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ABSTRACT 

I. 

Various studies designed to elucidate the electronic structure of 

the arsenic donor ligand, £-phenylenebisdimethylarsine (diarsine), have 

been carried out. The electronic spectrum of diarsine has been measured 

at 300 and 77°K. Electronic spectra of the molecular complexes of various 

substituted organoarsines and phosphines with tetracyanoethylene have been 

measured and used to estimate the relative ionizatio~ potentials of these 

molecules. 

Uv photolysis of arsines in frozen solution (96°K) has yielded 

thermally labile, para.magnetic products. These include the molecular 

cations of the photolyzed compounds. The species (diars)+ exhibits hyper

fine splitting due to two equivalent 75As(I=3/2) nuclei. Resonances due 

to secondary products are reported and assignments discussed. 

Evidence is presented for the involvement of d-orbitals in the 

bonding of arsines. + In ( diars) there is mixing of arsenic "lone-pair" 

orbitals with benzene ring ~-orbitals. 

II. 

Detailed electronic spectral measurements at 300 and 77°K have 

been carried out on five-coordinate complexes of low-spin nickel(II), 

including complexes of both trigonal bipyramidal (TBP) and squar e pyre.-
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midal (SPY) geometry. TBP complexes are of the form NiLX+ (X=halide or 

cyanide, 

or , Q = P, As, 

Q'=S,Se). 

The electronic spectra of these compounds exhibit a novel feature at low 

temperature. The first ligand field band, which is asymmetric in the 

room temperature solution spectrum, is considerably more symmetrical at 

77°K. This effect is interpreted in terms of changes in the structure 

of the complex. 

The SPY complexes are of the form Ni(diars)2 Xz (X=Cl,Br,I,CNS,CN, 

thiourea,N02 ,As). On the basis of the spectral results, the d-level 

ordering is concluded to be xy < xz,yz < z2 << x2 - y2. Central to this 

interpretation is identification of the symmetry-allowed 1 A1 -+ 1E (xz,yz 

-+ x2 - y2) transition . This assignment was facilitated by the low temp

erature measurements. 

An assignment of the charge-transfer spectra of the five-coordi

nate complexes is reported, and electronic spectral criteria for dis

tinguishing the two limiting geometries are discussed. 
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ELECTRONIC STRUCTURE OF SUBSTITUTED ARSINES 
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CHAPrER l 

INTRODUCTION--'l'HE NATURE OF PHOSPHINES AND ARSINES 

AND THEIR TRANSITION-METAL COMPLEXES 

Stable complexes of transition metal ions with ligands contain

ing the heavy donor atoms arsenic and phosphorus have been known for 

many years (l). More recently, extensive synthetic work has been 

carried out in these systems, and complexes of either phosphines or 

arsines are known with nearly all the transition metals (2). 

The behavior of arsenic and phosphorus donor ligands towards 

metal ions is rather different from that of the corresponding nitrogen 

donor ligands. In particular, while the tertiary amine ligands exhibit 

so-called "hard" base or "Class a" behavior, arsines and phosphines 

consistently behave as "soft" bases, or "Class b" electron donors (3,4). 

Arsenic and phosphorus donor ligands tend to stabilize four- and five

coordinate complexes, particularly in the d8 systems studied here, while 

complexes of nitrogen donor ligands are generally six-coordinate, in the 

absence of severe steric factors (5). Also, arsine and phosphine com

plexes tend to be low-spin, and amine complexes high spin (2). 

As is generally true, the stability of phosphine and arsine 

complexes increases dramatically when monodentate ligands are replaced 

with polydentate ligands. However, while polydentate primary and sec

ondary amine ligands readily ionize to form stable conjugated chelate 

systems with metal ions (e.g., di-imines and Schiff's base derivatives), 

the corresponding phosphine and arsine complexes have not been made, 
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presumably as a result of the aversion of second- and third-row ele-

ments to multiple bonding, particularly with first-row elements (6). 

It is also true that polydentate primary and secondary phosphines and 

arsines are exceedingly rare, presumably because of the necessity to 

have alkyl or aryl groups present for stability. 

Phosphines exhibit a strong trans-labilizing effect in the 

square planar complexes of platinum(II); amines are not trans-labi lizing 

(7). The extinction coefficients observed in the ligand field portion 

of electronic absorption spectra are much higher in arsine and phos-

phine complexes than in amine complexes, by a factor of anywhere from 

ten to one thousand (8,9). Concerning the ligand field strengths of 

ligands involving N, P, and As donor atoms, not much data are available. 

Chatt et al. (lO) report the spectrochemical series ordering P > N > As - -
for trans-PtL(piperidine) Xe complexes. They point out that the order-

ing is very likely sensitive to the nature of the metal ion, the rela-

tive ligand field strength of N increasing with increasing oxidation 

state of the metal. 

Much of the above description of properties is applicable to a 

comparison of complexes of oxygen donor ligands with those of sulfur-

and selenium-donors. It is of course true that many stable and inter-

esting sulfur-donor chelates have been prepared using bidentate, anionic 

sulfur ligands (11). Also, it appears that the spectrochemical series 

ordering for these donor atoms proceeds regular ly down the column, 

o > S >Se> Te (lo,11). 

Pearson (4) has SUillIIIB.rized the various factors contributing to 

hard vs. soft acid or base behavior. It appears that these factors are 
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important in the differences in behavior between the first-row donor 

(N,O) complexes and the heavy donor (P,As,S,Se) complexes. These fac

tors are (1) ionic vs. covalent bonding, (2) n-bonding, and (3) electron 

correlation effects. The first row (N,O) and non-first row (P,S,As,Se) 

elements being considered here exhibit marked differences in these cate

gories. First, because of the high charge density and large electro

negativity exhibited by the first-row elements (l2), the bonds which 

they form with metal ions are considerably more ionic in character than 

are those formed by the second-and third-row elements mentioned above. 

It is generally considered necessary for two atoms to be of similar 

electronegativities in order to fo:rm good covalent bonds (13). It is 

noted in passing that the concept of covalency is not well defined, and 

is used here in the conventional sense to describe t he extent of elec

tron delocalization (14). 

Both oxygen and nitrogen can function as n-donors , but not as 

n-acceptors. The second- and third-row elements possess low-lying, un

filled d-orbitals, Which can f'unction as n-acceptor orbitals . Finally, 

the greater polarizability (4) of the second- and third-row elements 

(implied by the lower electronegativity) leads to a lessened importance 

of interelectronic repulsions, and hence decreased spin-pairing energy . 

The kno"Wn preference of d8 metal complexes involving the heavy 

donor ligands for four- and five-coordinate structures is probably a 

function of all of these factors. The situation for out-of-plane n

bonding is improved for the square planar and square pyramidal geome

tries (15 ) . Also, the lessened interelectronic repulsions experienced 

with the second- and third-row donors will make less destabilizing the 
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electron-pairing which is necessary in the low-spin de four- and five

coordinate cases. Simple covalency in these compounds is probably also 

a factor in stabilizing the reduced coordination numbers. It is well

documented (16) that in the strongly covalent metal-carbonyl complexes, 

the stable structures e.re those which allow completion of the ":Lnert 

gas" electronic structure of eighteen valence electrons in five- and 

six-coordinate complexes. In the four-coordinate case, the stable elec

tronic structure appears to consist of sixteen valence elect rons. A ra

tionalization of this result has been proposed by Orgel (16) . It ap

pears, then, that the de complexes with heavy doIJDr ligands form four

and five-coordinate complexes in order to achieve the stable electronic 

valence shell configuration. The tendency toward high-spin complexes 

with the first-row donor atoms and low-spin complexes with non-first

row atoms is a result of the electron correlation effects described 

above . 

The intensity of the observed "d-d" bands in the electronic 

absorption spectrum of complexes involving heavy donor atoms has been 

explained in terms of the polarizability of the donor atoms or the mix

ing of ligand char acter in the molecular orbitals (MO's) derived from 

the metal d levels (17) . Such mixing is another way of expr essing the 

extent of covalent bonding . The intensity of "d-d" bands increases with 

the amount of ligand character of the two levels involved in the elec

tronic transition. The largest contribution to the int ensity of "d-d" 

bands comes from a one-center term involving ligand orbit als only, 

r ather than from the so-ca lled "charge-transfer," two- center t e rm in

volving ligand and metal orbitals (18). The strong involvement of 
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heavy-donor orbitals is due in part to the increase in energy of the 

ligand ~-donor orbitals in proceeding down in the periodic table. 

The apparently anomalous spectrochemical series ordering, 

P > N > As, has been explained (10) in terms of the n-acceptor ability 

of the phosphine ligand. The stabilization of the dn level in t he phos

phine complex is apparently greater than the corresponding stabilization 

of do* in passing from N to P, leading to the spectrochemical series 

ordering, P > N. 

The trans-labilizing effect observed in complexes of the phos

phines is understood to be due to the effects of covalent bonding (7). 

Studies of the kinetic trans-effect have led to considerable speculation 

about ~- and n-bonding contributions to this effect, and about the ex

tent of n-bonding in : phosphine and arsine complexes in general. One 

additional type of evidence often cited for n-bonding in metal-phosphine 

and arsine complexes is the reduction of the metal-phosphorus or arsenic 

bond distances in complexes below the sum of the covalent radii (19-21). 

More recently, the n-acceptor interpretation of phosphines and 

arsines has been challenged by Venanzi on the basis of his nuclear 

magnetic resonance (nmr) studies (22) on various complexes of tertiary 

phosphines with platinum(II) (PtXa(PRs)2,Pt~(PR3)2;R=OCH3,n-C~9). 

From values of the Pt-P coupling constants, he calculates the s-charac

ter in metal-ligand bonds of the cis- and trans-isomers of both the 

four- and six-coordinate complexes, and conclude s that the observed 

bonding characteristics of these complexes can be ade~uately explained 

without involving n-bonding. The problems of using nnu· data to inter 

pret the kinetic trans-effect have been discussed by Langford and Gray 
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(7), and it appears that other explanations of Venanzi's data may be 

possible. There is general agreement, however, that the ligand PF3 is 

a good ~-acceptor. Complexes involving PF3 show properties strikingly 

similar to the corresponding carbonyl complexes (23). The presence of 

the strongly electronegative fluorine atoms must contribute strongly to 

the electron acceptor ability of this molecule. 

The true picture of the bonding in these complexes will, of 

course, only be known 'When a complete description of their electronic 

structure can be given. A vitally important step in determining the 

electronic structure of a metal complex in which covalent bonding is of 

importance is the determination of the electronic structure of the 

ligand. If the full electronic structure of phosphine or arsine mole

cules were known, the ~- and ~-characteristics would follow at once. 

The traditional way in which electronic structures of ligands have been 

determined has been by carrying out molecular orbital calculations of 

various degrees of sophistication and interpreting t he results in con

junction with electronic band spectra and, more recently, photoelectron 

ionization studies (24). The molecular orbital scheme thus derived for 

the ligand has then been used, in conjunction with magnetic and elec

tronic spectral experimental results, in a semi-empirical molecular 

orbital (MO) calculation for the metal complex. At least one MO calcu

lation has been carried out on a substituted phosphine molecule (25). 

More recently, an alternative procedure has been developed, as 

a result of the growing realization that for complicated molecular sys

tems the semi-empirical calculations are of rather limited usefulness. 

This method is more experimentally based and has been applied in the 
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case of the square-planar halides and cyanides of the nickel triad (261 

the pentacyanothiocyanato complexes of cobalt(III) and iron(III) (27), 

and a five-coordinate nickel-phosphine complex (28). Rather than at-

tempt any calculation on the complicated phosphine and arsine systems 

being examined here, we shall limit this study to a consideration of 

the electronic structure based on experimental results and straightfor-

ward, qualitative energy arguments. 

On the basis of the known atomic orbital energies for phosphorus, 

arsenic, and carbon, and a purely qualitative MO picture, it is probable 

that for a tertiary aliphatic phosphine or arsine, the electronic struc-

ture may be crudely described in this way 

o* orbitals 

--------- P( 3d) ( nop.-bonding) 

---~1,...i---- P(n) (unshared pair) 

~-bonding orbitals 
(fully occupied) 

Because of the large energy separation between the highest occupied 

and lowest unoccupied orbitals in aliphatic phosphines and arsines, 

electronic spectra are of no help in estimating orbital separations. 

In the case of aryl derivatives of phosphines and arsines, electronic 

spectra are useful. A comparison of the spectrum of benzene with those 

of triphenylphosphine and triphenylarsine points up some important dif-

ferences Which are dependent upon the nature of the heteroatom (Table I). 
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Table I 

Electronic Spectra of Aromatic Arsines and Phosphines a 

CeHab (CeHs)sPc (CeHs)s.POC (CeHs)::,A.sc 

494140 
(7 00) 

44,545 
(2l1 4DO) 

4l,l50 39,2l5 
(84) (Sh l050) 

4o, 160 38,3l5 38,460 4D,325 
(l56) (ll,000) (l520) (l2,300) 

39,295 37,665 
(204) (l960) 

38,315 36,695 
(l44) (l620) 

a- -1 ( -1 -1) v cm. €,£.mole cm. . 
b From Ref. 29. 

cFrom Ref. 30 . 
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The electronic spectra of aryl-substituted compounds of the 

Group V elements have been studied in the past by a number of workers 

(30,31). Spectral data for the triaryl derivatives of the Group Vele

ments are collected in Table I. The crude MO scheme which might be 

constructed for the aryl phosphine differs from the alkyl phosphine 

picture already presented only in that there is now in addition a set 

of n-bonding MO's from the aromatic rings and a set of n-antibonding 

MO's. A point which has been open to considerable discussion is whether 

or not the non-bonding electron pair on the heteroatom is at all "con

jugated" with the aromatic ring n-orbitals. Cullen and Hochstrasser 

appear to have provided an answer to that question in some cases by a 

very elegant spectral study (32) which will be discussed later. 

The most striking difference between the spectrum of triphenyl

phosphine and that of triphenylphosphine oxide is that the latter is so 

similar to that of benzene, while the fonner is quite different. The 

broad band in the spectrum of triphenyl-Group V derivatives has been 

logically attributed to the presence of the unshared pair of electrons 

localized on the heteroatom (30). The electronic spectra of the penta

valent phosphorus and arsenic compounds are expected to be determined 

completely by the aromatic substituents, as all the P or As electrons 

are in this case accommodated in very stable, ~-bonding orbitals. Early 

work on the trivalent derivatives was interpreted in terms of a model 

involving strong mixing between the lone pair electrons of the hetero

atom and the aromatic system (30). This interpretation was based on 

the fact that no n -+ n* transitions of the type seen in the spectrum of 

benzene were observed in the triaryl-Group V derivatives. 
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However, by substituting aryl groups by trifluoromethyl groups, 

Cul len and Hochstrasser obtained spectra in which two separate absorp

tions were observed (32). The system at lower energy was identified 

with the n -+ n* transition of the aroma.tic ring, and the broad band at 

higher energy was assigned as an n -+ n* "charge-transfer" type absorp

tion. The assignment of the second band was based on two types of ob

served behavior. ~irst, a s the methyl groups in CeH5 As(CH3 ) 2 are sub

stituted by trifluorom.ethyl groups, the band is blue-shifted (moves to 

higher energy). This is readily understood in terms of stabilization 

of the arsenic lone pair by the electron-withdrawing trifluoro groups. 

Secondly, the position of the b and is solvent-dependent. The more polar 

the solvent, the more strongly is the band blue-shifted. This is stand

a r d behavior for a transition in which the ground state is considerably 

more polar than the excited state (33). Practically no difference in 

the n -+ n* absorption was observed with different substituents and 

solvents. The conclusion reached in this study was that the n-system 

and the unshared pair in the se arsines are essentially non-interacting. 

The same conclusion was inferred for the phosphine s and stibines on the 

basis of spectra which had been previously reported . The only f ully 

conjugated compound in this series was reported to be the aromatic 

amine, whose spectrum is rather different from the corresponding phos

phine, arsine, and sti bine (32). On this basis, then, one should not 

expect great differences in 1C-bonding between complexes of aliphatic 

and aromatic phosphines or arsines. It is worth noting that electronic 

spectral studies have revealed nothing concerning the role of arsenic 

or phosphorus d-orbitals in the electronic structure of these compounds. 
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As was mentioned earlier, the n -+ :Jr* transition occurs as the 

lowest energy absorption in the electronic spectra of these compounds. 

In view of a comparison of measured ionization potentials for 

(CeH5 ) 3 Q(Q=As,P), toluene, and other relevant comparison compollllds 

(see Table II), it appears that the ordering of the conventional, one

electron energy levels (€SCF) probably does not follow that of the spec

tral bands. This could be accounted for by large differences in inter

electronic repulsions in the two excited states. Data bearing on this 

point will be presented later. It is worth noting that Pearson and co

workers have reported discrepancies between the observed ordering of 

electronic spectral bands and ionization potentials for a series of 

tris(f'-diketonate) metal(III) complexes (37). Briefly, their ioniza

tion potential measurements show that the first ionization of the metal 

complexes originates from a ligand orbital, "While the lowest energy 

electronic absorption band is clearly a d-d band. 
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Table II 

Ionization Potentials 

Compound IP Method Reference 

toluene 8.82 eV Photo ionization 34 

2.-xylene 8.56 " II 

(CeHsbP 7.36 II 35 

(CeHs)sAs 7.34 II II 

(CHs)sAs 8.3 Electron impact a 36 

aValues of ionization potentials determined by electron impact 
tend to be higher than those determined by photoionization. 
For example, IP ~ 9.23 eV for toluene, as determined by the 
electron impact method (34). 
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CHAPTER 2 

ELECTRONIC SPECTRAL STUDIES OF SUBSTITUTED ARSINES 

Introduction 

In connection with studies on five-coordinate complexe s of low 

spin nickel(II) with various polydentate ligands containing heavy donor 

atoms, we have carried out a study of certain electronic structural 

properties of the ligand Q-phenylenebisdimethylarsine (diarsine). For 

the purpose of comparison, we have carried out parallel studies on two 

related and better-known compounds, triphenylarsine and triphenylphos

phine . This work has proceeded along two lines. In Chapter 3, electron 

spin resonance studies of radicals p roduced from these compounds and 

other substituted arsines by uv-irradiation at low temperature are de

scribed. This chapter deals with electronic spectral studies of various 

types. The electronic spectrum of diarsine has been measured in solu

tion a t room temperature and 77°K, for comparison with previously re

ported (30) spectral results on triphenylarsine and triphenylphosphine. 

Also, charge-transfer complexes involving these donor molecules and the 

well-known n-acceptor, tetracyanoethylene, have been prepared and the 

spectra measured) in order to estimate r elative values for the ioniza

tion potentials of the donor molecules. 

Experimental 

Compounds 

.Q-phenylenebisdim.ethylarsine (diars ine) was prepared and puri-
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fied by the method of Feltham (38a) (b.p. 102°-106°C.; 1 mm.), or ob

tained from City Chemical Company or Aldrich Chemical Company and used 

without further purification. The purity of the sample was checked by 

nmr and uv spectroscopy. The sample obtained from City Chemical Company 

was found to be decomposed after standing for several months. If re

frigerated and protected from oxygen, diarsine will not significantly 

decompose for many months. Triphenylarsine and triphenylphosphine were 

both reagent grade chemicals, obtained from Aldrich and Matheson, Cole

man, and Bell. Tetracyanoethylene was an Eastman Organic Chemicals 

white label reagent. All these samples were used without further puri

fication. 

Charge-Transfer Complexes 

The charge-transfer complexes of triphenylarsine or triphenyl

phosphine with tetracyanoethylene (TCNE) appear to be quite stable in 

solution, and were prepared by simply dissolving the two components to

gether in chloroform. Varying the proportion of TCNE to donor does not 

seem to affect the band positions, or the ratio of absorbance of the 

two bands exhibited by the charge-transfer complex. The charge-transfer 

complex of TCNE with diarsine is considerably less stable than the other 

two s tudied, but can be prepared and studied in the same way. The sta

bility of t he (diarsine ·TCNE) charge-transfer complex i s strongly sol

vent dependent. In chloroform., the blue color of the freshly prepared 

complex persists for over five minutes. In ethanol, the solution be

comes yellow immediately, due to the formation of the stable radical 

anion (TCNE)-. Carrying out the charge-transfer complex forming reac

tion in the absence of oxygen and light did not lead to noticeably 
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increased stability. At liquid nitrogen temperature, the equilibrium 

(l) is shifted far to the right, 

diars + TCNE (diars•TCNE) ( 1) 

and the complex appears to be stable for many hours. 

