl~, and Br~). 

In order to determine [dmp~], a method of standard 

additions was used. CUjdmpg was added to a known concentra

tion of dmp", the solution was allowed to equilibrate for 

three hours, and then it was filtered twice. This insured 

that there was no loss of emission intensity due to 

scattering. 

A Perkin-Elmer 204-A Fluorescence Spectrophotometer 

was used to measure the relative intensity. The excitation 

wavelength for the measurements was 384 nm. The fluores

cence readings were measured in a one cm quartz cell at the 

resonant emission wavelength of 385 nm. 

The results of the experiment are in Table 4.12. 

The analysis yielded an average value of pK^p = 8.91 ± .09. 

The fluorescence measurements indicate that the pKC is c sp 

lower than that obtained using atomic absorption (9.40) or 

the spectrophotometrie determination of copper(I) (9.25). 

The reason for this is ascribed to the fact that [dmp~] is 

being measured, and that fluorescence measurements are 

quite sensitive to the presence of trace quantities of 

impurities. The results, however, agree within a half 

ordei of magnitude and predict a free copper concentration 
-5 in the range 2.0-3.5 x 10 M. 



Table 4.12. Molecular Fluorescence 
of Cu2dmp2 

Measurements for the Determination of the K__ sp 

Sample [dmp~Ja 
Relative 
Intensity dmp* x 105 Ta«,p x 105 

#1 1.123 x 10~6M 8.3 .112 

#2 5.615 x 10-6M 16.0 .562 

#3 1.123 x 10"5M 22.9 1.123 

#4 5.615 x 10"5M 80.9 5.615 

#5 1.123 x 10"6M + dmp* 54.9 3.49 3.60 

#6 5.615 x 10~6M + dmp* 61.2 3.53 4.09 

#7 dmp* 49.4 3.17 3.17 

pK® = 8.90, 8.84, 9.00 
sp 

aIdmpT"] is the total dimethyldithiophosphate in solution. Dmp* is the 
Idmp**J which is produced by the dissociation: Ĉ dnq̂  = 2 Cu+1 + 2 dmp̂ . 



148 

Conclusions and Suggestions for 
Future Work 

The results of experimentation have verified that 

the value of the pK of bis (0,0' -diethyldithiophosphato) 

copper(II) (15.85) determined by Kakovsky (1957) is correct. 

The addition of NH^(dtp) to a solution of CufNOgJj results 

in the formation of a 1:2 (metal:ligand) complex which can 

be monitored by a potentiometric titration. The Cufdtp^ 

may dissociate to form Cu(dtp) and the bis(diethoxy-

phosphorothiono) disulphide. This reaction would be 

analogous to that of Cufdmp^* In the formation of Cu(dtp>2 

it seems apparent that at one time the 1:2 complex does 

form. The dissociation of the Cufdtp^ could be monitored 

by using electron spectroscopy for chemical analysis—the 

appearance of a copper(I) peak verifying the subsequent 

dissociation. Notwithstanding, the potentiometric deter

mination provides strong evidence for the formation of the 

1:2 complex with a pKsp =15.20. 

As far as the synthesis of Cufdmp^ is concerned, 

the change in alkyl group from the ethyl to the methyl has 

reduced the probability of formation of the 1:2 complex. 

The Cu(dmp)2 does form if NHg(dmp) is added to an excess of 

CufNOg^* The stability of the species is tenuous, but 

the formation of a brown oil does seem to indicate the 

presence of a 1:2 complex. However, if Cu(N03)2 is added 

to an excess of NH^(dmp), then a yellow precipitate forms. 
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A reducing environment such as dissolved SO2 or excess dmp~ 

seems to promote formation of the copper(I) complex. 

The chemical evidence seems to suggest that Cu(dmp) 

is more correctly formulated as the dimer with a pKgp of 

9.40. A comparison of the dimethyldithiophosphate with the 

diethyldithiophosphate solubility is difficult since they 

are not homologues. 

(0,0'-Diisopropyldithiophosphato)copper(I) forms a 

tetramer in solution (Lawton, Rohrbaugh, and Kokotailo, 

1972). This behavior is completely different from that of 

the other copper chelates. There appears to be no rationale 

for the polymerization which occurs. The characterization 

of this compound might chield information on the influence 

of the alkyl group in the polymerization of the copper 

dithiophosphates. 



APPENDIX A 

NORMAL COORDINATE ANALYSIS OF Ni(dmp)_ 
FLOW DIAGRAM 
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MODEL Choose a molecular model. 

Assign the bond lengths and 
bond angles to the internal 
coordinates, INPUT 

INPUT 

G-MATRIX (A kinetic energy matrix 
describing all the possible inter
actions between the internal co
ordinates) . 

A-MATRICES 

G MATRIX 
SUBROUTINE 

GMAT 

UGU 

U-MATRIX (An orthonormal matrix used 
to factor the G-MATRIX and block the 
rows and columns into smaller 
matrices). 

UMATRIX 



INPUT 

Assigned bond lengths, 
bond angles, and U-MATRIX. 

\ f 

PROGRAM 

MATRIX 

\ / 

OUTPUT/ 

MATRIX computes the co
efficients of each of the 
force constants for each 
element f^j of the matrix. 

F-MATRIX (A potential energy 
matrix describing the 
stretching, bending, and 
repulsive force constants). 

FORCE 
CONSTANTS 

CDC 6400 

AMATRCES 

HOUSEHOLDER PROGRAM 
This program evaluates 
secular equation, 

|GF-EV| = 0. 

The A-MATRICES are transformed from 
the G—MATRIX. They are placed in 
the data file. 
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OUTPUT 

NO 

New set of 
force constants 

INPUT 

CDC 6400 

<^DK 

YES 

JL 

SPLAY 

The output is the 
predicted infrared 
frequencies of the 
molecule. 

Are the frequencies 
within a few per cent 
of the experimental 
values? 

The values of the 
force constants of 
the molecule. 
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