Spectral Measurements 

The ultraviolet absorption spectral measurements were made on a 

Cary 14RI spectrophotometer, using 1.00 cm. square cells of fused Supra-

sil. Measurement of spectra at 77°K. were carried out with a quartz 

Dewar which allowed complete immersion of the sample during the spectral 

measurement. Bubbling of the liquid nitrogen under operating condit ions 

was prevented by cooling to 75°K. under reduced pressure. 

Freshly prepared EPA (5 parts ethyl ether: 5 parts isopentane: 

2 parts ethanol) was used as solvent for the low temperature measure-

ments. The ethanol was anhydrous U.S.P.-N.F. grade (U.S. Industrial 

Chemical Co.), the ethyl ether anhydrous reagent grade (Mallinckrodt ) , 

and the 2-methylbutane spectroquality (Matheson, Coleman and Bell). 

Chloroform used in the spectral studies of the charge-transfer complexes 

was spectroquality (MCB). 

Results 

Spectral Measurements 

The electronic spectrum of diarsine shows a modest improvement 

in resolution i n the low temperature spectrum, but no drastic changes 

occur. The re sults of the spectral study are set out in Table III. The 

weak shoulders which appear on the low energy side of the main absorption 
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Table III 

a Electronic Absorption Spectrum of Diarsine. 

T "' 300°K T = 77°K 

35,000-40,000 (4oo-4ooo)b (WS) 35,160 (1280) 

(WS) 36,385 (2620) 

(WS) 37,398 (3630) 

(ws) 38,490 (4460) 

41,036 ( 9150) 

8-- -1 ( -1 -1) ( v cm. €,£.mole cm. • EPA solvent 515:2 mix-
ture of ethyl ether, isopentane, and ethanol). 

b Featureless, rising absorption. 
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in each spectrum are assigned as the n -+ JC* transition localized on the 

benzene ring. The main absorption appears as a band maximum for tri

phenylarsine and triphenylphosphine, and as a shoulder in the spectrum 

of diarsine. It is assigned as P or As(~)-+ C§((n*) transition. These 

assigmnents for (C6 H5 ) 3 Q(Q=As,P) have been given previously by Cullen 

and Hochstrasser (32) . The spectrum of diarsine is similar to that of 

(C6 Hs)sQ1 and is assigned in the same way. 

Charge-Transfer Complexes 

The spectra of the charge-transfer complexes of (CeH5 ) 3 Q with 

TCNE are pictured in Figure l. Comparing these spectra with the data 

in Table III for the spectrum of the donor molecules alone and Table IV 

for the spectrum of TCNE and (TCNE)- alone reveals that the electronic 

spectrum of each of these charge-transfer complexes contains two bands. 

The complete results of the study of the visible spectra of the charge

transfer complexes are given in Table V. 

The problem of the instability of the (diarsine·TCNE) complex 

has already been described. By 'WOrking rapidly and carrying out the 

measurement of the spectrum in sections, a reasonably reproducible spec

trum was obtained. It was also attempted to prepare the charge-transfer 

complex of diarsine with tetrachloro-R_-benzoquinone (chloranil). A 

charge-transfer complex is formed in this case. In fact, it appears 

that more than one species may be formed, depending on the concentration 

ratio of diarsine to chloranil. At high concentrations of chloranil, a 

blue complex appears, and at lower concentrations, a red form is present. 

These could be maintained at low temperature, but were not further 

studied, due to rather severe problems involved in finding a suitable 
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Figure 1. Electronic Spectra of Charge-Transfer Complexes in 
CHC13·1-[(CsHs)~s·TCNE]; 2-[(CsHs)sP·TCNE]. 

~ 

30 
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Table IV 

Electronic Absorption Spectra of TCNE a and (TCNE)-

Species vma.x € 

(TCNE)- b 21,370 
-]. 

44oo cm. 

21,88o 5670 

22,470 6520 

22,990 7100 

23,530 7100 

24,o4o 6890 

24,570 6200 

25,125 5460 

25,64o 4660 

26,180 3810 

26,74o 3070 

27,320 244o 

TCNE > 35,000 cm. -l. 

aTCNE = tetracyanoethylene. 

b Acetonitr ile solution; from Ref. 38b. 
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Table V 

a Electronic Absorption Spectra of Molecular Complexes 

Donor Acceptor t.. -max v 

(CeHs)sN TCNE 866 nm u,545 cm. 
-]. 

415 24,095 

(CeHs)sP II 502 19,915 
374 26,750 

(CeHs)sAs If 530 18,885 
394 25,345 

[(C6 Hs)2AsCR2J-2 
II 532 18, 795 

4o2 24,875 

di arsine II 580 17,225 
428 23,390 

8Measured in CRCl3 solution, 300°K. 

A 

.86 

.86 

.43 
Sh .33 

.47 
• 76 

.55 
l.31 

.80 
Sh .32 
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solvent for measuring the spectrum at 77°K. It seems likely that a 

suitable solvent mixture could be found upon further investigation. 

It would be worthwhile to determine the nature of the complexes formed 

here. At room temperature, the initial color is gone in seconds. As 

with the diarsine-TCNE system, involved chemical reactions seem to ac

company the breakup of the charge-transfer complex, as is evidenced by 

the striking color changes, solids formed, etc. The diarsine-chloranil 

system in chloroform changes color and deposits colorless crystals 

within a few minutes. After a matter of hours a black solid separates 

from the deep purple solution which is formed. No speculation will be 

offered concerning the nature of these reactions, but it appears that 

the system could be the subject of rather extensive mechanistic studies. 

Detailed work has been carried out on the reactions of a similar system, 

chloranil and dimethylaniline (39). 

Diarsine does not form a charge-transfer complex with p-benzo

quinone. It was also attempted to prepare a complex of TCNE with tri

methylphosphine. However, charge-transfer appears to occur at once, 

giving (TCNE)- and other, unknown products. 

Discussion 

Benesi and Hildebrand first presented physical evidence for 

the r elat ively weak intermolecular interactions which lea d to the forma

tion of the so-called molecular complexes, or charge-transfer complexes 

(4o). They reported an absorption band in the spectrum of a solution 

of iodine in benzene which was characteristic of neither component. 

Since that time, a large number of complexe s between electr on donor (D) 

and electron accept or (A) mole~ules have been reported. A method for 



determining the formation constant KC and € for the complex has been 

reported (4o), and a quantum mechanical 

Kc 
D+A (D·A) (2) 

description of the ground state and charge-transfer excited state given 

(41). Two monographs and a review article have appeared which give a 

general review of the field (39,42-43). While a number of techniques 

have been applied to the study of the molecular complexes, the principal 

method for obtaining information about the electronic structure remains 

electronic absorption spectroscopy. 

In 1953, McConnell and coworkers pointed out the relation be-

tween the energy of the charge-transfer transition in the spectrum of 

the complex and the ionization potential of the donor molecule (44). 

They found that if the ionization potentials lie within a relatively 

small range (±. l-2 eV), this relation may be expressed as 

hvCT = ID + b • ( 3) 

The relationship has been seen to be obeyed by complexes involving tri-

nitrofluorenone, tetracyanoethylene, and iodine as acceptor, for a 

series of substituted benzene donor molecules (43). 

The work reported here on the molecular complexes of these ar-

sines and phosphine with TCNE could be extended to include a complete 

concentration- dependence study of the type carried out by Augdahl and 

coworkers on the charge transfer complex of iodine with triphenylarsine 

( 45) . This type of study would yield the values of KC ( eqn. 2) and € 

for the complexes (46). An important experimental result which can be 

obtained without such a study, however, is the relative ionization 
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potentials of the donor molecules, as determined by the position of the 

charge-transfer band. Examination of the data in Table V clearly indi

cates that the band position energy ordering is (CeH5 )sP > (C6 H5 )sAs > 
-1 

diarsine, with differences of least lOOO cm. in each case. Because 

the same acceptor is used for all the charge-transfer complexes, the 

band position energy ordering should vary in the same way as the ioniza-

tion potential of the donor, so that in terms of ionization potential, 

the ordering should then be (C6 H5 )sP > (C6 H5 )sAs > diarsine . This or-

dering is certainly in accord with a simple prediction based on the 

relative energies of arsenic and phosphorus lone pairs and the induc-

tive effects of aryl and alkyl groups on electron donor properties. 

Voigt and Reid have correlated the position of the charge-transfer ab-

sorption with the ionization potential of the donor for a number of 

molecular complexes involving TCNE as acceptor ( 47). This study used 

a number of substituted benzene molecules as donors. For this set of 

compounds, they report values of m = 0.83 and b = 4.42 for the parame-

ters of eqn. 3. They point out that similar compounds to those studied 

must be used if these values are going to be applied in eqn. 3 to esti-

mate ID. On the other hand, Hastings and coworkers (48) have reported 

a correlation between the energy of the charge-transfer transition and 

ionization potential of the donor which is reasonably linear for a wide 

variety of donors. These workers have prepared and studied molecular 

complexes of iodine with alkyl halides, alcohols, saturated hydrocarbons, 

ethers, olefins, aromatic hydrocarbons, and thioethers. It is perhaps 

worthcalculating values of ID for the compounds under study here, using 

the values of m and b determined by Voigt and Reid. This is not strict ly 
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correct because the charge transfer transition in this case originates 

on n orbitals. Using these values in equation 3, and the energy of 

the lowest energy charge-transfer band from the spectra in Table III, we 

obtain 

Compound 

( CeHs)sP 

(CaHs)sA-s 

diarsine 

,.., 
v 

19,916 

18,883 

17,226 

-J. cm. 

8.15 

7.90 

These values are within 1 eV of the values collected in Table II, which 

is reasonable, considering the assumptions made. The ordering of these 

ionization potentials is reliable. 

This ordering of ionization potentials results in the reverse 

ordering of the donor orbitals in the electronic structural scheme for 

the molecules, diarsine > (CaHs)sA-s > (CeH5 )sP. A comparison of these 

charge-transfer band positions with that of the (TCNE·toluene) complex 

(~ = 24,600 cm.-1
) indicates that the lowest energy band in the spec-max 

trum of the TCNE-arsine or phosphine complex must be due to charge trans-

fer from the unshared pair on the heteroatom, rather than f'rom "benzene" 

~-orbitals. On the basis of the relative energy positions of the hetero-

atom donor level in the phosphine and arsines, one might naively expect 

the position of the n --. 1t* transition in the spectrum of the phosphine 

or arsine alone to appear as the lowest energy band in the spectrum, 

and to vary in the order diarsine > (CaHs)sA-s > (CaH5 )sP. This transi-

tion has been assigned to the intense band in these spectra, which is 

not the lowest energy band, and the observed energy ordering is 
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(C8 H5 )sP < (CeH5 )sfi.s - diarsine. A conventional explanation of the ob-

served trend is based on interelectronic repulsion ef'fects . '.rheoe are 

so large that they are seen to be the dominant factor in determining 

band position orderings within the spectrum of each compound, reversing 

the ordering predicted on the basis of the one-electron energy levels 

(€SCF) . A qualitative electron repulsion argument indicates that the 

effect operates in the direction required to rationalize the anomalous 

ordering of the n-+ :rr* energies in (CeHs)sA.s > (CeHs)sP. 

It was noted that the electronic spectra of these charge-trans-

fer complexes exhibit two bands which do not appear in the spectrum of 

either of the components. A similar effect has been reported for 

charge-transfer complexes involving substituted benzene donor molecules 

(47). This effect was first interpreted by Orgel (50) as due to a 

splitting in the charge-transfer excited state which should appear be-

cause 0£ the lilting 0£ the degeneracy 0£ the "ground state" or ( ~xJ ~ 

species by the presence of the substituent(s). For the complexes 

under consideration here, it is probably more nearly correct to consider 

the two charge-transfer transitions as arising from charge transfer 

processes originating from two types of donor orbitals. The lower en-

ergy band originates in the arsenic or phosphorus lone pair o rbital and 

the higher energy band in the highest filled aromatic ~-bonding orbital. 

The position of the charge transfer absorption in the TCNE-benzene com-

8 -1 4 6 -1 plex is 25, 00 cm. and in the toluene complex is 2 , 00 cm. , in 

quite reasonable agreement with the band positions recorded for the 

second band in the TCNE-arsines and phosphine complexes (see Tabl e V). 
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CH.APTER 3 

ELECTRON SPIN RESONANCE STUDIES OF uv-IRRADIATED 

SAMPIES OF SUBSTITUTED ARSINES 

Introduction 

Electron spin resonance (esr), electronic spectral, and polarog

raphic measurements on the transition metal-dithiolene complexes have 

led to the conclusion that the ease of electron-transfer processes in 

these systems is a result of the nature of the ligand system (11,51-53). 

In particular, it has been suggested that certain paramagnetic metal

dithiolene complexes (formally d7 ) are actually better described as com

posed of "oxidized radical ligands" complexed with diamagnetic (d8 ) metal 

ions (54). Some controversy over this characterization has given rise to 

a considerable amount of imaginative work (11,55). The conclusion of the 

matter appears to be that these highly delocalized systems can only be 

properly described in terms of molecular orbitals and to speak of the 

oxidation or reduction process as being localized exclusively on the 

metal ion or the ligands is an oversimplification (55). 

It has been known for almost twenty years now that the diarsine 

ligand forms a very stable, six-coordinate, nickel complex which, if de

scribed in the traditional fashion is a d7 , nickel(III) complex (56). The 

apparent similarity between the dithiolene ligands and diarsine has led 

to speculation that this complex is perhaps best described not as d7 

nickel(III)~ but as d8 nickel(II) coordinated to an oxidized radical 
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ligand system. The ionization potential of the donor atom is lower in 

diarsine than in the dithiolenes, and thus it was thought that there 

might be a greater contribution of ligand orbitals to certain MO's de-

rived from the metal d-orbitals in the diarsine complexes than in the 

dithiolenes. Detailed studies on the molecular and electronic structure 

of the dichlorobis-(diarsine)-nickel monocation have been carried out in 

these laboratories, including an X-ray structural determination (57) and 

single-crystal esr study (58). Because of the possibility of describing 

this complex as one in which the unpaired electron resides ma.inly in 

ligand orbitals, it was decided to attempt to generate and study the 

+ isolated "oxidized radical ligand," the radical cation ( diars) • A com-

parison of the esr spectrum of this species with that of the paramagnetic 

nickel complex was expected to aid in describing the electronic structure 

of the complex. It is also possible that information about (diars)+ 

might help to better understand the electronic structure of diarsine. 

It is apparent that any such extrapolations must be ma.de with great care. 

The production of radical ions from neutral molecules has been 

carried out using a number of techniques. The most widely applicable 

have been chemical redox processes (59), electrochemical methods (60), 

photolysis with ultraviolet or visible light (61) and x- or 7-irradiation 

(62). In view of the probable instability of (diars)+, it was decided 

to use a method which allows in situ production of the radica l at low 

temperature in a rigid matrix, namely uv photolysis. In order to explain 

the nature of the experiment and to anticipate certain results, the well

studied case of the radical cation of N,N,N',N ' -tetramethyl-p-phenylene-

diamine (TMPD), Wurster's blue ion (WB) is described below. 
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N(CH3)2 
@ 

¢ 
N(CH3)2 

(WB) 

This species (WB) has been known for many years. It exhibits 

great stability, persisting in aqueous solution for long periods of time. 

It was first prepared by chemical oxidation using bromine (59), and has 

since been generated using a large number of standard physical techniques. 

Lewis and Lipkin include WB as a calibration compound in their classic 

paper on 11photooxidation11 of substituted aryl amines (61). The electronic 

absorption spectrum of WB is well-established, and at 90°K in EPA consists 

of a structured band centered near 600 nm. Its esr spectrum has also been 

the subject of considerable study and the interpretation has been settled, 

after some initial confusion. Computer simulation analysis of the spec

N trum has yielded for the hyperfine splitting constants, A = 6.99 G., 

ACHs = 6.76 G., AH= 1.97 G. (63). This indicates that while the un-

paired spin is delocalized throughout the molecule, most of the time it 

i s on the -N(CH3 ) 2 group, as would be expected from electronegativity 

considerations. The ease of producing the TMPD cation correlates well 

with known results on charge-transfer complexes involving this molecule 

as donor. TMPD is generally regarded as the most powerful organic donor 

molecule known. The low ionization potential of the molecule is ref l ected 

in the extr emely low values recorded for the charge-transfer maxima when 
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combined withacceptors(TMPD·chloranil, AC-T = 953 nm; TMPD·TCNQ, AC-T 

1163 nm) (49). In view of the structural similarity of diarsine to 

TMPD, and the relatively low energy position of the charge-transfer band 

in (diarsine·TCNE), AC-T = 581 run, similarities in behavior between the 

two compounds are expected. In particular it was hoped that the rela-

tively low ionization potential of diarsine would allow the application 

+ of uv-photolysis to the problem of generating (diars) . 

The phenomenon of photoionization may at first glance seem to 

be in contradiction with the known ionization potentials of molecules. 

This problem has been discussed by Hamill and coworkers, who point out 

that while the ionization potential of N,N'-dimethyl-p-phenylenediamine 

(DMPD) is reasonably estimated to be 7.5 eV, it is quite possible to 

generate the cation of this molecule by uv-irradiation with photons of 

energy as low as 4 eV (64). While contribut ions from polarization energy 

of the ions and the electron affinity of the acceptor are important, 

bond breaking in the acceptor tends to cancel these and a sizable dis-

crepancy (l-2 eV) is still present . Apparently an important feature of 

the "photooxidation" is that the resulting positive and negative species 

are locked in a rather tight ion-pair by the rigid matrix. The stabili-

zation derived from this ion- pairing is regarded as sufficient to make 

up the appar ent energy deficit predicted on the basis of this crude 

model. 

The mechanism of the photooxidation has been the subject of ex-

periment and speculation, and is discussed by Meyer and Albrecht (65 ). 

They have studied the case of T.MPD in a frozen solution using 3-methyl-

pentane as solvent. Because the near-uv absorption spectrum of a solu-
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tion of the donor (D) in a solvent (A) may be attributed to the donor 

alone, it is apparent that the primary process in the photoionization is 

hv excitation of the donor, DA ---'-+' D*A • Their studies of the variation 
n n 

of quantum yield with wavelength indicate the coincidence of the onset 

of photooxidation with the onset of absorption for both TMPD and ~

phenylenediamine. They have also found when polarized light is used to 

carry out the photooxidation of TMPD1 the polarization corresponding to 

that exhibited by the lowest energy absorption band in TMPD is the most 

effective (65). Following excitation of the donor molecule, the energy 

barrier between this state and the charge transfer state is tunneled or 

surmounted, D*A -+ (D+,A -) to give the ion-pair which is stable in the 
n n 

rigid low-temperature matrix. It is apparent from studies involving 

electron acceptors as additives to solutions of donor molecules that this 

initial charge transfer process can be followed by further steps. One 

such process has been described by Hamill as "dissociative electron at-

tachment 11 
( 64). This is exhibited in solutions of an aromatic amine donor 

molecule (DMPD) and an electron acceptor molecule (CC~ or C6 H5 CH2Cl). 

The (D+,A"") ion pair, where A is now the added acceptor rather than the 

solvent, in this case rapidly falls apart to give more stable products. 

For example, C6 H5 CH2Cl<3 goes to CaH5 CH2· + c1E> innnediately. 

Further evidence that photoionization yields relatively fixed 

ion clusters is given by the observed solvent dependence of the effici-

ency of photoionization as compared with that of ionization caused by 

high-energy radiation (x-,r-rays). Photoionization is best p1umoted by 

polar solvents, and r-ionization occurs most readily in nonpolar solvents 

( 62). The study of various defect or "color" centers produced in the 
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high-energy irradiation of materials of all types is a well-developed 

field (62,66). In this process, there is extensive delocalization of 

electrons or "holes" ejected from molecules on the incidence of high

energy radiation. The electrons are excited high into the continuum, and 

so can migrate freely throughout the material. The localized ion-pairs 

which must be present in photoionization are not formed in this case . 

Such a process should be favored by a nonpolar medium, in which there is 

not a strong field of charges which would tend to trap the migrating 

electrons or holes rapidly. In the case of photoionization where local

ized ion pairs are formed, these would obviously be more stabilized 

(higher polarization energy) in a polar medium. 

The main problem in studies of radical species produced by radia

tion damage, of either the high energy or ultraviolet type, is identifi

cation of the species produced. This is usually possible by a combina

tion of esr and electronic absorption spectroscopy, but very often am

biguities concerning the assignment of the spectra remain. Electronic 

structural results based on such studies must be considered less reliable 

than those using well-characterized compounds, because identification 

errors can easily be made. The way in which the identification process 

is ordinarily carried out is to examine the spectroscopic results ob

tained and try to match these with those expected for the molecular frag

ments and ions which could conceivably be produced from the start ing ma

terial. It would be well to examine some studies of this type which have 

been carried out. 

Experimental results have been obtained for a l arge number of 

radicals containing carbon, hydrogen, oxygen, and nitrogen (66,67) and 
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also for inorganic radicals produced by x-irradiation of crystalline ma

terials (68). There has also been some work done on compounds containing 

the heavy donor atoms sulfur and selenium. The sulfur and selenium radi

cals exhibit esr spectra which are rather different from those seen for 

simpler organic radicals. The spectra of the organic radicals are 

typically sharp, highly split patterns, with very small anistropy. The 

signals arising from the aliphatic sulfur-containing radicals are quite 

broad, do not show hyperfine splitting, and exhibit a rhombic g-tensor 

(gxx t gyy t gzz) in the powder or glass spectrum. An example of this 

type of behavior is the para.magnetic species produced by 7-irradiation 

of crystalline L-cystine hydrochloride. The product in this case is 

thought to be ( HOOC~-CH2S ·) , produced by cleavage of the disulfide 

bridge bond. The observed spectrum exhibits a rhombic g-tensor 

gi = 2.003, ~ = 2.025, g 3 = 2.053 (69). These g-values are very close 

to those obtained from x-irradiated single crystals of 3,3 1 -dithiopropion

ic acid. This esr spectrum exhibits gi = 2.003, ~ = 2.025, g 3 = 2.055, 

and is assigned to the fragment (HOOCC.If.aC.If.aS·), also produced by cleavage 

of the disulfide bond (70). This is the most likely radical which could 

give rise to a rhombic g-tensor. The known studies involving selenium 

radicals report an axially symmetric g-tensor. Ultraviolet irradiation 

of di~!!_-dodecylselenide yields a broad signal, g11 = 2.12, g1 = 2.08, at

tributed to (CH3 (CH2) 11Se) (7l). No explanation for the difference in g-

tensor symmetry between sulfur and selenium radicals has been given. 

There have been three esr studies of para.magnetic transition 

metal-arsine complexes in which hyperfine splitting due to 75As was re

ported. The case of (Ni(diars)2 cJ.:2+) has already been mentioned (57). 



The other examples are [CrClNO(diarshl + 1 for which ( AAs) = 37.5 G. 

(72), and VCl3[(C~9)2As-CH=CH2] , with (AA ) = 29 G. (73). X-irradi-n s 

ation of a single crystal of Na2As03 gives rise to a paramagnetic species 

identified as ·As0 3
2 -(C ). The esr spectrum reported exhibits very 
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large arsenic hyperfine splitting ( AAs ) = 619 G. The other relevant 

parameters are g!I' = 2.004, g1 =2.005, A= 725 G., B = 567 G. (74). 

y-irradiation of arsine and perdeutero-arsine at 4.2°K has permitted the 

identification of the esr spectrum of the arsenic atom (4s / ). A four
s 2 

line spectrum is observed, with (A ) = ll.2 g. (75). Theoretically, the 

S state atom is not expected to exhibit nuclear hyperfine splitting. 

The relatively small isotropic value observed is the result of the con-

figuration interaction with states of nonzero orbital angular momentum. 

y-irradiation of the corresponding phosphines yields the fragments PH.2 

and PD2 , as well as phosphorus and hydrogen atoms. The observed hyper-

fine splitting observed for P:ff.2, ( ~ ) "' 8o g., ( ~ ) 18 g., leads 

to the conclusion that the MO which contains the unpaired electron has 

< 2.2°% phosphorus s-orbital character, and the bonding orbitals have 

27% s-character. A calculation of the bond angle based on the s-electron 

spin-polarization for the proton hyperfine splitting yields a value of 

e = ll2° (75). This is considerably higher than the value of e = 92°27 1 

measured for PH3 (76). The authors conclude that this discrepancy is 

probably due to small d-orbital contributions in the bonding of PH.2 and 

PH3 , which are not taken into account in the calculation of bond angle 

from s-orbital character, and "Which could have an important effect on 

the bond angle. 
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Experimental 

Reagents 

Dimethyliodoarsine was prepared by the method of Burrows and 

Turner (77), and used without further purification. Bis(diphenylarsino) 

ethane was obtained from Strem Chemicals. All other reagents are the 

same as those which have been previously described. 

Sample Preparation 

Solutions have been mixed under nitrogen atmosphere and in air. 

The experimental results indicate no need for making up these samples 

under nitrogen. All solutions were thoroughly outgassed on an oil dif-

fusion-pumped vacuum system, using the conventional freeze-pump-thaw 

procedure a.nd sealing off the sample while pumping, during the third 

freeze cycle . The diffusion pump (Edwards Speedivac) normally attains a 

pressure of - lO-e mm. at the intake manifold (measured with a Penning 

cold cathode discharge gauge). Pressures in the sealed tubes (at 77°K) 
-5 are estimated to be ~ 10 mm. Each sample was sealed in a round, quartz 

esr tube (3 mm. I.D.), obtained from Varian Associates, Inc., to which 

was attached an T joint, by means of a quartz to pyrex graded seal. 

These tubes were prepared by the Glass Instrument Laboratory of the Divi-

sion of Chemistry and Chemical Engineering at Caltech. These quartz 

tubes, and the quartz Dewar described below, have been checked and show 

no esr signal, with or without uv-irradiation. 

Irradiation of Samples 

All samples were irradiated with a high pressure mercury-xenon 

source (Hanovia, 2.5 KW., compact arc) filtered through a 0.1 M. aqueous 



cobalt(II) chloride solution to remove visible and infrared radiation. 

The light used in the irradiations consists of a. broad band in the re

gion 210-450 nm, with maximum intensity in the range 300-400 run. The 

filtered light beam was collimated by a series of quartz lenses and 

focused on the sample, which was located in the center of the front com

partment of the ear cavity. A hole in the front of the cavity covered 

with a quartz faceplate allowed access of the light beam. Using this 

apparatus, irradiation may be carried out during the course of the esr 

experiment, or alternatively the beam may be blocked while the spectrum 

is recorded. 

Ear Measurements 

Esr measurements at X-band ( ..... 10 Gc)were carried out on a Varian 

V-4502 spectrometer system employing 100 Kc field modulation and a 9-

inch Varian electromagnet with Fieldial. This system was equipped with a 

V-4532 Dual Sample Cavity. Microwave frequencies were measured directly 

using a wave meter attached to one arm of the "Magic Tee" detection sys

tem. The magnetic field was calibrated by the measurement of a s t andard 

sample of diphenyldipicrylhydrazyl (Kand K Chemical Co.) in benzene 

placed in the rear compartment of the dual cavity assembly. This meas

urement was carried out simultaneously with every spectrum measured, by 

using low frequency (20-400 cps) modulation and detection. This instru

ment, and the uv-irradiation apparatus described above, are in the labor

atories of Prof. George S. Hammond of Caltech. Temperature control was 

achieved using the Varian V-4540 variable temperature controller . Cool

ing of the sample was effected by blowing a stream of pure nitrogen gas, 

"Which Yra.S first passed through a liquid nitrogen heat exchanger, through 
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a small quartz Dewar, -which sits in the esr cavity and holds the sample 

tube. Calibration of the temperature controller was carried out using 

a standard copper-constantan thermocouple and a Leeds and Northrup milli

volt potentiometer. The lowest temperature accessible under operating 

conditions was found to be 96°K. 

Results 

0-phenylenebisdimethylarsine (diarsine) 

The esr spectrum of a 0.1 M. frozen solution of diarsine in 

ethanol (T = 96°K) after uv-photolysis for 2:00 minutes (210 run< A< 

450 nm) is shown in Figure 2. Expanding the scale and examining the 

signal centered at g = 2.075 reveals seven overlapping hyperfine lines, 

( A ) = ll. 5 G., superimposed on the signal. This is pictured in Figure 

3. Tb.is experiment has also been done using methylcyclohexane, MP (3:2 

isopentane/methylcyclohexane), and 6:5 ethanol/methanol as solvent, 

and with diarsine neat. The solvent dependence of the observed spectrum 

has provided a useful way to distinguish between signals arising from 

different species. The highly split pattern of narrow lines centered at 

g = 2.00 is found to be strongly dependent on solvent, while the appear

ance of the rest of the spectrum is not. It is concluded that the radi

cals which give the highly split pattern must be produced from the sol

vent. The isotropic appearance of these signals, the narrow linewidth, 

and the proton hyperfine splitting observed is quite consistent with this 

interpretation. The band shapes are typical for radicals containing only 

carbon, hydrogen, and oxygen. The remaining signals are rather broad 

and exhibit g-values quite different from 2.00. This is as expected for 
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Figure 2. Esr spectrum of' uv-irradiated 
diarsine in ethanol (96°K). 
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Figure 3. Esr Spectrum of (diars)+ (expanded scale) . 



4o 

radicals containing arsenic, with its quadrupole moment and anisotropic 

charge distribution. 

The presence of more than one kind of radical is cons istent with 

expectation. Recalling the mechanism proposed for the photooxidation 

process, (A,D) ~ (A-,D+), we note that it is required that two radical 

species be formed by this process. The initially formed (A)- may rapidly 

proceed to (B·) + ( C)- in the process known as "dissociative electron 

attachment." This process apparently occurs here, for the proton hyper-

fine splitting pattern observed ~ g = 2.00 is never consistent with that 

expected for (Solvent)-. The question of whether the solvent really acts 

as donor or acceptor will be discussed in some detail later. A particu-

larly revealing experiment is the uv-irradiation of diarsine neat at 

96°K. Diarsine is a liquid and forms a relatively clear glass at liquid 

nitrogen temperature. The portion of the esr spectrum near g = 2.00, in 

which solvent radicals generally appear, exhibits the four-line spectrum 
I 

characteristic of methyl radical. Smaller and Matheson report ~ = 27 G. 

for CH3 in solid methane (20°K) and ~ = 25 G. for uv-irradiated (CH3 )2Hg 

(77°K) (78). We measure ~ = 25.1 G. in this case (96°K) . There is only 

one possible source of methyl radical in this one-component system. One 

might have expected this experiment to give (diars)+ and (diars)- alone. 

+ That it does not leads to the following conclusion: either (diars) or 

(diars )- is unstable under these conditions and falls apart at once to 

give methyl radical plus a diamagnetic ion. The possibility of produc-

tion of methyl radical by bond scission is ruled out because methyl rad-

ical i s not observed when diarsine is irradiated in ethanol or in the 

methanol-ethanol mixture. The stability of divalent arsine anions of 
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the form (~As)- is well known (79). These species are isolable as 

alkali metal salts and are very important reaction intermediates in 

preparative arsine chemistry, including the preparation of diarsine 

itself (38). This fact leads us to predict that the stable diamagnetic 

ion produced is an anion. A possible mechanism for the process is the 

following: 

2 dis.rs ~ (dis.rs)+ + (dis.rs)-

CHs + 

If the radical anion is unstable, as depicted in this mechanism, the 

stable radical yielding the seven-line signal must be (dis.rs)+. The 

similarity of the esr of the arsine radical region in all the solvents 

used indicates that (dis.rs)+ must be present in all the cases. If this 

is so, diarsine acts as the donor molecule and the solvent as the ac-

ceptor in these cases also. 

In ethanol, the solvent radical exhibits a regular five-line 

pattern (8R = 24.5 G.), with each line showing incipient further split-

ting to a doublet. A quintet has been observed in the esr spectrum of' 

]-irradiated ethanol (81! = 22.3 G.), and assigned to the radical 

CHsSHOH (78). We assign the quintet observed here in the same way. In 

some cases, the ethanol solution seems to exhibit a triplet instead of 

a quintet. Closer examination reveals the outer lines of the quintet, 

with ~ = 23.5 G. Further evidence for these assignments is provided by 
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our observation that each of the quintet lines shows incipient further 

splitting to a doublet (81!, = 4-6 G.), which is presumably due to the 

hydroxyl proton. 

In methylcyclohexane, the solvent radical region is extremely 

complicated, and it appears that more than one radical is produced. In 

the mixed solvent MP (3 parts isopentane/2 parts methylcyclohexane), 

however, it is clear that one species, methyl radical, dominates. That 

this is the case illustrates an interesting point concerning the photo

induced electron transfer process, namely that all possible electron 

transfer processes need not occur, only the most favorable. It is ap

parently more favorable to transfer the electron to isopentane and to 

produce methyl radical plus the anion from isopentane than to transfer 

the electron to methylcyclohexane and proceed from there. Otherwise, 

one would expect to observe radicals from both compounds, in proportion 

to the composition of the solvent mixture. Production of methyl radical 

is in all likelihood accompanied by production of the secondary carban

ion (CH3g!CH2CH3)-. 

Except for the region near g = 2.00, the esr spectrum of diarsine 

irradiated at 96°K is solvent-independent. The spectrum in ethanol i s 

displayed in Fig. 2 1 and the positions, line shapes, and r elative peak 

heights are listed in Table VI. The spectrum is rather complicated, and 

it seems unlikely that all the signals present arise from one species. 

An unusual feature of the spectrum is the shape of a number of the lines, 

which are not full derivative curves, but appear as only minima or 

maxima. This lineshape is characteristic of the overlapped spectrum 

produced by identical radicals in dif'ferent orientation, which resonate 



Table VI 

Esr Data on uv-Irradiated Arsines 

Diarsine 

(A) Signals Assigned to Molecular Radical Cation (g-values) 

2.079 2.078 2.075 2.076 
2.074 2.072 2.041 
2.063 2.063 

(B) Other Signals Observed 

2.222 2.223 2.228 2.218 
2.l04 weak 2.104 weak 2.l27 weak (2 . 152) 
2.038 2.039 2 .041 
1.933 1.937 i.934 1 . 942 
1.816 1.818 1.814 1.812 
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at different values of the magnetic field (H). Such an effect occurs 

when the g-tensor is anistropic, and is commonly observed for paramag-

netic transition metal complexes (80). An alternative explanation i s 

that these lines correspond to the outermost components of the hyperfine 

splitting of a signal split by the 75As (1=3/2) nuclear spin. If the 

linewidths and splittings are of the correct size, a lineshape such as 

this might be obtained. Tb.is explanation is perhaps more attractive 

since it does not require the assignment of distinct g-values as far 

removed from the free-electron value as 2.22 and 1.83 to arsenic radi-

cals. It is unfortunate that the species which give rise to this esr 

spectrum are unstable in liquid solution, because observation of the 

isotropic solution spectrum would distinguish between these alternatives. 

The seven-line splitting of the most intense signal indicates 

the presence of two arsenic atoms (I=3/2+3/2; 2I+I=7) in the radical 

corresponding to this signal. Evidence has been presented in favor of 

+ a ssigning this species as (diars) . There is additional supporting evi -

+ dence which indicates that (diars) should be formed. The main point of 

this evidence is that arsines are strong electron donors, and that t he 

initial charge-transfer process should be the transfer of an elect r on 

from the arsine to some acceptor. First, the ionizat ion potentials of 

(CH3 )sAs and (C6H5 )sAs are 8.3 and 7.3 eV respectively (31), while tho se 

for l-propanol, ~-octane, 2,3-dimethylbutane, cyclohexane, and ethyl 

ether all lie between 10 and ll eV (62). Also, arsines function as 

donors in charge-transfer complexes such as those described in Chapter 2 . 

Finally, photoionization experiments described below show t hat the elec-

tron:-transfer takes place much more readily for diarsine and triphenyl-



arsine than for triphenylphosphine. This is in agreement with expecta-

tion if the arsine and phosphine function as electron donors, because 

the ionization potentials of diarsine and triphenylarsine are lower than 

that of triphenylphosphine. This ionization potential ordering is based 

on the study of molecular complexes reported in Chapter 2. One might 

suppose that the arsine could function as an electron acceptor as well 

as a donor. However, mixing of triphenylarsine with the powerful donor 

TMPD produces no charge-transfer complex, indicating that the arsine is 

not a good acceptor. Thus in all likelihood the strong signal with the 

+ seven hyperfine lines is due to (diars) and not (diars)-. 

Because of the complexity of the observed esr spectrum, attempts 

were ma.de to separate signals suspected of arising from different 

species. The solvent dependence of the region - g = 2.00 showed that 

the radicals in this region came from the solvent. Attempts to separate 

any of the other signals in the spectrum from one another did not meet 

with success. Under all the varying conditions tested, the relative 

intensities of the important signals (as measured by peak height) were 

not changed. The length of irradiation time was varied from 10 seconds 

to 1 hour, the light beam was filtered through different solutions to 

vary the wavelength of the incident radiation, the sample was warmed to 

partially destroy the radical species, and the spectrum always changed 

uniformly. It was not possible to destroy one signal and maintain others. 

The various signals all behaved as if they corresponded to the same 

species . Because the spectrum is independent of irradiation time, it 

seems unlikely that there is present both a radical decomposition product 

of (diars)+, and (diars)+ itself. If this were the case, one would 
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expect the proportion of the decomposition product to increase with ir-

radiation time. Another process which may occur is bond scission. The 

arsenic-carbon bond is not very strong (D=51-61 kcal./mole) (31), and 

scission of the more stable carbon-nitrogen bond in some aroma.tic 

amines has been proposed to account for some observed photolytic re-

sults (81). Cleavage of one of the phenyl-arsenic bonds in diarsine 

would give rise to two radicals, each containing one arsenic atom, 

either of which might react fUrther with the solvent, 

0 I As(CH3)2 

(I) (II) 

A way of testing to see whether this process occurs might be to try to 

produce (II) alone by photolyzing [(CH3 ) 2Ast2 in frozen solution and ob-

serving the esr spectrum. For the As-As bond, D = 38 kcal./mole (31). 

Results obtained with other substituted arsines are important in the as-

signrnent of the esr spectrum of uv-irradiated diarsine, and are discussed 

below. 

Triphenylarsine 

The esr spectrum of a uv-irradiated sample of triphenylarsine in 

ethanol is shown in Figure 4. The gross f eatures of the spectrum are 

remarkably similar to those observed for diarsine. The positions of all 

the corresponding maxima and minima, and of the main arsenic radical sig-

nal are all nearly identical in the two cases. The appearance of the 

main signal (g ~ 2.07), however, is different. There is no seven- line 
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hyperfine splitting; in fact there appears to be no hyperfine splitting 

at all. This signal is shown on a more expanded scale in Figure 5. The 

shape of the signal looks like a typical three g-value pattern, with 

perhaps some unresolved arsenic hyperfine lending further asymmetry to 

the shape (82). It is very interesting that the rest of the spectrum 

looks so similar to that of diarsine. The fact that the region around 

g = 2.07 is rather di:fferent in the two cases, both in the hyperfine 

and in the symmetry of g seems to indicate that this signal is in each 

case due to the respective molecular cations. The similarity of the 

rest of the spectrum leads one to believe that there is a common product 

in the two cases. It is difficult to surmise what this "common product" 

might be. However, it is not unlikely that the two arsenic radicals 

(CH3 ) 2 As• and (CeH5 ) 2 As· should have similar esr spectra. These might 

be expected to show sizable arsenic hyperfine splitting, by analogy with 

PH2 ( ( ~ ) = 80 G. ) ( 75 ) • 

It would obviously be of considerable help to have the esr spec

tra of these samples measured at a different magnetic field strength, in 

order to separate contributions from the electron-nuclear hyperfine in

teraction and the anistropy in the g-tensors. This experiment has been 

attempted, using the Varian K-band spectrometer. Satisfactory results 

have not been obtained however, due to technical diffi culties. Part of 

the problem may be that it is necessary to carry out the irradiation ex

ternally and then rapidly transfer the sample into the sample cavity 

without thawing. A signal is obtained, but the level is too close to 

the noise level of the instrument to be of use. 

The usual technique used to promote photooxidation is to carry 
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out the irradiation in a solution containing an electron acceptor (64), 

or in a medium which is itself a strong acceptor, such as concentrated 

sulfuric acid (83). Typical acceptor molecules often added to solutions 

for this purpose are carbon tetrachloride, benzyl chloride, benzoquinone, 

etc. All experiments using electron acceptors in solutions of these 

arsines have failed to give any of the no:nna.l arsine radical signals. 

Diarsine in sulfuric acid, or in solutions containing carbon tetrachlor-

ide, and triphenylarsine in ethanol with carbon tetrachloride or E-benzo-

quinone all give rise exclusively to signs.ls in the vicinity of g = 2.00. 

The appearance of the signal observed with CC~ is quite similar to that 

obtained on warming the ordinary irradiated sample of diarsine enough 

to permit disappearance of the arsine radical signals. 

A similar experiment was attempted beginning with the (diarsine· 

TCNE) charge-transfer complex in frozen solution . The electronic excita-

tion which gives rise to the intense band in the spectrum of the molec

ular complex is described as a "charge-transfer" excitation, (A·D) ....!l4 
( - +)* A ,D • For thi s reason, it was decided to irradiate the (diarsine• 

TCNE) complex with light of the same frequency as the charge-transfer 

transition in an attempt to produce the (diars+,TCNE-) ion pai r. Irra-

diation at this wavelength (- 500-700 nm) was found to give rise to no 

radical of any kind. Uv-irradiation generated the spectrum of (TCNE)-

only. The same results were obtained using the (diarsine·chloranil) 

molecular complex. 

From the experiments with charge-transfer complexe s , it is clear 

that charge-transfer from diarsine to the electron acceptor does occur. 

This is also true when CC~ is used as the acceptor. In that case, no 
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signal appears on irradiation unless the arsine is added. The fact that 

no signals from ars ine radicals are seen in these spectra must indicate 

that (diars)+ and the other radicals produced react further with the 

electron acceptor, or radicals produced from it, to yield diamagnetic 

products . Another possible explanation is that the electron acceptor 

radical exhibits such an intense resonance that all ot her signals are 

simply buried. Because no signals from arsine radicals are observed, 

it might be concluded that diarsine does not act as an electron donor. 

The classical test for photooxidation is to add an acceptor to the sample 

and see whether the yield of radical cation increases . However, it 

seems Quite likely that the cation radicals of the arsines are consider

ably more reactive than the amine radical cations on which the original 

work using electron acceptors was carried out. We conclude that the 

radical cation does fonn, that photooxidation of the arsine does occur. 

Bis(diphenylarsino)ethane 

The positions and shapes of all signals in the esr spectr'l.Ull. of 

this compound irradiated at 96°K in a 1:1 ethanol/toluene glass (Figure 

6) are virtually indistinguishable from those of triphenylarsine (Figure 

5). The only difference between the two cases is the ratio of peak 

heights of the two signals presumed to arise from different species. 

The signal at g = 2.07, corresponding to the molecular cat ion, and that 

at g = 2.22, corresponding to one component of the spectrum of ~As. 

Complete results on this compound are listed in Tables VI and VII. 

Dimethyliodoarsine 

The esr spectrum of an ethanol solution of this compound uv-
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Table VII 

Peak Height Ratios 

Compound 

(CeHs)sAs 

[ ( CeHs) 2AsCH2f2 

~s(CH3)a 

~s(CH2)2 

(CH2)2AsI 

Peak ht. (g=2.075)/ 
Peak ht. (g=2.22) 

15.6 

l0.5 

2.85 



irradiated at 96°K is pictured in Figure 7. The general features of 

the spectrum are the same as in all the other cases. The lines are 

considerably broadened here, and the peak height ratio represents an 

extreme. The peak height ratio data are set forth in Table VII, and 

provide evidence for the assignment presented above which identifies 

the signals at very high and low fields (including g = 2.22) with the 

fragment (ReAs). The ratio peak ht. g = 2.07/peak ht. g = 2.22 should 

increase with increasing stability of the molecular radical cation, and 

with increasing bond energy of the weakest bond to As. The stability 

of the radical cation is expected to increase with increasing phenyl

substitution. The As-I bond energy is low (D=49 kcal./mole) (31), and 

one expects extensive production of (CH3 ) 2 As in the case of (CH3 ) 2 AsI. 

These expectations are borne out by the data in Table VII, in quite 

dramatic fashion. The proportion of molecular cation is greatest for 

triphenylarsine and least for dimethyliodoarsine, decreasing down the 

series by factors of two. While the peak height of the first derivative 

of the absorption s ignal is not strictly a measure of concentration, it 

suffi ces for this rather crude comparison. 

Triphenylphosphine 

Uv-irradiation of a solution of triphenylphosphine in ethanol at 

96°K results in the slow appearance of the typical ethanol radical e sr 

signal of five sharp lines. No other signal can be detected. The ap

pearance of the five-line spectrum indicates that electron transfer 

must be occurring. Irradiation of ethanol a lone gives a weak, asymmet

ric, one-line esr signal after very long irradiation times. It i s clear 

that electron transfer involving the solvent is necessary to produce the 
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five-line spectrum. + One expects to see a doublet from [(C8H5)~] , but 

none is observed. Most likely the signal is centered near g = 2.00 and 

is therefore buried under the signal from the solvent radical. 

It was mentioned earlier that the original intent of this study 

+ was to compare the esr spectrum of (diars) with that obtained for the 

para.magnetic Ni( diars)2 Cl.2 +. When it was found that diarsine can ap-

parently be photooxidized readily, efforts were made to photooxidize the 

five-coordinate d8 complex, Ni(diars)2 Cl+. This compound is very readily 

oxidized chemically (56). Uv-irradiation of a solution of Ni(diars)2Cl+ 

in ethanol at 98°K does not bring about oxidation. These solutions are 

usualJ.ycontaminated with a small amount of paramagnetic Ni(diars)2Cl2 + 

impurity, and the uv-irradiation brings about both a decrease in the esr 

signal due to this species, and appearance of the five-line ethanol radi-

cal spectrum. Thawing and mixing the solution, followed by remeasuring 

the spectrum at low temperature, shovs a substantial decrease in the 

concentration of Ni(diars)2Cl2+. The ethanol radical spectrum is also 

gone, of course. There is still another known oxidation state of the 

[Ni(diars)Xe]+ complex, Ni(diars)2 Xe2 +, produced by ox idizing the 

Ni(diars)2Xe+ complex. This complex, formally nickel(IV), has an in-

tense blue color (84). In orde r to determine whether reduct ion or o x i

dation of Ni(diars)2Cl2+ occurs on uv-irradiation, a solution of 

Ni(diars)2Cl2+ was irradiated at 96°K in the esr cavity. The ora.;-ige 

color of the irradiated spot indicates that phot oreduction to Ni(diars )2 Cl+ 

i s occurring. The charge-transfer proces s which occurs i n thi s case must 
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then be 

+ + (C2HsOH) - CH3CHOH + H 

It is interesting that the same stable radical is produced from ethanol 

+ independent of whether the initial charge-transfer product is (C2H5 0H) 

or (C2H50H)-. The mode of decomposition of these ions is expected to 

be determined by the stability of the products, and the secondary 

radical proposed is probably considerably more stable than the other 

possibilities. 

Discussion 

It would perhaps be of value to summarize briefly the proposed 

assignment of the esr spectra. In the spectrum of uv-irradiated diar-

sine, we assign the strong signal at g = 2.075, with the seven hyper-

fine lines, and the shoulder on the high-field side of this signal, to 

the species (diars)+. This species seems to exhibit an axially symmetric 

g-tensor. The highly split pattern around g = 2.00 is assigned to one or 

more of the solvent radicals previously described. The other s i gnals 

listed in Table VI are assigned to an arsenic-containing fragment, prob

ably (CH3 ) 2As. The spectra of the other uv-irradiated arsines are as-

signed in the same way. The only differences are, first, that 

[(CeHs)2AsCH2t,; and [(CeHs)sA.s]+ appear to exhibit rhombic, rather than 

axially symmetric g-tensors, and second, that the other signals arising 

from arsenic radicals are assigned to (C6 H5 ) 2 As, which is expected to 

have an esr spectrum very similar to that of (CH3 ) 2 As. The assigmnent 



of the esr spectrum of uv-irradiated dimethyliodoarsine is substantially 

the same as that of diarsine, with the exception that hyperfine split

ting -was not observed on the signal arising from the molecular cation. 

The magnitude of the 75As (I=3/2) hyperfine splitting observed 

for (diars)+ is certainly quite small (a= ll.5 G.). Using the value of 

the isotropic arsenic hyperfine splitting arising from one unpaired 4s

electron, which has been calculated by Lin and McDowell (74), this 

ll.5 G. splitting implies that the unpaired electron in Giiars)+ possesses 

~ 0.3% arsenic 4s-character. Hyperfine splitting is not observed in the 

other cases, and the line-widths of the signals due to [(C6H5)~s]+ and 

[(CeHs)2AsCH2f~ require that (AAs )~ 5G. Using the value of the 75As 

anisotropic hyperfine splitting arising from one unpaired 4p-electron 

given by Lin and McDowell (74), we calculate that the unpaired spin in 

(diars)+ has ~ 5% arsenic 4p-character. Since most of the unpaired spin 

density is neither in 4s or 4p orbitals of arsenic, there remain two 

reasonable possibilities, arsenic 4d orbitals and aromatic ring n-orbi

t als. 

If we naively assume that the electronic structure of (diars)+ 

can be obtained from that of diarsine by simply removing an electron 

from the highest occupied energy level of the latter, then assuming the 

energy level scheme described previously, the unpaired spin in the radi

cal cation is expected to be localized in an MO consisting primarily of 

arsenic lone pair orbitals. The c-:i\s-C bond angles in (CH3 ) 2 As and 

(CeHs)~s are 96° (31), and the H--1'..s-H angle in AsH3 is 92° (85). This 

has been i nterpret ed a s indicating that the bonding orbitals in arsines 

involve arsenic orbitals "Which are essent ially 4p-orbitals , and that the 



59 

lone pair is prime.rily of arsenic 4s character (85). It is quite clear 

that this can not be the case for (diars)+. This problem was noted by 

Gordy, et al. in their esr study of PlI,2 (75) . They noted the discrepancy 

between the observed 31P hyperfine splitting for that species and the 

prediction based on the above bond angle--sp hybridization model. They 

pointed out that d-orbital participation in the bonding would invalidate 

the relationships generally assumed (85) between bond angles and sp hy-

bridization, and asserted that phosphorus 3d-orbitals should be involved 

in the bonding in PH2 . There is also microwave spectroscopic evidence 

ford-orbital participation in the bonding of HzS (86) and AsH3 (87). 

Thu.a it appears quite reasonable that the orbital bearing the 

unpaired spin in (diars)+ should possess some arsenic d-orbital charac-

ter. Further evidence for d- orbital participation will be presented 

later. From the standpoint of energy, it seems unreasonable that the 

unpaired electron should be essentially an arsenic 4d electron, with 

small contributions from arsenic 4s and 4p orbitals. It is more likely 

that the aromatic ring ~-orbitals are also significantly involved in the 

MO bearing the unpaired spin in (diars)+. This interpretation is consis

tent with the observed hyperfine splitting in (diars)+, and with the 

limit placed on ( AAs ) for the other radical cations studied. Similarl y 

+ in the case of [(CH3 ) 2 AsI] , some delocalization of the unpaired spin 

into orbitals of the very polarizabl e I atom i s expected. 

The electronic spectral studies have indicated that there is 

little mixing between the heteroatom and aromatic orbitals , while the 

esr results reported here imply that there is mixing. Part of the prob-

lem stems from the fact that we are comparing electronic spectral results 
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on the neutral molecule with esr results on the cation. Since it is 

known that small changes in geometry can lead to important electronic 

structural changes in the molecules, such comparisons are of limited 

usefulness. It is also quite possible that the esr experiment is more 

sensitive than the electronic spectral measurement for detecting mixing 

of the arsenic and aromatic ring ~-orbitals. 

In order for the g-tensor to exhibit the observed anisotropy, 

arsenic d- or at least p-orbital contribution to the MO bearing the un-

paired spin is required. Typical aliphatic and aromatic radicals con-

taining only carbon, hydrogen, oxygen, and nitrogen all show g-values 

very close to 2.00 with almost no anisotropy (66). Spin-doublet transi-

tion metal ions, on the other hand, exhibit large anisotropies, e.g., 

for copper bis-acetylacetonate, g 11 = 2.266, g1 = 2.053 (88). Radicals 

containing sulfur and selenium have been found to exhibit anisotropies 

between these two extremes; for (HOOC~-CH2S·) , gi = 2.003, ~ = 2.025, 

g3 = 2.053 (69). It appears that the arsenic-containing radical cations 

discussed here are similar to the latter case in the g anisotropy. Fur-

ther experiments are necessary to completely establish the nature of the 

other arsenic signals present in the ear spectrum. Certain lines are 

observed which would correspond to g-values very far removed from the 

free-electron value if attributed to transitions involving no change 

in the nuclear spin state (g=2.22 , g=l.83) , It seems more likely that 

these lines correspond to hyperfine components which arise from splitting 

due to a single 75As(I=3/2 ) nucleus. While the lineshapes tend to indi-

cate that these signals correspond to radicals in different orientations 

with anisotropic g, the positions are split too widely from the free 
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electron value for this to be the complete explanation. We conclude 

that the observed extreme lines a.re components of '7'5As hyperfine split-

ting. This leads to ( AAs ) ~ 150-220 G. for ~As, depending on the 

exact assignment. 

The original purpose of this project was to obtain values for 

g's and (AAs ) for (diars)+ in order to compare these with the corres

ponding parameters derived from the esr spectra of Ni(diars)2Cl2+ (see 

Table VIII). It is at once surprising that the value of ( AAs ) in the 

metal complex is greater than that observed in the diarsine radical 

cation (57). Apparently considerable rehybridization takes place in the 

arsenic orbitals upon complexing. It is also worth noting that the pat-

tern of the g-values is different between the ligand radical cation and 

the paramagnetic complex. The g-tensor of the complex is rhombic, and 

that of the radical cation appears to be axially symmetric. It is cer-

tainly not true that the presence of the metal ion acts as a small per-

turbation on the electronic structure of the radical ligand. Whether 

the observed effect is primarily steric and geometric, as far as the 

unpaired spin is concerned, is difficult to know. This is probably not 

the case, however. It seems more likely that metal orbitals are strongly 

involved in the MO bearing the unpaired spin. This problem is being 

+ studied in some detail in a single-crystal esr study of Ni(diars)2Cl2 

underway in these laboratories (58). The failure of uv-irradiation of 

+ Ni(diars)2 Cl to produce any paramagnetic species is additional evidence 

+ against assigning the paramagnetic Ni(diars)2 Cl2 as a metal-stabilized 

radical ligand. We know that uv-irradiation of diarsine readily produces 

the radical cation, and would expect a similar effect for the diamagnetic 
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Table VIII 

+ + Electron Spin Resonance Parameters of (diars) and Ni(d1ars)2 Cl2 

8From Ref. 57. 

gl. 2.05 

~ 2.09 

g3 = 2.14 

(AAs)= 23 g. 

+ di ars 

g = 2.041 

g = 2 .075 

AAs = ll.5 g. 



nickel complex if this alluded-to description were correct. The presence 

of chloride in the sixth position may be very important to the stabiliza

tion of the paramagnetic species. Carrying out the irradiation experi

ment in concentrated chloride solution did not yield a different result, 

however. 

We report the first preparation and characterization by esr of 

certain organoarsenic radicals. The esr results have been interpreted 

in terms of current notions concerning bonding and electronic structures 

in these compounds. The results indicate that in the aromatic arsine 

radical cations there is non-negligible mixing between the rt-orbitals of 

the aromatic system and the heteroatom "lone pair" orbitals . Also, there 

appears to be evidence for Asd-orbital involvement in the bonding. A 

comparison of the esr results on (diars)+ with those on Ni(diars)2C~+ 

indicate that it is more appropriate to describe this metal complex in 

terms of delocalized MO's than as the d 8 metal ion with an oxidized 

radical ligand system. 
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II. 

ELECTRONIC STRUCTURE OF FIVE-COORDINATE COMPLEXES 

OF LOW-SPIN NICKEL(II) 



CH.AP:rER l 

INTRODUCTION! FIVE-COORDINATION 

The traditional role which five-coordinate species have played 

in chemistry is that of the reaction intermediate or activated complex, 

a highly reactive species which rapidly proceeds to products. The five

coordinat e intermediate (a species occupying a potential minimum) has 

been proposed for octahedral and square planar substitution reactions 

(89). A five-coordinate transition state (with "Which no potential 

minimum is associated) is believed to be involved in nucleophilic dis

placement reactions at tetrahedral carbon (90). Stable, five-coordinate 

compounds have been known for some time, but until recently, these were 

primarily limited to compounds of the Group V elements (91). In the 

past ten years, however, synthetic efforts in the area of five-coordi

nation of transition metal complexes have been remarkably successful. A 

large number of five-coordinate transition metal complexes have been pre

pared .and characterized, involving a rather wide variety of ligands and 

transition metal ions (91,92). 

There are two alternative geometries in five-coordination, the 

trigonal bipyramid (TBP) and the square pyramid (SPY). Both of these, 

and a number of intermediate geometries are displayed by five-coordinate 

species. The question of what factors determine which of these geome

tries is assumed by a particular five-coordinate species has been of 

concern for some t ime (91). The actual situation is apparently that in 
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many cases the potential energy barrier between the two geometries is 

quite low, and so qualitative arguments about bonding preferences are 

in general too crude to be of help. The question of TBP versus SPY is 

very often based on quite subtle effects. Factors affecting five-coor

dinate geometry in transition metal complexes are perhaps more acces

sible than with the well-known Group V pentacoordinate molecules. In 

the former case there are a larger number of spectroscopic and magnetic 

techniques which can aid in elucidating the bonding in the different 

five-coordinate geometries. In any case, it is quite clear that there 

is great need for structural information about these complexes which can 

only be provided by X-ray diffraction techniques. Ibers and coworkers 

have recognized this need, and have already carried out a number of 

structure determinations of five-coordinate transition metal complexes 

(93). 

In view of the relatively low barrier to interconversion between 

the two five-coordinate geometries, it is not surprising that the Group 

V halides and organic derivatives exhibit a considerable structural 

instability. Studies of 1 9F nuclear magnetic resonance (nmr) show all 

fluorines equivalent in PF5 at ambient temperature (~ 3l0°K). Measure

ments over a range of temperature confirm that rapid equilibration of 

the non-equivalent positions of the TBP is occurring (94). This process 

has been logically described as passing through an SPY transition state. 

This same type of scrambling has been observed for other Group V deriva

tives, and for iron pentacarbonyl (95). The matter of structural insta

bility is of importance to the work reported here, and for this reason, 

it is perhaps well to look more closely at the factors which lead to 



instability. This has been the subject of a certain amount of theoreti-

cal ntudy recently. Eaton has shown how the Woodwo.rd-Hof':t'mn.n rulec cnn 

be modified to apply to transition metal complexes (96) und Pearson (97) 

has extended earlier work of Bader (98), which is based on the second-

order Jahn-Teller effect, to analyze the same problem. Eaton's applica-

tion of the Woodward-Hoffman rule to the problem of axial-equatorial 

exchange in the TBP shows that for the n8 case, the exchange is expected 

to proceed readily through an SPY transition state. Pearson does not 

treat this case, but it is not difficult to show that the result pre-

dieted by the second-order Jahn-Teller effect is the same. 

Taking into account the effect of a small distortion, the energy 

of a molecule may be expressed as (98) 

E = E
0 

+ ( 0 J~I 0) Q2- + .L. 
k 

(ol~lk) 1
2 

-...,,.(E_o__. __ E_k...,....)- Q2-

The second term on the right-hand side of this equation corresponds to 

the first-order Jahn-Teller effect, and vanishes for a non-degenerate 

ground state. The third term is always nonzero and positive, corres-

ponding to a simple Hooke's law-type ~otential which applies to any mole-

cule undergoing a small distortion. The final term is always negative, 

and corre sponds to the relaxation of the electronic distribution which 

occurs upon a small displacement of the nuclei. It is clear that if 

these last two terms are of comparable magnitude, a distortion of the 

molecule will occur with a very small activation energy. Thi s situation 

can occur only when the matrix element ( 0 J~lk) does not vanish; that 

is, the direct product of the representations for the two molecular or-

bitals (MO' s ) in question must contain the representation of the dis-
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placement, Q. Bader has indicated that very often MO's other than the 

highest filled and the lowest unoccupied levels are too far apart in 

energy to give important contributions to the last term in (1). If 

AE ~ 4 eV, the contribution is likely to be too small (98). Pearson 

has stated the rule which can be derived from these considerations 

rather simply: "the symmetries of the grom1d electronic state and the 

lowest lying electronic state(s) determine which kind of nuclear dis

placement occurs most readily, i.e., the mode of decomposition or re

arrangement of the molecule" (97). In the case of the transition metal 

TBP complex, the vibration which carried the molecule to the SPY geometry 

belongs to the E representation. The ground electronic state for the de 

case is 1 A1 and the lowest excited state is 1E, with a separation of 

~ 1.8-2.5 eV (8,17). Thus the TBP is expected to be unstable with re

spect to distortion towards the SPY geometry. The vibration which carries 

the SPY molecule to the TBP geometry is of B1 symmetry (under c4 v). The 

ground electronic state for the de case is 1A1 and the first excited 

state is 1 Bi, with a separation of ~ 2.0 eV (99). This is also expected 

to be unstable. The instability of the five-coordinate geometries for 

the d6 metal complex is thus readily understood using this interpreta

tion. 

We are interested here primarily in five-coordinate, low-spin 

de metal complexes. Such complexes usually contain ligands with heavy 

donor atoms (S,Se,As,P) or strong ~-acceptor ligands (CO,CN- ,CHsNC). A 

few cases of five-coordination in this class involve monodentate ligands 

only. For these complexes, a common geometry is the distorted TBP (93, 

100). It is not yet clear what properties of the ligand determine the 



extent of distortion from the regular TBP. Jensen (101) has carried out 

synthetic studies on Ni(TMP)s.Xa (X=Cl1 Br1 11 CN;TMP=trimethylphosphine) 

and Gray and coworkers have presented interpretations of the electronic 

absorption spectra of Ni[(CeH5 )P(OC2Hs)2]3(CN)2 (25) and Ni(TMP)i8r2 

(l02). 

A number of chelating ligands have been found particularly well

suited to the promotion of five-coordination in their metal complexes. 

Monodentate ligands in combination with bidentate chelating ligands often 

yield the SPY geometry, with the monodentate ligand providing an axial 

field and two bidentate ligands forming the square (or tetragonal) plane 

about the central metal atom (99,103). A number of the early cases of 

this geometry were prepared by Nyholm (99,104) using the ligand .Q.-phenyl

enebisdimethylarsine (diarsine), with which he carried out a large number 

of other highly significant synthetic studies (2). These complexes in

volve gold (105) and the elements of the nickel triad (99) as central 

metal atom, and are of the form [M(diars)2 X]z(M=Ni(II),Pd(II),Ft(II), 

Au(III);X=Cl,Br,I,NCS). The characterization and spectral measurements 

carried out on these complexes by Nyholm and coworkers will be further 

discussed later. 

A number of five-coordinate, presumably square pyramidal com

plexes analogous to Ni(diars)2 X+ have been prepared and characterized by 

Meek, et al. (106). These workers have used a number of ligands which 

are similar to diarsine, namely diphenyl(o-methylthiophenyl)phosphine 

(SP), diphenyl(2_-methylselenophenyl)phosphine (SeP), diphenyl(.Q.-diphenyl

arsinophenyl)phosphine (AP), and ~-11 2-bis(diphenylphosphine)ethylene 

(VPP). 

,, 
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SP SeP AP 

As well as the five-coordinate complexes of nickel(II), they have also 

prepared a number of five-coordinate complexes of cobalt(II) (l07) and 

palladium(II) (9). The five-coordinate nickel complexes are again of 

+ the form NiieX , with X = Cl, Br, I, NCS, and conductance measurements 

were used to show that they are indeed five-coordinate. The electronic 

spectra of the complexes in dichloromethane solution have been reported, 

and show a striking similarity to those obtained for Ni(diars)2 X+. On 

this basis we conclude that the structures of the two classes of complexes 

are the same. Because the spectra are different from those obtained 

for the known TBP complexes (108), the structure was tentatively assigned 

as SPY. More recently, a spectral comparison with a known SPY complex 

has confirmed this (106). We feel that the Ni(diars)(trias)(Cl04 ) 2 elec-

+ tronic spectrum is rather similar to those obtained for Ni(diars) 2 X at 

low temperature. Since the structure of Ni(diars)(trias)2 + (trias=bis(£

dimethylarsinophenyl)methylarsine) has been shown to be s~uare pyramidal 

+ (109), we have assigned the same structure to Ni(diars)2 X , in accord 

with the original assignment of Nyholm (104). The spectra at room temper-

ature are not so closely similar, and it would be useful to have a struc-

ture determination of one of the (NiieX)Cl04 compounds as a reference 

point for the spectral work. Meek has presented an interpretation and 

assignment of the electronic spectra of a number of these complexes 

(106) which will be discus sed later. 
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The terdentate ligands have been seen to give rise to SPY struc-

tures with two monodentate ligands or one bidentate ligand occupying the 

remaining two positions (21,110,111). One such terdentate ligand is 

triars, "Which forms the five-coordinate Ni(diars)(triars)2+ (l09) . 

( ~-+- AsCHs 

v--ns ( CH3) 2 ) 
2 

(triars) 

Venanzi and coworkers (8), and subsequently Meek (17), Ciampo-

lini (112) and others (113), have developed a type of tetradentate 

"tripod" ligand which effectively forces a trigonal bipyramidal geometry 

upon the metal atom, with a monodentate ligand (X) occupying the fifth 

(apical) position. This type of ligand has served as the basis for a 

prodigious a.mount of synthetic work. Eisenberg has recently summarized 

mo s t of the known tripod ligands (114): 

Q = P, Q' = P(CeHs)2 ~ Q.P) 
Q Q = As, Q' = As(CeHs)2 QAS) 

Q = P, Q' = S(CH3) (TSP) 
Q' 3 Q = As, Q' = S(CH3) ~TSA) 

Q = P, Q' = Se(CHs) TSeP) 

( Q' (CH2)n )3 
Q = As, Q' = As(CH3)2, n = 3 g~~ Q Q = P, Q' As(CHs)2, n = 3 
Q = N, Q' = N(CH3)2, n = 2 (Mee tren) 

Both Venanzi and Meek have prepared and characterized many low-spin, d8 

+ TBP compl exes of the type MLX (where M =Ni,Pd,Pt;L=the tetradentate 

"tripod" ligandJX=halide,CN,CNS,etc.). In addition, both have measured 
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the electronic absorption spectra o:f these complexes, and pre sented 

interpretations of the ligand field bands (8,115). 1'hese will be dis

cussed in some detail later. 
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CHAPI'ER 2 

ELECTRONIC STRUCTURE IN FIVE-COORDINATION: 

TRIGONAL BIPYRAMIDAL COMPLEXES OF LOW-SPIN NICKEL( II) 

Introduction 

Since the preparation of the first complexes of the tetradentate 

"tripod" ligands (116-118), much work has been carried out on the prepa-

ration and characterization of this class of complex (8,17). Structure 

+ determinations on certain of the MLX complexes have shown them to be 

trigonal bipyramidal, with the X group occupying an apical position 

trans to the odd donor atom of the tetradentate L group (114,119,120). 

The strong similarity of the ligand-field portion of the electronic 

spectra of all the low-spin d8 (M=Ni(II),Pd(II),Ft(II)) MLX+ complexes 

has led to the conclusion that all their structures are trigonal bi-

pyramidal. 

While considerable synthetic progress has been achieved using 

the "tripod" ligands, the measurement of electronic spectra has served 

primarily for the purpose of characterization. Such measurements have 

been limit ed to room temperature, and have been made mainly in the 

visible region. We have measured the spectra of these compounds in 

rigid glasses at 77°K, and have extended the measurements out to 41,000 
-J. cm. On the basis of these data, we present an electronic structural 

scheme for the complexes. 



Experimental 

All the metal complexes under investigation here are analyzed 

samples, kindly furnished by Professor Devon W. Meek of the Ohio State 

University. Solutions for spectral measurements were prepared using a 

2:1 mixture of 2-methyltetrahydrofuran and ethanol or isopropyl alcohol. 

The isopropyl alcohol was spectroquality reagent (MCB), and t he ethanol 

anhydrous U.S.P.-N.F. grade (U.S. Industrial Chemicals Co.) . The 2-

methyltetrahydrofuran was chromatoquality reagent (MCB) which was dis

tilled from lithium aluminum hydride to remove peroxides and residual 

water. Spectral measurements were carried out as described previously. 

Results 

The visible absorption spectrum of [Ni(TAA)Br]Cl04 , representa

tive of this class of complexes, is shown in Fig. 1. The spectrum of 

[Ni(TAA)CN]Cl04 is displayed in Fig. 2. At l ow temperature , the broad 

asymmetric band exhibits a dramatic increase in extinction coefficient 

and becomes symmetric. Al.so, a much less intense band appears at some

what higher energy. These results in part confirm the Gaussian analysis 

earlier perf'ormed on some of these spectra by Benner and Meek (17) . 

Fig . 3 shows the ultraviolet (uv) absorption spectrum of [Ni(TAA)Cl]Cl04 . 

The considerably i mproved resolution at 77°K is characteristic of this 

r egion of the spectrum of these compounds. The complete re sults of the 

spectral study are set forth in Table I. Ligand abbreviations used in 

this section are as follows: 
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Table I 

Electronic Spectra of Trigonal-Bipyramid.8.1 Complexes at 77°K3''b 

[Ni(TAP)X]Cl04 [Ni(TAA)X]Cl04 
x:::: Cl Br I CN Cl Br CN 

4e -+ 4a1 16,880 16,190 15,620 22,860 15,600 15,100 21,230 

3e -+ 4a1 22,470 22,220 21,740 29,410 20,790 19,8o0 27,625 
2e -+ 4a1 31,600 29,940 27,210 30,000 28,600 

le -+ 4a1 35,090 33,900 33,170 33,700 32,470 

3ai -+ 4a1 s37,74o s36,560 s36,800 
2a1 -+ 4a1 39,220 38, 170 37,520 38,300 37,24o 

4e -+ CN(n*) 4o,820 39,185 

[Ni(TSP)X]Cl04 [Ni(TSeP)X]Cl04 
-..:i 
o:i 

x:::: Br I NCS Cl Br I NCS 

4e -+ 4a1 14,725 14,015 16,130 14,650 14,490 14,255 15,720 

3e -+ 4ai 21,4<30 20,575 20,620 21, 74o 21,160 20,200 21, 74o 

2e -+ 4a1 s29,630 26,54o 829,285 31,850 829,200 s27,470 29, 750 
le -+ 4a1 s32, 735 s29,675 833,335 29,370 

Ligand s34,4B5 33,955 s34, 720 s32,ooo s32,100 32,150 (internal) (weak) 
2ai -+ 4ai 38,460 s38, 315 38,535 37, 74o 37,38o 36, 765 37, 4oo 
Ligand s4o,160 40,370 s39,920 4o,4oo 4o,4oo 4o,570 41,200 (internal) 

a-These results have been obtained in collaboration with Dr. J. E. Hix, Jr . 
. - -J. ::>-Y cm. . Solvent 2:1 mixture of 2-methyltetrahydrofuran-ethanol. Selected extinction coefficients 

re-ported in Tabl e VI. 
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= As-[CH2CH2CH2As(CH3)2Js 

P-(CH.2CH2CH2As(CH3)2Js 

=to]; 
CHs 

3 

= J-nJ; 
~e;:' s 

~As~ J. L As( CaHs)2 3 

The electronic structural scheme which has been used in assign-

ing the spectral bands is similar to that given for Ni(TMP)sBr2 by 

Chastain, et al. (102). The ground state of (NiLX)Cl04 is ·•· 

( 3e) 4(4e)4 = 1A1. 

A molecular orbital diagram for the TAA and TAP complexes is 

given in Figure 4. The ligand field levels are 3e, 4e, and 4a1 • 

The assignment of the ligand field spectrum presented here is in 

agreement with the principal features of the assignment given earlier 

by Venanzi, Meek, Ciarnpolini, and others for this type of complex (8, 

115, 121). The lowest energy band (vi), Which is broad and asymmetric at 

room temperature, and which narrows and becomes more symmetric at 77°K, 

is assigned as the transition 4e - 4ai ( 1 A1 - a 1E). The band at higher 

energy (v2), which is considerably less intense, and which is well re-

solved at 77°K, is assigned as 3e - 4a1 (l·Ai - b 1E). This intensity 

pattern has been observed for a large number of TBP complexes of both 
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Only the principal correlation lines are shown. 
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D3h and C3v symmetry . Under D3h, v1 is symmetry-allowed and v2 is sym

metry-forbidden. Apparently lowering the symmetr y from D3h to C
3

v does 

not have a marked effect on the intensity of v2 , although the band does 

become formally symmetry-allowed. 

There is a dramatic increase in the extinction coefficient of 

v1 on cooling to 77°K, as expected for a symmetry-allowed transition. 

Because v1 is far from Gaussian at room temperature, it i s difficult to 

make an accurate measurement of the oscillator strength (f) of the band. 

Rough calculations indicate that the oscillator strength is independent 

of temperature, as it must be for a symmetry-allowed band (122 ). Be-

cause v2 appears as a weak shoulder on the high energy side of v1 at 

room temperature, it is not possible to tell how the oscillator strength 

of Y2 depends on temperature. 

While Y1 does become more narrow and symmetrical at 77°K, t he 

extent to which this occurs is dependent on x, the fifth ligand. Quali-

tatively, it appears that v1 becomes most symmetrical when X = CN and 

becomes progressively less so for Cl, Br, and I. It woul d be desirable 

to measure the se spectra at lower temperatures t o determi ne whether v1 

becomes e~ually symmetric in every case, given sufficientl y low tempera-

tures. The change in appearance of v1 at low temperature is interpreted 

in t erms of a model i n which the geometry of t h e ground state is tempera-

ture- dependent in solution. This interpr etation will b e pre sented l a ter 

in some detail. 

The charge-transfer spectrum of the complexes of nickel(II) with 

TAA and TAP consists of three main bands. These f all in t he regi ons 

-1 -1 -1 
27,000-32,000 cm. ; 32,500-35 ,000 cm. ; and 37,000-39,500 cm. f o r the 
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complexes studied. Following Chastain, et al. (102) 1 we have assumed 

the energy ordering X( n:) > As, P( O") > X( <r) in arrnigning the spectral 

bands. The first charge-transfer band is assigned as X(n:) - M(do*), 

the second as As eq. (O") - M(do*), and the third as P(<r) or As ap. (u) -

M(do*). In some cases a shoulder appears between the second and third 

bands. This is assigned as a second component of the As eq. (O") -+ 

Md(o*) transition (see Table I and Fig. 4). 

Support for the assignment of the first charge-transfer band 

as X(n:) - M(do*) is provided by the substantial variation in the band 

position on changing X. The position varies in the predicted order for 

an X(n:) ~ M(do*) charge-transfer band, I< Br< Cl (26). Assignment of 

the other two charge-transfer bands has been carried out in conjunction 

with results from the TSP and TSeP complexes. The charge-transfer spec-

tra of the TSP and TSeP complexes again exhibit three main bands. They 

-1 -1 
fall in the regions 26,500-32,000 cm. J 29,000-33,500 cm. ; and 

36,500-38,500 cm.-
1 There is apparently some interference in the ultra-

violet region by internal ligand absorption, as indicated in Table I. 

The lowest energy charge-transfer band in Ni(TSP)X+ and Ni(TSeP)X+ is 

+ very close in energy to that in Ni(TAP)X , and again the energy of the 

band varies in the order Cl > Br > I. This band is therefore assigned as 

X(n:) ~ M(do*). With the exception of the two cyanide complexes, every 

compound studied exhibits an intense charge-transfer band in the region 

6 -1 3 ,500-39,500 cm. • This band remains of approximately constant shape 

throughout the series of compounds, and varies in position about as much 

as the first ligand field band (v1 ). This intense charge-transfer transl-

tion is assigned as P(O") -+ M(da*) for the TAP, TSP, and TSeP complexes, 



and as As ap. (er) - M(do*) for the TAA complexes. The intennediate 

charge-transfer band (29,000-35,000 cm.-1
) varies considerably in shape 

and position in the series of complexes, and is assigned as the allowed 

component of As(o-) - M(do*) in the TAP complexes, As eq. (er) - M(do*) 

in the TAA complexes; and S,Se(~) - M(do*) in the TSP and TSeP complexes. 

4 -1 It is not possible to measure beyond 1,000 cm. with this 

solvent, and so the X(cr) - M(do*) band is not observed. This band 

-1 
would be expected in the region 36,000-48,000 cm. for the various 

complexes included, because it appears to be true that b. [X( ~) - X( er)] ~ 

l0,000-16,000 cm.-1 (as determined spectrally) for a number of complexes 

(26). It is also expected that the S,Se(cr) - M(do*) transition should 

4 -J. 
occur at energies greater than l,OOO cm. • 

Discussion 

The spectral r e sults reported here are in substantial agreement 

with the original studies of these compounds made by Meek and coworkers 

(l7). We have extended this earlier work by carrying out the electronic 

spectral measurements at 77°K in glassy, frozen solutions. The spectra-

chemical series ordering which was earlier reported by Veranzi and Meek 

for TBP complexes containing the "tripod" ligands is maintained in the 

low temperature spectra reported here. Both ligand-field bands exhibit 

the energy ordering, CN > NOS> Cl > Br> I. Also, upon changing the 

tripod ligand, the ordering is P >As> S >Se (115). 

A qualitative molecular orbital (MO) scheme for these complexes 

is given in Fig. 4. The 4a1 (z2 ) level is the highest of the ligand field 

levels, and is unoccupied. This orbital is destabilized by axial er-bond-
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ing. Thus in the absence of changes in the geometry of the (NiL)2 + 

unit, the ~-donor ability of the X group is expected to determine the 

extent of destabilization experienced by this MO. This destabilization 

should in turn be reflected in the position of the lowest energy ligand 

field band (vi), because the level from which this transition originates 

is 4e(x.2-y2,xy). As a first approximation, the energy of the 4e level 

should be independent of X. The measured values of vi (see Table 1) 

seem to bear this out. In the case of the SPY complexes of the type 

[Ni(diars)2 X]z, it will be seen that a very definite effect on those 

ligand field levels involved only in interactions with the arsenic donor 

atom framework is observed when X is changed. This effect is discussed 

in some detail in Chapter 3. Briefly, the crucial factor in this di

vergence of behavior is thought to be the occupied or unoccupied nature 

of the dz2 orbital in the complex. 

The lowest energy ligand field level for the TBP complexes is 

3e(xz,yz), which includes contributions from X(n) orbitals . It is de

stabilized by n-donor ligands and stabilized by n-acceptors . This effect 

can be detected in the second ligand field band. Assuming that the 

energy of the 4e(x2-y2,xy) level does not depend upon the nature of x, 

the relative positions of the 4ai(z2 ) levels in two [NiLX+] complexe s is 

given by the difference in position of vi for the two species . Since 

this assumption is not strictly correct, we choose an illustrative ex

ample with a large difference in vi, the two complexes [Ni(TAA)CN+] and 

[Ni(TAA)Cl+]. The differences in v1 and v2 between the different halide 

derivatives are so small that a comparison of two halide complexes is 

not meaningful. 
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Using the data in Table I, and neglecting interelectronic re

pulsion effects, we estimate the 4a1 (z2 ) level in Ni(TAA)CN+ to be above 

the corresponding level is Ni(TAA)Cl+ by 5630 cm.-i. The value o:r V2 

yields, again neglecting the effect of interelectronic repulsion, the 

approximate separation between the 4ai(z2) level and the 3e(xz,yz) level. 

We can use the values of v2 for the complexes under consideration in con-

junction with the separation between the two 4ai levels calculated above 

to determine the relative positions of the 3e levels in the two complexes. 

) + ( ) + -J. The difference in v2 between Ni(TAA CN and Ni T.AA Cl is 6835 cm. • 

-J. 
The 4ai level in the cyanide is above that in the chloride by 5630 cm. , 

therefore the 3e level in the cyanide must be significantly below that 

in the chloride. 
-J. We would calculate a difference of 1205 cm. between 

the two 3e levels; the actual value is not of great significance. The 

point is that the 3e level of the cyanide is found experimentally to be 

below that of the chloride. Since chloride is a ~-donor ligand and 

cyanide is a good ~-acceptor, a qualitative MO interpretation would pre-

diet this experimental result correctly. This simple calculation can be 

repeated to compare the cyanide derivatives with any of the other corres-

ponding halides (see Table I), and the same result is obtained. In com-

paring the halides with one another, the separations involved are too 

small, and the results do not fit any self-consistent pattern. 

It was anticipated that a study of the electronic spectra of 

these compounds at low temperature would provide a means for checking the 

Gaussian analysis of the room temperature spectra performed by Benner 

and Meek (17). In fact, the higher energy ligand field band (v2 ) was 

well resolved at low temperature, and its position at 77°K is in reason-
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able agreement with the band calculated in the Gaussian analysis. The 

behavior of the lower energy ligand field band (vi) upon cooling has been 

described. This band is asymmetric at room temperature, and Gaussian 

analysis gives a good fit assuming two bands (17). The two component 

bands are not resolved at 77°K. Instead, v1 is considerably more sym-

metrical at low temperature. 

The asymmetric shape of vi in the very similar M(Q,A.S)X+(M=Pd,Pt; 

X=Cl,Br,I,SCN) was attributed by Venanzi (8) to a static distortion of 

the trigonal plane of arsenic atoms about the central metal. He cited 

as evidence the results of a structure determination on Pt(QA.S)I+ (ll9), 

which was found to be a slightly distorted TBP. This distortion destroys 

the three-fold rotation axis of the molecule, and thus lifts the degen-

eracy of all electronic states which were degenerate under C3v. The 

new molecular symmetry is C • The effect of the distortion on the lows 

est energy electronic states of the molecule is pictured below. The 

discussion 'Which follows is directly applicable to molecules possessing 

D3h symmetry, by simply substituting the symmetry designations n311 and 

c2V for C3v and cs. 
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There is no way of knowing ~ priori whether the splitting of energy 

levels brought about by a molecular distortion will be observable as a 

splitting in a spectral band. The fact that vi exhibits the splitting 

and v2 does not simply indicates that the dependence of energy level 

splitting on molecular distortion is much pronounced for a 1 E than for 

Ibers and coworkers have recently reported the determination of 

the crystal and molecular structures of the five-coordinate species 

results show that Ni[(C6 H5 )P(OC2Hs)2] 3 (CN)2 exhibits considerably more 

distortion from D3h symmetry than does Ni[(C6 H5 )P(CH3 ) 2 b(CN)2 • Recent 

electronic spectral studies in our laboratories have shown that the 

splitting of v1 in the room temperature solution spectrum correlates 

with the extent of distortion in these complexes (124). 

Molecular Symmetry 

21+00 cm. -1 
D3h 

(slightly distorted) 

The spectrum of Ni[(CeHs)P(OC2Hs)2ls(CN)2 at 77°K in a rigid glass, at 

room temperature in solution, and at intermediate temperatures is pie-

tured in Figure 6. This compound shows the most dramatic temperature 

dependence of the splitting of v1 yet observed (124). 

It has also been found that the electronic spectrum of Fe(C0) 5 

in solution shows very little change in passing from room temperature 

to 77°K. Vi is quite symmetrical at both temperatures (125). This ob-

servation is in accord with the regular TBP structure of this species as 
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determined by X-ray diffraction techniques (126). Structure determina-

tions on TBP complexes of the "tripod" ligands have all revealed them to 

be slightly distorted (ll4,119,120). Likewise, vi is asymmetric in the 

room temperature solution spectrum for all the metal-"tripod" complexes 

studied here. 

If' the distorted structure is maintained at low temperature, 

however, the two components of the asymmetric band are expected to be 

resolved. Since this does not occur, and the band in fact becomes more 

synn:netrical, there must be a difference in structure between the complex 

in solution at 77°K and in the solid at room temperature. In particular, 

the complex must be in the regular TBP form ( C
3
v) at low temperature in 

solution, for only in this way will V1 be unsplit. 

Tb.is explanation. suggests that it may be reasonable to analyze 

this problem in terms of an equilibrium. between the two forms. This 

model is analogous to the 11 spin-equilibrium" reported in ferric dithio-

carba.mate (127), and the four-coordinate/five-coordinate equilibrium. ob-

served for :ra(Et4dien)Xa ( 5) (Et4 dien=l, 1, 7, 7-tetraethyldiethylenetri

amineJX=Cl,Br, I). 

(Regular TBP) C3 v 
K ... C (Distorted TBP) s 

We designate the two forms by their point groups. On the basis of this 

model, i t is required that at intermediate temperatures an equilibrium 

mixture of the two forms be maintained. Referring to Figure 5, it i s 

noted that an equilibrium mixture of the C
3
v and Cs forms is expected to 

show three spectral bands in the region of vi. 

We have observed spectra in which v1 had begun to become symmetri-

cal upon cooling, but had not become completely symmetrical . Under these 



90 

conditions, the model predicts an equilibrium mixture of the Cs and c
3

v 

forms. Two examples of this observed behavior are the Ni(TAA)Br+, for 

which VJ. is not completely symmetrical at 77°K but is considern.bly mo r e 

so than at 300°K, and Ni[(C6H5 )P(OC2H5 ):;~b(CN)21 which has been i,.rtudied 

at temperatures between 77° and 300°K (124). However, in no case has it 

been possible to observe more than two spectral bands. It is true that 

I II the energy separations between v
1

, v
1

, and v1 are relatively small for 

these complexes, and that three overlapping bands might appear to be 

only two. It is thus not possible to rule out completely an equilibrium 

\ . \ 
on the basis of the available data. 

The absence of any experimental evidence for an equilibr ium in-

valving two distinct components has led us to consider the possibility 

that species of intermediate geometry are present at intermediate temp-

eratures. It is likely that the energy difference between the two 

"limiting" structures, Cs and Csv' is rather small, and that in condensed 

phases, solvent-solute interactions, for example, will be large enough 

to alter significantly the shape and the equilibrium position of the 

ground state potential function . Thus it appears that a variety of 

stable structures with differing degrees of distortion could exist, and 

that the actual geometry of the species present would be a function of 

temperature. Tb.i s model involving the existence of structures with 

intermediate geometry at intermediate temperatures would lead to the 

observed spectroscopic behavior. Under this model, the species present 

at any given temperature would be the intermediate structure wnst stable 

at that temperature, rather than some mixture of only the C
3
v and "limit

ing" Cs forms. Thus the appearance of v1 should reflect the u.mount o:t' 
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distortion in this intennediate structure, rather than being simply the 

superposition of bands due to the c3V and "limiting" Cs fonns. 

On the basis of this explanation, it is interesting to speculate 

on the nature of the structure which would be stable in the absence of 

intermolecular interactions. Because the regular c3V form is favored 

at low temperature, it appears that in the gas phase, for example, 

these molecules should be regular. In condensed phases, intermolecular 

interactions tend to distort these "configurationally unstable" struc

tures . In the low-temperature glass, the five-coordinate complex adopts 

the regular structure (C
3
v) because of the reduction in the solvent

solute interaction. This interaction is reduced because of the large 

increase in the solvent-solvent interaction which occurs in glass forma

tion. 

The phenomenon which has been described here is not corrunonly ob

served in electronic absorption spectroscopy. In fact, we do not know 

of any previous report of this type of temperature dependence of spectral 

bands. In view of this, one must consider why this system, in particular, 

should exhibit the observed effect. One obvious necessity is the pres

ence of a low-lying, degenerate excited electronic state and a non

degenerate ground state. A very important additional feature appears to 

be the possibility of having either the regular structure, or distorted 

structures in which the degeneracy of the low-lying excited state is 

removed. Finally, the dependence of the splitting of the degenerate 

state on the amount of distortion must be dramatic enough to be observ

able. 

The apparent requirement for an accessible distorted structure(s) 
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may explain why this effect has not been seen in the octahedral, tetra-

hedral, or square planar cases. Both Eaton and Pearson have shown that 

the tetrahedral structure is not expected to exhibit structural in

stability towards the square planar for any of the possible electronic 

con:figurations with orbitally non-degenerate ground states (96,97). The 

octahedral structure is not expected to show instability with respect 

to the trigonal prism, because the nuclear motion relating the two struc

tures is not a normal mode for the octahedron. One might hope to observe 

the effect described here in eight-coordination, where the dodecahedron 

and square antiprism are geometries of similar energy. Another possible 

system is the distorted octahedral ~-complex of the dithiolene-type 

ligands with some of the early first-row transition metals (128). 
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CHAPI'ER 3 

EIECTRONIC STRUCTURE IN FIVE-COORDINATION! SQUARE PYRAMIDAL 

COMPIEXES OF NICKEL( II) WITH o-PEENYIENEBISDIMETHYLARSINE 

Introduction 

It has been known for some time that the bis-diarsine complexes 

of M(II) (McNi,Pd,Pt) readily form adducts of higher coordination number 

with various simple ligands (X) (99,l04). 

The pioneering work of Nyholm on the transition metal complexes 

of diarsine included conductivity and spectrophotometric evidence which 

indicated that these adducts are five-coordinate in solution. Since 

that time, additional evidence has been provided by Peloso and coworkers, 

who were able to determine formation constants and thermodynamic parame

ters for a wide range of the [M(diars)2 X]z(M=Ni(II),Pd(II),Pt(II)) 

species (J29). Speculation concerning the structure of these five-co

ordinate complexes has centered about a square pyramidal model (104). 

Also, crystal and molecular structure of the once very puzzling compound 

(130) now known to be Ni(diars)(triars)(Cl04 ) 2 has been determined (109). 

The complex ion is composed of a nearly regular square pyramid of As 

atoms about the central nickel atom. It appears that the five-coordinate 

complexes of nickel(II) with diarsine may be a good system in which to 

study the electronic structure of the low-spin square pyramidal complex. 

Although a significant number of low-spin d 8 square pyramidal structures 

have been determined by X-ray methods (91,100,111), and some electronic 

spectra have been measured, there has been little discussion of the 



detailed electronic structure for this case. 

We have measured the electronic absorption spectra of a series 

of the five-coordinate complexes of the type [Ni(diars)2 X]z, and t he four

coordinate species [Ni(diars)2 ]2 + in solution at 300°K and in frozen 

solutions which form a clear, r igid glass at 77°K. The increased reso

lution achieved at low temperature has proved very important in facili 

tating assignment of the ligand-field spectrum. The temperature-de

pendence of the spectra also furnishes evidence concerning the symmetry

allowed or -forbidden character of the bands. The spectral results are 

discussed in terms of a qualitative molecular orbital scheme to these 

complexes. 

Experimental 

Preparation of Compounds 

Reagents. All metal salts were reagent grade and were used 

without further purification. The ligand 2_-phenylenebisdimethylarsine 

(diarsine) was prepared and purified as previously described. 

Ni(diars)2 X".2 (X=Cl,Br,I) was prepared according to the method 

of Nyholm (56) and recrystallized for ethanol. Ni(diars ) 2 (C104 ) 2 was 

prepared by the method of Harris, et al. (99) and recrystallized from a 

mixture of acetonitrile and ethanol. Ni(diars )(triars)(Cl04 ) 2 was pre

pared using the nickel(II) catalyzed conversion of diars to triars de

scribed by Nyholm, et al. (109,130) • . All samples were analyzed for c, 

H, and As (Galbraith Microanalytical Laboratory, Knoxville, Tenn.) and 

characterized by the visible absorption spectra . 
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[Ni(diars)2X]Cl04 (X=Cl,Br,I,NCS,N02 ). These compounds were pre

pared by a modificat ion of Nyholm's method (99). This modification was 

suggested by the method used by Meek and coworkers (l7) to prepare com

plexes of the type [NiLX]Cl04 where L = a tetradentate "tripod" ligand 

and X = Cl, Br, I, CN, NCS. The method consists of mixing equimolar 

a.mounts of Ni(Cl04 ) 2 ·6H.20 and NiX;a in ethanol and adding a stoichiometric 

amount of diarsine in ethanol to produce the solid [Ni(diars) 2 X]Cl04 . 

The product was recrystallized from dichloromethane or methanol. All 

samples were analyzed for c, H, and A , and the results found to be in s 

excellent agreement with theory. 

[Ni(diars)2CN]Cl04. This compound was first prepared in an un

usual reaction involving Ni(diars)2(Cl04)2 and tetracyanoethylene (TCNE) 

in ethanol. Ni(diars)2 (Cl04)2 (.035 gm.) was mixed with ethanol (35 

ml.), in which it is very slightly soluble, and TCNE (.035 gm.) was 

added. Upon heating on the steam bath, a red solution was formed. The 

solution was filtered, and upon reducing the volume of solution or addi-

tion of ethyl ether, a red solid precipitated. This material was impure, 

but recrystallization from methanol afforded dark red crystals of the 

compound. This compound can probably also be prepared directly from 

previ ously. The solid exhibits a single, sharp C-N stretching frequency 

at 2101 cm. -J.. 
-l. In acetonitrile it appears at 2109 cm. • 

Anal. Calcd. for [Ni(diars)2CN]Cl041 C, 33.35; H, 4. 26; As, 39.62. 

Found: c, 33 . 31; H, 4 .35; As, 39.34. 

Ni(diars )2 (thiourea)(Cl04 ) 2 • Ni(diars)2 (Cl04)2 was mixed with 

ethanol containing a large excess of thiourea. A red solid was formed 



after warming a few minutes on the steam bath. The solid was filtered 

off and washed repeatedly with cold ethanol, in which it was sparingly 

soluble. This complex is extensively dissociated in ethanol solution 

to Ni(diars)2
2 + + thiourea. Addition of an excess of thiourea to the 

ethanol solution is necessary to suppress dissociation . 

Anal. Calcd. for [Ni(diars)2 (thiourea)](Cl04)2 : c, 27.84; H, 

4.0l; As, 33.08. 

Found: c, 27.74; H, 3.93; As, 33.33. 

Physical Measurements 

All ultraviolet and visible spectral measurements were made on 

the Cary Model 14RI spectrophotometer. Measurement of spectra at 77°K 

were carried out as previously described. Measurements in the visible 

region were made using pyrex square cells prepared from square tubing 

obtained from Wilmad Glass Co. For the ultraviolet region, quartz 

cells of a similar type were used. In this case, however, the cells 

were inade by molding round quartz tubing on a square, solid molybdenum 

form. The advantage of these cells over fused or cemeted quartz square 

cells is that they show much less tendency to induce crack formation in 

unstable rigid glasses at 77°K. A number of the measurements were car

ried out using commercial Suprasil square cells, and these results 

agree well with those taken using the tubing cells (62). Repeated meas

urements have been carried out using these cells, and reproducibil ity is 

good. Baseline measurements using solvent alone at 300°K and 77°K were 

used to correct measured spectra. Solutions for spectral measurements 

were prepared using the 2:1 mixture of 2-methyltetrahydrofuran and meth

anol, propionitrile, or ethanol described earlier. A 2 11 mixture of 
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of ethanol and ethyl ether was found to fonn a transparent, uncracked 

glass on a certain percentage of tries, and this was used for a number 

of' measurements. Propionitrile (Eastman white label) was purif'ied ac

cording to a published method (132). 

Molar extinction coefficients at 77°K have been corrected for 

volume contraction using correction factors given earlier. The contrac

tion of the 2 :1 ethanol-ethyl ether mixture at 77°K is 20'f,, as determined 

by cooling a measured volume of solvent in a graduated tube. 

Infrared spectra of Nujol mulls were measured on a Perkin-Elmer 

Model 225 grating spectrophotometer between potassium bromide plates. 

Solution spectra in spectroquality acetonitrile or dichloromethane 

(Matheson, Coleman and Bell) were obtained using 1.00 mm. cells with 

calcium fluoride windows. 

Results 

The electronic spectrum of Ni(diars)2 Br2 in the visible region 

is representative of this class of compounds and is pictured in Figure 7. 

At room temperature, the visible region of the spectrum exhibits one 

broad, slightly asymmetric absorption centered at 21,050 cm.-1
• At 

77°K, there is an increase in € and a narrowing of the central band, and 

one lower intensity absorption is resolved on either side of t he main 

band. The charge-transfer region of the spectrum of Ni(diars)2 I 2 is 

shown in Figure 8. There is a considerable improvement in resolution of 

this region of the spectrum at 77°K. Complete results of the spectral 

study, along with band assignments, are reported in Table II. 

Ni(diars)2(Cl0~)2. Conductivity, infrared, and visible spectral 
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Table II 

Electronic Spectra of [Ni(diars )2 X]z a 

[Ni(diars)2CN]Cl04 Ni(diars)(triars)(Cl04)2 

300°K 77°K 300°K 77°K 

z2 -+ x!2 - y2- 18,595 19,170 18,555 18,620 
(420) (4oo) (765) ( ll50) 

xz,yz -+ x!2 - y2 25,945 26,415 23 o4o 23, 365 
( 1235) (1730) (1490) (2380) 

xy -+ x!2 - y2 26,850 
(Sh 385) 

As( er) -+ x!2 - y2 
( 1Ai -+ 1Bi) 

32,205 
(Sh 1880) 

30,650 
(Sh 1150) 

34,525 
(7680) 

As( er) -+ x!2 - y2 
( 1Ai -+ J.E) 

37,810 
(11,400) 

37,960 
(14,700) 

z2 -+ n*( CN-) 35, 300 
(11,500) 

36,195 
(18,4oo) 

36, 765 
(11,700) 

37,04o 
(17,700) 

[Ni(diars)2CNS]Cl04 [Ni(diars)2(tu)](Cl04)2 b 

z2 -+ x!2 - y2- 16,235 17,635 16,425 
(Sh l4o) (Sh 325 ) ( . 04) c 

xz, yz -+ f- - y2- 20,950 214600 l9,74o 20,940 
(865) (1 10) ( 1220) (. 38)C 

xy-+ x!2 - y2 26,665 
(Sh 210) 

X( re) -+ x!2 - r 30,355 30 58o 29,330c 
(2320) (3810) (l.48) 

Asf er) -.. x!2 - y2-
( Ai -+ J.A:i.) 

thiourea absorption 

As( er) -+ x!2 - y2-
( 1 A;i. -+ 1E) 

37,445 
(16,100) 

37,970 
(21,800) 
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Table II--Continued 

xz,yz -+ x!2 - y2 

d 
[Ni(diars)2N02]Cl04 

300°K 77°K 

l6,200 
(Sh l35) 

2l,865 
(625) 

l6,490 
(l40) 

22,950 
(l04o) 

N02 - absorption 

8v cm.-i (e1 £.mole-1 cm.-i). Solvent 2:l mixture of 2-methyltetrahydro
furan and methanol or ethanol. 

b Exce ss thiourea added. 

cRelative extinction coefficient. 

~i(diars )2 (Cl04)2 + NaN02 in solution. Solid compound not isolated . 
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measurements (99)indicate that this compound exists in solution as the 

four-coordinate Ni(diars)2
2 +. The visible spectrum differs from that of 

the five-coordinate species in two important respects. First, the ma.in 

ligand field band in the spectrum of this compound is also the lowest 

energy band. In the five-coordinate species, a less intense band is 

resolved at lower energy than the main band. Also, the most intense 

band in the ligand field spectrum of Ni(diars)2
2 + appears at higher en-

ergy and is of lower intensity than the ma.in band in the five-coordinate 

complexes. The extinction coefficient of this band shows a ma.!ked sol-

vent dependence (see Table III). At room temperature, the visible spec-

trum of Ni(diars)2 (Cl04 ) 2 in a 4:lzl solvent mixture of 2- methyltetra-

hydrofuran, propionitrile, and ethanol, exhibits one broad band centered 

6 -J. at 221 00 cm. • For a square planar complex involving ligands "Which are 

not ~-donors, one expects relatively small spacings between the ligand 

field bands. This point is illustrated by the visible absorption spec-

tra of Ni(CN)42 -, Pd(CN)+2-, and Pd(NH3)~+ (26). Also on the basis of 

a comparison with the separation between the ligand field bands in the 

spectrum of the five-coordinate species, we tentatively assign the one, 

broad band in the room temperature spectrum of Ni(diars ) 2
2 + to the three 

ligand field transitions, 1A1 g-+ 111ag' 1B1 g, and 1Eg ( xy;z2 ; xz,yz-+ 

x!2 - y2). 

At 77°K, a weak shoulder is resolved on the high-energy side of 

this band. It is not possible to give a complete and definitive assign-

ment of these two bands on the basis of our results. A partial assign-

ment is possible, however. Spectral results on the five-coordinate 

species indicate that, while the true symmetry of the molecule is C , 
2V 
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Table III 

Electronic Spectrum of' Ni( cllars)2( Cl04)2 in Various Solvents 

50'/o C2HsOH 98'/o C2HsOH 98'/o CH2Cl2 
C2HsCN 50'/o CHsCN 2°/o CH3CN 2% CH3CN DMF 

22,600 
(ll40) 

22,675 
(840) 

22,725 
(715) 

22,600 a 
(330) 

30,830 
(Sh 2300) 

30,04o 
(4500) 

34,600 34,405 33,615 33,005 ( 35' 100) 
(Sh 15,800) (Sh 15,000) (Sh l0,4oO) (Sh 11,200) 

35,555 
(Sh i8,ooo) 

38,550 
(25,600) 

38,460 
(25,200) 

a 38,740 
(25,600) 

37,505 

~ot measured. 
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the electronic spectra of those complexes can be satisfactorily inter-

preted by assuming the point microsymmetry C
4
v. For Ni(diars) 2

2 +, then, 

we assume the point micro synunetry D 4"h. None of the three spin-allowed 

ligand field transitions is symmetry- allowed under D4h. The 1A1 g - 1Eg 

(xz,yz -+ x!2 - y2)' transition is parity-forbidden, and is the only one of 

the ligand field bands which would become symmetry-allowed if unequal 

solvent interactions above and below the Ni(diars)2
2 + plane removed the 

center of symmetry possessed by the isolated four-coordinate species . 

In view of the known tendency of this unit to increase its coordination 

number to five, it is expected that in coordinating solvents there 

should be a partial relaxation of the g ~ g selection rule because of 

slightly unequal interactions on either side of the Ni(diars)2
2 + plane . 

Perhaps the best evidence for such interactions is the solvent depend-

ence of the extinction coefficient (€) of the main ligand field band at 

room temperature . The value of € for this band is significantly greater 

in the strong donor solvent, acetonitrile, than it is i n ethanol (see 

Table III) . By analogy with the five-coordinate case, in which the 

most intense ligand field band is assigned as the symmetry-a llowed 

1A1 .... 1E (xz, y z -+ x!2 - y2) transition, we assign the solvent dependent 

ligand field band in the spectrum of Ni(diars)2
2 + as 1 A

1
g -+ 1 Eg (xz,yz -.. 

x!2-y2) . 

The shoulder which is resolved on the high energy side of this 

band at 77°K falls at essentially the same position and has about the 

same € as the band which has been assigned as 1 A1 - 1~ ( x:y -+ x!2 - y2) 

in the five-coordinate complexes . It is tempting to assign this band as 

1~g .... 1~g (xy -+ x!2 - y2) for this reason, since removal of X i s not 
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expected to have much effect on the relative energies of these two orbi-

tals. Such an assignment would place x:y < xz, yz in energy. No more 

spectral bands are resolved in the ligand field spectrum, and it remains 

to place the dz2 level. On the basis of the observed spectrum, it ap-

pears that the 1Aig-+ 1 B1 g (z2 -+ x2 - y2) band could be buried beneath 

the intense ligand field band, 1A
1

g -+ 1Eg, or beneath the charge-trans-

~ > -1 
fer bands, with v - 29,000 cm. . On the basis of the variation in po-

sition of the 1 A1 -+ 1 B1 band in the various five-coordinate species 

(2750 cm.-1
) and the difference in position between the 1 A1 -+ 1E band in 

the five- coordinate case and that in the four-coordinate case (3200 cm.-1
), 

it seems unlikely that the 1 A1 -+ 1 B1 band in the five-coordinate species 

> -1 should shift by ~ 101 000 cm. upon removal of the fifth ligand. Neglect-

ing the effects of interelectronic repulsion, we then tentatively pro-

pose the d-level ordering xy < xz, yz ~ z2 << x2 - y2 for the four-coor-

The uv absorption spectrum of diarsine alone shows a relatively 

-1 
featureless, rising absorption that begins at ~ 35,000 cm. . The ab-

sorption spectra of the complexes can be measured out to ~ 40,000 cm. - 1
, 

applying a relatively small baseline correction for the absorbance due 

to diarsine. As may be noted in Table III, the uv spectrum of Ni(diars)2 2+ 

-i exhibits a shoulder at ~ 30 1 000 cm. in some solvents and not in others. 

A shoulder is present near 301 000 cm.-1 in the room temperature spectrum 

in ethanol, methanol, and dichloromethane, and absent in acetonitrile, 

propionitrile, and dimethylformarnide. A resolved band appears at approx-

imately this position in the room temperature spectra of the five-coordi-

nate species for which X is a ~-donor (I,Cl,Br,CNS,tu), but is absent in 
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Ni(diars)(triars)2 + which has the ~-donor As in the fifth position. 

This band has been assigned X(n) -+ M(do*) in those five-coordinate 

species. For this reason, it may be speculated that in the spectrum of 

Ni(diars)2
2 +, the presence of this band should be due to the charge

transfer transition Solvent(n)-+ M(do*). Comparing the n-donor ability 

of the solvents studied with the presence or absence of this shoulder 

indicates that this assignment may be justified. It is also quite pos

sible that the band is present in the spectra in acetonitrile and DMF, 

but simply not resolved due to broadening. For these species, uv spec

tral bands are broader in DMF and acetonitrile. Unfortunately, it has 

only been possible to measure the low temperature spectrwn in the solvent 

mixture already mentioned. The room temperature spectrum in this solvent 

does exhibit the shoulder. Obviously it is desirable to measure the low 

temperature spectrwn in a solvent which does not exhibit the shoulder at 

room temperature, on the chance that it might be resolved at 77°K. The 

proper solvent system for this measurement has not been found to date . 

Another possible assignment for the band is as a forbidden component 

of the As(~) -+ M(do*) charge-transfer transition . The assignment of 

this band will be discussed further in connection with the five-coo r di

nate spectra. 

The higher energy region of the uv spectrum is quite similar to 

that observed in the five-coordinate species studied here, both the 

square pyramids and the trigonal bipyramids previously discussed. There 

is one intense absorption maximum at ~ 38,000 cm.-1
, and one (in one 

case, two) shoulder(s) on the low energy side of the band. There are 

three possible As(~) -+ M(do*) charge-transfer transitions, 1A
1

g -+ 1Eu' 



l07 

1 A
1

g, and 1 B
1

g. Of these, only the former is fully allowed, and so the 

-1 
absorption maximum at 38,000 cm. is assigned as this transition. The 

oscillator strength (f) of this band is independent of temperature, in-

dicating the dipole-allowed nature of the band. The shoulders on the 

low-energy side of this band are assigned to the other, orbitally-for-

bidden components of the As(~) - M(do*) transition. Because diarsine it-

-1 sel:f begins to absorb ~ 35,000 cm. , it is conceivable that one or more 

of the shoulders may be simply due to internal ligand bands, possibly 

slightly perturbed by the presence of the metal ion . This cannot be 

ruled out, but is regarded as unlikely, because the absorption due to 

the complex is generally at lower energy (33,000-35,000 cm.-1
) than is 

the diarsine absorption, and the shoulders which appear are considerably 

better resolved and of higher intensity than in the diarsine spectrum. 

Ni(diars)(triars)(Cl04)2. X-ray structural work by P. J. Pauling 

has shown this compound to be five-coordinate, with a regular square 

pyramidal structure (109). The nickel atom is raised slightly above the 

plane of the four arsenic atoms. The visible absorption spectrum of the 

solid in Nujolmull is found to be the same as the solution spectrum, 

both at room temperature and 77°K. At room temperature, the visible 

spectrum exhibits two bands, at 18,555 cm.-1 and 23,040 cm.-
1

, with ex-

tinction coefficients of 765 and l490, respectively. The bands narrow 

at low temperature and the extinction coefficients increase, to 1150 and 

2380, but the positions are relatively unchanged. On the high-energy 

side of these a less intense (~=380) shoulder is resolved at low tempera-

ture . Comparing the visible region of the spectrum of the compound with 

that of Ni(diars)2
2+, the main difference is the band (vi) which appears 
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at 18,555 cm.-l. in this case, and is absent in the four-coordinate spe

cies. Also, the main ligand field absorption (-23,000 c.:m . - 1
) is con

siderably more intense for the five-coordinate Ni(diars)(triars)2 +. On 

the basis of a simple ligand field picture, we assign the new band at 

18,555 cm.-l. as the 1 A1 - 1 Bi (z2 - x?- - y2) electronic transition . The 

most intense band (v2 ) is again assigned as 1 Ai - 1E (xz,yz - x?- - y2), 

which is symmetry-allowed under C4v. In accord with this assignment is 

the observation that the oscillator strength (f) of V2 is independent 

of temperature while that of v1 decreases upon lowering the temperature . 

-l. l. l. ( The weaker shoulder at ...., 27,000 cm. is assigned as Ai - A2 xy -

x?- - y2) . This transition should involve a smaller dipole change than 

the others, and is expected to be less intense. The rather high inten-

sity exhibited by a ll the ligand field bands reflects the fact that the 

so-called "ligand-field levels" must have a significant amount of arsenic 

character . Ligand field bands with high extinction coefficients are 

known to be characteristic of complexes involving ligands with heavy 

donor atoms (P,As,S,Se) (8,17) . This is generally attributed to the 

inclusion of considerable ligand character in the MO's derived from 

the metal d-orbitals in these complexes. The highest va l ue of € which 

has been reported for a ligand field band involving a fir st-row transi-

tion metal ion is 9800, for the first ligand field band in the t r igonal 

bipyram:i.dal complex, [Ni( QAS)NCS]Cl04 ( 133). 

The charge - t r ansfer spectrum of Ni(diars)(triars)2 + exhibits an 

-1 1 l. intense band at 37,000 cm. , which is assigned to the allowed A1 - E 

component of the As(~) - d(o*) transition. There is also a quite weak 

-1 shoulder revealed in the low temperature spectrum at ...., 30,700 cm. . 
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Since the As atom does not possess n-donor orbitals, the only reasonable 

assignment is t o some orbitally-forbidden As(~) -+ d(o*) transition . 

There is a decrease in intensity of this band at low temperature, in

dicating the vibronically-allowed nature of the band (122). The observed 

extinction coefficient (€ - 1000) is appropriate for a symmetry-forbidden 

charge-transfer band. 

[Ni(diars)2X+];(X=Cl,Br,I). In order to verify the five-coordi

nate composition of these compounds in solution, we have measured the 

absorption spectra of both Ni(diars)2Xe and [Ni(diars)2X]Cl04. The re

sults are given in Table IV, and it is quite apparent that the spectra 

of Ni( diarshXe and [ Ni( diarshX]Cl04 are the same for any particular X, 

and are readily distinguished from that of Ni(diars)22 +. Since we can 

tell that no four-coordinate species is present, all the complex must be 

in the five-coordinate form, because [Ni(diars)2 X]Cl04 could give a six

coordinate Ni(diars)2 Xe
0 

species only in the presence of a corresponding 

a.mount of Ni(diars)22 +, by reason of the stoichiometry. Dissociation 

of [Ni(diars)2 X]z to Ni(diars)22+ + Xz-2 in the concentration range em

pl oyed for the spectral measurements appears to occur only with X = 

thiourea, and this dissociation is easily detected by observing a very 

asymmetric main ligand field band in the visible region of the spectrum 

at 77°K. One component of this composite peak falls at approximat ely the 

position of the main absorption in Ni(diars)2
2+ (~ ~ 23,000 cm.-1

), the 

other at lower energy. 

The pattern of three bands in the visible region which was ob

served in the spectrum of Ni(diars)(triars)2+ at 77°K appears in this 

case also. The assignment of the visible spectrum of Ni( di~i.rs)2X+ i s the 
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Table IV 

Comparison of Electronic Spectra of Ni(diars)2:K,a and [Ni(diars)2 X]Cl04 
a 

Ni( diars)2Cl.2 [Ni(di ars)2Cl]Cl04 
300°K 77°K 300°K 77°K 

z2 -+ x2 - y2 J..B,030 
(Sh 65) 

xz,yz-+ x2 - y2 21,285 22,080 21,270 22,065 
(1060) (l530) (905) (1270) 

xy -+ x2 - y2 25,895 26,285 26,345 
(Sh 170) (190) (290) 

x(:n:) -+ x2 - y2 30,345 30,425 30,245 30,455 
(Sh 3740) ( 4670) (Sh 2360) (3420) 

As ( o-) -+ x2 - y2 33,410 34,275 33,265 34,275 
( 1Ai -+ 1Al.) (Sh 9340) (Sh 11,220) (Sh 9050) (Sh 9340) 

Asf er) -+ x2 - y2 
( Ai -+ 1E) 

36,245 
(Sh 21,500) 

36,695 
(37,800) 

36,285 
(Sh 19,000) 

36,940 
(30, 400) 

4o,ooo 
(Sh 21,000) 

4o,715 
(20,000) 

39,960 
(Sh 17, 700) 

40,700 
(15' 300) 

Ni( diarshBr2 [Ni(diars)2Br]Cl04 

z2-+x2-r 16,395 
(Sh llO) 

17,660 
(So) 

16, 325 
(Sh 154) 

17,560 
(165) 

xz,yz -+ x2 - y2 21,055 
(1030) 

21,820 
(J.820) 

21,055 
( J.025 ) 

21,860 
(1960) 

xy -+ x2 - y2 26,275 
(Sh llO) 

27,025 
(Sh 260) 

X( :n:) -+ x2 - y2 30,625 30,675 30,660 30,315 
(Sh 5300) (Sh 5180) (Sh 5950) (Sh 5600) 

Asi_cr) -+ x2 - r 
( Ai -+ 1 A1) 

33,280 
(Sh 6950) 

33,llO 
(Sh 6470) 

Asl a-) -+ x2 - y2 
( Ai -+ 1E) 

38,24o 
(24,ooo) 

38,095 
(33,800) 

37,901 
(26,000) 

37,996 
(33,800) 
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Table IV--Continued 

Ni( diars)2I2 [Ni(diars)2I]Cl04 

300°K 77°K 300°K 77°K 

z2 .... x2 - r l6,l30 l7,330 16,230 l7,305 
(Sh l70) ( 165) (Sh 330) (l90) 

xz,yz -+ x2 - T 20,265 21,455 20,275 2l,465 
( 1145) (1950) ( 1075) (1850) 

xy .... x2 - r 26,665 27,025 
(Sh 225) (Sh 230) 

X(n)-+ x2 - y2 30,035 30,245 30,155 30,245 
(Sh 5250) (7500) (Sh 4900) (6450) 

Asf cr) - x2 - r 34,365 34,070 
( Ai - 1A1) (Sh 7000) (Sh 5800) 

Aslcr) - x2 - r 37,075 37,620 37,200 37,265 
( Ai -+ J.E) (22,750) (30,500) (20,800) (27,300) 

Ni(diars)2(Cl04)2 

xzf!.yz -+ x2 - y2 
( z -+ x2 - y2) 

22,600 
( 44o) 2(8~) 

xy -+ x2 - y2 26,250 
(Sh l95) 

Solvent( :re) -+ x2 - T 30,870 31,665 
or As( er) -x2-y2 (Sh 2880) (Sh 1580) 

( 1AJ.g - J.~g) 

As(cr) -+ x2 - T 33,650 
( J.AJ.g -+ J.A1 g) (Sh 1.82) 

As(cr) -+ x2 - y2 37,365 38,735 
( 1A ...... 1E ) (28,500) (27,200) J.g u 

{35 ,590} 
36,495 

(17,800) 

&-- -J. ( -J. -J.) v cm. €,$.mole cm. • Solvent 2-methyltetrahydrofur an-methanol 
or ethanol; ethyl ether-ethanol. Some € 1 s det ermined in methanol . 
Solvent for Ni(diars)2 (Cl04)2 is 41111 2-methyltetrahydrofuran-et hanol
propionitrile. 
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same as that proposed for Ni(diars)(triars)2 +. One difference in the 

+ spectra is that for Ni( diars)2 X , the central band ( va) clearly domi-

nates the spectrum, and considerably weaker bands appear on either side 

of the me.in peak. This pattern is expected in C4v, since one ligand-

field band is symmetry-allowed and the other two are syrmnetry-forbidden. 

The reason for the relatively high intensity of vi for Ni(diars) 

(triars)2 + is most likely that the ai(z2 ) orbital has a significant 

amount of ligand character in that case. Mixing of ligand orbitals with 

metal d-orbitals is expected to be considerably stronger for arsenic 

than for halide. In accord with this interpretation is the observed de-

pendence of € for v1 on X in the halide series. € decreases in the or-

der I > Br > Cl, Which is also the order of decreasing tendency to form 

covalent bonds with metal ions. This is evidence in favor of the as-

signment of v1 as 1A1 - 1 B1 (z2 - x!2- - y2) , because the dz2 orbital in-

teracts most strongly with orbitals on As, Cl, Br, and I. 

The usefulness of the low temperature ligand field spectrum is 

best seen for these halide complexes, where the room temperature spectrum 

shows one broad band with a shoulder on one side or the other of this 

main band. All three bands can be detected in each of the spectra at 

77°K (see Table IV). The oscillator strength of va is not changed on 

decreasing the temperature, which is strong evidence of the synnnetry

allowed character of the band (122). Because the weaker bands appear as 

shoulders, it is not possible to measure the half-widths or to obtain 

accurate values of €. It does appear, however, that the lowest energy 

band decreases in intensity at low temperature. 

The band assigned as 1 A1 - 1~ (xy - x?- - y2) is r elatively 
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weak, and e.ppears in the same position for these complexes as was re-

ported for Ni(diars)2
2 + and Ni(diars)(triars)2 +. The position of the 

other two ligand field bands does change, the energy ordering being 

Cl > Br > I for both bands. A rationalization for this ordering will be 

offered later. There is also a striking shift of these two bands to 

higher energy at low temperature, in some cases by more than 1000 
-J. 

cm. 

This could reflect a small change in the position of the fifth ligand at 

low temperature, or the freezing out of the X-exchange process which is 

known to occur at room temperature (see Appendix I) . For that matter, it 

is known that the whole metal-arsenic framework is rather flexible. 

There may be a detectable change in the equilibrium. positions of the 

metal and ligand atoms with temperature. 

+ The charge-transfer spectrum of Ni(diars)2 X (X=Cl,Br, I) ex-

-J. hibits the strong absorption at ~ 37,000 cm. which is characteristic of 

the complexes under study, and is assigned as before . A shoulder on the 

low-energy side of this main band appears at low temperature, and is as-

signed as the 1 A1-+ 1 Ai (allowed) component of the As(~) -+ d(o*) transi-

tion. The exact position of this band is difficult to locate because it 

appears as a shoulder in every case. It does appear that as with the 

main As(~) -+ d(cr*) band, the position is not constant, but shows small 

variations with X in an unpredictable fashion . 

In each of the halides, a pronounced shoulder appears in the 

-J. room temperature spectrum at - 301 000 cm. This band is resolved at 

77°K1 but the position of the band is relatively unchanged in the series 

Cl, Br, I. In all six compounds measured, the bands fall within a range 

-J. 
of 500 cm. • The striking constancy in the position of this band led 
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Meek to assign it as a phosphine-to-metal charge-transfer band in his 

five-coordinate SPY complexes (106,108,134) . + In Ni(VPP)X , he observed 

-1 a spread of 670 cm. for this band in the chloride, bromide, iodide, and 

thiocyanate, with an average position of 29,120 cm.-
1 (106) . This is 

the band which appears in the spectrum of Ni(diars)22+ in certain sol-

vents and is not observed (at room temperature) in others. The room 

temperature spectrum of Ni(diars)(triars)2 + is featureless here at room 

temperature, but at 77°K, a rather weak shoulder appears . The extinc-

tion coefficient of this shoulder is ~ 1000, while for X Cl, Br, I 

€ for the maximum is 3750-5500. The observed extinction coefficient for 

this band is quite sensitive to the nature of X, increasing in the order 

Cl < Br < I. This was also observed by Meek, who reports for the band 

at ~ 29,120 cm.-1 in the Ni(VPP)2X+ complexes extinction coefficients 

of 12,220, 13,230, and 25,930 for the chloride, l;romide, and iodide, in 

dichloromethane solution. This is evidence in favor of the assignment 

of this band a s X(n)-+ M(do*). 

In the trigonal-bipyramidal compounds studied, we observed a 

band in this region (26,500-32,000 cm. - 1
) which showed a variation in 

po sition in the order Cl> Br> I . This band was assigned as X(n) -

M(do*). In the TBP complexes of the type Ni(TAP)X+, the position of the 

X(n)-+ M(do*) transition covers a range of 4390 cm.-1 (X=Cl,Br, I). The 

analogous band in the spectrum of Ni(TMP) 3 Br2 was also assigned in this 

way. While it is disturbing that this band in the SPY 1 s does not 

vary in the predicted fashion for a halide(n) -+ metal(do*) charge- trans-

fer band, all other evidence points toward this assignment. There is no 

other band in the observed spectrum which can be logically assigned to 
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this transition, and the evidence from the trigonal-bipyramj.dal cases is 

that this transition should occur well below 40,000 cm.-1
. We assign 

-1 the band at 30,000 cm. to the allowed charge-transfer transition 

It is rather unlikely that the energy of the MO derived from 

the metal dx2 - y2 orbital should vary much in the halides. An alterna-

tive explanation for the invariance in position of this charge-transfer 

band is the somewhat unconventional suggestion that the energies of the 

MO's derived mainly from the halide fi-donor levels do not vary drasti-

cally from chloride to bromide to iodide. This is perhaps conceivable 

if the iodide level is more strongly stabilized by interaction with the 

metal d-orbital than is the chloride. Stephenson has determined the 

crystal and molecular structure of the six-coordinate bis-diarsine 

platinum(II) complexes with chloride and iodide, and reports a much 

longer Pt-X bond distance for the chloride than for the iodide. (Pt-
0 0 

Cl,4.16 A;Pt-I,3.50 A) (19,20). He interprets these distances as indi-

eating an essentially electrostatic bond in the chloride and a covalent 

bond in the iodide . While it is true that the six-coordinate, solid 

platinum complex is not the five - coordinate nickel complex in solution, 

it seems likely that this trend will be the same in the two cases . A 

longer Ni-X distance for the chloride than for the iodide would consider

ably reduce the metal-chloride(fi) interaction, in comparison to the 

iodide(n) interaction. If' the Ni-X distance in the five-coordinate com-

plex in solution varies in the order Cl > Br > I, then the degree to 

which the X(~) level is depressed should vary in the order I > Br> Cl. 

But in the free atoms, the relative positions of the X(~) levels are 
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I> Br> Cl. So by this mechanism, the position of the X(n) levels in 

the complex may be brought closer together. It is also possible that 

electronic repulsion effects may operate as well to cause the absorption 

bands to occur at closely similar energies. A qualitative argument 

based on the effect of electron repulsion indicates that this effect 

should operate to lower the energy of the band in the chloride most, the 

bromide next, and the iodide least. 

It should be noted that in the SPY complexes, the fifth ligand 

must be placed in the region of a filled dz2 orbital, which will tend to 

repel the anionic or neutral ligand X. Unless X is particularly prone 

to covalent bonding, the result of this repulsion will be to increase 

the M-X distance as has been observed, and in turn significantly decrease 

the amount of M-X covalent bonding. In the case of the TBP, the fifth 

ligand is placed in the region of an empty M(dz2 ) orbital. Thus the 

M-X distance will be normal (ll4) and the extent of covalent bonding 

will again be reasonable, in the absence of the filled, repelling orbi-

tal. This may expl ain the difference in behavior observed for the band 

assigned as X(n) -+ M(da*) in the two cases. 

[Ni(diars)2 X]z(X=CN,N02 ,CNS,tu). The visible spectra of these 

compounds are similar to those described above. It is easy to identify 

the symmetry-allowed 1Ai-+ 1E (xz,yz-+ x2- - y2) ligand field band (v2 ) 

by the dependence of the extinction coefficient on temperature. E for 

this band shows a considerably greater increase than for any other band 

in the visible spectrum. The value of f for v2 is seen to be temperature-

independent. The band which appears as a weak shoulder (v3 ) ~ 

6 -1 
2 ,OOO cm. in the other compounds is not seen in the N02 or the thiourea 
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(tu) derivatives because of absorption due to N02 and thiourea . This 

band is not seen in the cyanide either, because in this case, the (xz,yz 

- x?- - y2) transition appears a t ~ 26,000 
-1 

cm. 

Certain experimental difficulties were encountered with the 

thiourea complex. In order to suppress dissociation of the complex in 

the ethanol/2-methyltetrahydrofuran solvent mixture, a large excess of 

thiourea had to be added, which rendered the glass unstable and subject 

to cracking at low temperature. With an insufficient amount of thiourea 

to suppress dissociation, a stable glass was formed, and the value of 

v was obtained by extracting it from the asynnnetric peak which con-
max 

tained this band and also that due to Ni(diars)2
2 +. It was confirmed 

that the composite band was composed of one band due to Ni(diars )2
2 + 

and one due to Ni(diars)2 tu2 + by adding a small amount of thiourea and 

observing the change in the intensit ies of the two components of the 

band at 77°K. It is not certain whether the thiocyanate complex con-

tains N- or S-bonded thiocyanate at 77°K in this solvent (see Appendix 

II). The main ligand field band (v2 ) appears to be synnnetric at 77°K, 

and so does not provide evidence in favor of the coexistence of the two 

isomers under these conditions. The position of v2 should not differ 

greatly for the two forms, however. 

-1 In the uv region, we observe the band at ~ 30,000 cm. which 

has been assigned as X(rt) - M(do*), in the thiourea and the thiocyanate, 

at room temperature and 77°K. Both of these ligands are known to be 

good rt-donors. This region is completely obscured by ligand absorption 

i n the N02 derivative. In t he cyanide, no absorption band is observed 

in this region at room temperatur e. At 77°K, a shoulder appears at 
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- 32,000 
-1 cm. Thie m.e.y be due to a M-+ CN(JC*) charge-transfer transi-

tion, or perhaps to a component of the As(u) -+ M(da*) band. The al

l.owed 1 A1 -+ 1E (As(u) -+ M(da*)) transition is observed for each of these 

-1 
compounds also at - 37,000 cm. • 

Discussion 

Related studies. In addition to the ingenious synthetic and 

characterization studies described earlier, Meek and coworkers have as-

signed a number of the Ni~X+ (square pyramidal complexes) electronic 

spectra which they have measured (106). This assignment deals with the 

ma.in ligand field band "Which appears in the range 181 000-21,000 cm. - 1
, 

and the lowest energy charge-transfer band, which appears in the range 

8 -J. 2 ,000-30,000 cm. • They assign the ligand field band as the electronic 

transition 1A1 -+ 1 B1 (z2 -+ x2 - y2). In no case do they observe more de-

tail in this region of the spectrum than the one, broad ligand field ab-

sorption. 

Since the position of the band varies in the order Cl > Br > I, 

they conclude that the band follows the expected spectrochemical series 

ordering, and is evidence in favor of the assignment. As has been de-

scribed in some detail, our electronic spectral measurements at 77°K re-

veal three ligand field bands in the region where a room temperature 

measurement reveals only one absorption maximum and a weak shoulder. 

Based on the relative intensities of the bands, and the temperature de

pendence of the intensity of the ma.in. ligand field band (v2 ) we have as

signed this band (v - 21,000 cm.-1
) as the transition 1A1 - 1 E (xz,yz -

x2 - y2). It is true that the observed variation in position of the 

ligand field band does obey the traditional octahedral spectrochemical 
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series ordering. However, the levels being considered here, a 1 (z2 ) and 

b1 (.x:2 - y2), do not correspond to the two levels involved in the octa

hedral or tetrahedral ligand field transitions. In the octahedral case, 

the unfilled orbital on which the electronic transition terminates is 

u-antibonding with respect to the ligand in question. The filled level 

from which the transition originates interacts with ligand n-type orbi

tals. In the SPY geometry of the type considered here, the b1 (.x:2 - y2) 

orbital is essentially non-bonding with respect to X, the fifth l igand, 

and the a1 (z2 ) orbital is u-antibonding with respect to X. The result 

of this situation is that the 1 A1 (z2
) - 1 B1 (.x:2 - ;12) transition should 

exhibit behavior which is the opposite of that observed in the octahedral 

case. This is so because in this case the stronger the u-donor X, the 

greater will be the destabilization of the ai(z2 ) level, and the lower 

the energy will be at "Which the transition should occur. Assigning the 

band as 1 A1 - 1E (xz,yz - x2 - ;12) corrects this problem so that the 

observed ordering of the band position is as expected. Since the n-donor 

ability ordering is I > Br > Cl, the energy of the e(xz,yz) level should 

vary in the order I > Br > Cl, and the resulting band ordering should 

then be Cl > Br > I, as observed. 

The other assignment in contention is the first charge-transfer 

band. In this case the assignment is not clear-cut, as has been pointed 

out. The reasons set forth to Justify our assignment of this band a s 

X(n) - M(do*) in the five-coordinate complexes where X is a n-donor have 

·already bee n discussed in detail. There are additional results, reported 

by Meek, which bear on this point. 

In the electronic spectra of the four- coordinate Ni(VPP)~ 
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complexes, the lowest energy charge-transfer band depends on X in the ex-

pected fashion for an X(~) -+ M(da*) charge-transfer band. This band ap

pears at 34,100 cm.-1 in the iodide, 36,140 cm.-1 in the bromide, 

36,230 cm.-1 in the thiocyanate, and is not observed below 40,000 cm.-1 

in the chloride (106). If the correct assignment of the lowest energy 

charge-transfer band (at 29,000 cm.-1
) in the Ni(VPP)2 X+ spectrum is 

P(~) -+ Md(a*), this same transition would be expected to give rise to 

the lowest energy charge-transfer band in Ni(VPP)~ also. That this is 

not the case is evidence in favor of our assignment of the lowest energy 

charge-transfer band in NiL2X+. 

It is not possible to prove the assignment of the lowest-energy 

+ charge-transfer band in NiI.eX conclusively without additional experi-

mental evidence. In Proposition I is suggested an experiment using 

magnetic circular dichroism which could very likely resolve this elec-

tronic structural problem. Work is being carried out in our laboratories 

using liquid crystalline phases to orient molecules in order to study 

the polarization of spectral bands (135,136). It is clear that determin-

ing the band polarizations would resolve the remaining assignment diffi-

culties and serve as a good check for the assignments believed to be car-

rect. Unfortunately, there are not now available suitably polar, non-

aqueous liquid crystalline media which will dissolve these compounds. 

When such media are developed, this problem should be studied using this 

technique. 

Ligand field energies. The assignment of the ligand field bands 

which has been proposed leads to the d-level ordering xy < xz, yz < z2 << 

x2 - y2 for the five-coordinate complexes. This ordering seems reason-
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able in terms of a simple ligand field model. By changing only the 

fifth position and maintaining the Ni(diars)22 + framework, the main dif-

ferences in the ligand field spectrum are expected to come as a result 

of the changing position of the e(xz,yz) level, which matches the X n

orbitals, and the a1 (z2 ) level, which matches the X ~-orbital . This is 

not to say that the Ni(diars)2
2 + framework will be unaffected by the 

fi:fth ligand; in fact we have found that there is a rather important 

dependence of the position of the b1 (x2 - y2) level on the nature of X. 

Regardless of the change in t he energy of bi(x2 - y2) from one complex 

to another, it is possible to extract a ~uantity from the ligand field 

spectrum which should show the same dependence on X as the traditional 

ligand field splitting parameter !:::.. • This is done by simply taking the 
0 

difference in energy of the two lowe st energy bands, vi and V2· This 

procedure gives the separation between the ai(z2 ) and e(xz,yz) levels in 

the complex, neglecting interelectronic repulsion. The values of this 

parameter are listed in Table V, and lead to the spectrochemical series 

CN > N02 >As > tu > Br~ I ;;;: Cl~ CNS. There is very little difference 

between Br, I, Cl, CNS (277 cm.-1
), a nd since this is close to the limits 

of experimental error, it is unlikely that the ordering from those X has 

much meaning. It is encouraging that otherwise this constructed spectra-

chemical series is in agreement with experience with ligand field spectra 

in the octahedral case (137). The position of CNS in this constructed 

series may indicate that under these conditions it is S- bonded. 

It was recognized during the course of this work that the system 

chosen for study might be capable of providing useful infonna.tion of a 

type heretofore unavailable, concerning bonding properties of ligands . 



122 

Table V 

Spectrochemical Series Parameter !:::.' from El ectronic Spectra 
of Square Pyramidal Complexes 

Compound !:::.' (=Va - VJ.) 

+ 
Ni (diars)aCN 7246 cm. -J. 

Ni( diars)2N02 + 6461 

Ni(diars)(triars)2+ 4745 

Ni(diars)2 (tu)2+ 4512 

Ni( diars)2Br + 4229 

Ni( diars)2I+ 4142 

Ni(diars)aCl+ 4053 

+ 
Ni( diars )aCNS 3961 
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The basic problem which arises in studying the bonding properties of 

ligands by measuring ligand field splittings is that in the well-studied 

cases, a-bonding effects and n-bonding effects are not directly separ

able. In the octahedral case, the t
2

g orbitals interact with ligand n

orbitals and the eg set interacts with ligand a-orbitals, so that b.
0 

is 

a measure of the difference between a-donor ability and n-donor ability. 

The situation in tetrahedral synnnetry is just as inconclusive. In square 

planar geometry the situation is somewhat different , but still rather 

difficult, because ligand field bands are not generally well separated. 

It is apparent that Ylhat i s needed is a system Ylhich contains a basic 

"building block," capable of readily adding different ligands (X) to be 

tested, and a geometry in which certain metal d-orbitals interact only 

with the "building block" ligands and others interact only with X. At

tempts to construct a system of this type have been carried out using 

the low spin cobalt(III) complexes of the type [co111(NH3 ) 5 X] (138). 

Attempts to separate a- and n-effects using this system were unsuccess

ful, partly because there was not a complete separation of the effects 

of X and NH3 ligands on the metal d-orbitals. 

In the TBP complexes discussed in Chapter 2 we have a partial 

solution to the problem. In that case, the d-level scheme is as pictured 

below 

~II --+t--11 _4e ( xy, x2 - y2 ) 

---iill--tt-ll-3e(xz, yz) (X( n)) 

• 
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The 4e orbitals (xy,x:2 - y2) are non-bonding with respect to X. Thus 

the position of the first ligand field band should reflect the er-donor 

ability of X. As has been pointed out, this correlation appears to fit 

well. The second ligand-field band, however, is a mixed er-n transition. 

The square pyramidal system of the type studied here appears to 

be a good choice for attempting to distinguish between <J'- and 1(-effects 

spectroscopically. The d-level ordering in this case i3 pictured be-

low, and gives rise to three possible transitions, one which should re-

fleet :rr-donor or acceptor ability (v2 ), and one which should be inde

pendent of X and serve as a calibration point (v3 ). 

V2 
V3 

~~-tt-__,1--~ ai(z2) X( er) 

e(xz,yz) X(n) 

---+...__ _ __, b2 ( xy) 

In or der for this method to work, it is essential that either b1 (x:2 -

y2) or b2(xy) remain of constant energy from one complex to another. 

To a first approximation, these levels should be independent of X. As-

suming that t he energy of b1 (x2 - y2) is independent of X, we expect v1 

to exhibit the energy ordering CN < N02 <As <halide. The observed 

ordering is N02 <As <halide < CN, which is very different. The energy 

ordering exhibited by v2 is CN > As > N02 > Cl> Br > CNS > I > t u, 

which is in better agreement with expectation than is the ordering ex-

hibited by vi, but is still not entirely correct. If the assignment of 
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the ligand field spectrum is correct, the only conclusion which may be 

drawn is that the energy of the bi(x.2 - y2) level must depend upon the 

nature of X in some unspecified way. The effect of X must be somehow 

transmitted through the Ni(diars)22+ framework. That this effect is 

observed is perhaps not surprising. Introducing X into the region of 

the occupied a1 (z2 ) orbital could very likely alter the electronic dis

tribution about the central metal atom, thus changing the Ni(diars)22+ 

geometry slightly. 

Even though the energy of the b1 (x2 - y2) level is dependent 

upon X, it might still be possible to obtain ~- and fi-donor orderings 

if the energy of b2 (xy) is independent of X. The 1A1 - 1A;;:. (xy --. x2 -

y2) transition can be observed for four of the eight X, but is a weak 

shoulder in two of these cases, and the exact position is difficult to 

pinpoint. Using the 1A1 __., 1 Ae. transition as a reference point, which 

is equivalent to assuming a constant value for the energy of the b2 

level for these complexes, apparently leads to an unlikely result; that 

is, I > Br > Cl > As for ~-donor ability. The halide ordering is prob

ably correct, but As is certainly out of place. This result may arise 

from a change in position of b2, or simply from the difficulty of lo

cating with any accuracy the iA1--.. 1~ transition in the Ni(diars} 

(triars)2+ spectrum. In any case, it is unfortunate that this transi-

tion is not resolved in the cases of X CN, N02, tu, because these are 

the cases for which vi is badly out of order. 

There are two further possibilities which might be considered, 

concerning the unexpected behavior of vi in these spectra. The first 

is that perhaps electron-repulsion effects are very large for vi and 
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hence the values of v 1 do not correspond at all closely to energy sepa

rations. This explanation is regarded as unlikely. One reason for this 

is simply that chloride and cyanide, for which the values of v1 Hre 

definitely not as predicted, appear at approximately the same position 

in the nephelauxetic series (14). This series indicates the extent of 

metal d-electron delocalization by the ligand, and thus the magnitude 

of the effect which interelectronic repulsion should have on spectral 

bands. The other possibility is that the ligand field spectrum may be 

improperly assigned. As was indicated previously, the assignment of v2 

is regarded as rather certain. Another assignment of the other ligand

field bands has been considered. This scheme leads to a better, though 

still not ideal ordering of the band assigned as 1A1 -+ 1 B1 (z2 -+ x2- -

y2). However, it does have other rather unappealing features. In this 

scheme, v1 is assigned as the spin-forbidden transition 1A1 -+ 3E (xz,yz 

-+ x2- - y2) for X = Cl, Br, I. For X = As, CN, N02, v1 is assigned as 

before, 1 A1 -+ 1 Bi· In the halides, V3 is assigned as 1A1 -+ 1 B1 (z2 -+ 

x?- - y2) . This results in the energy ordering halide > As > CN > N02 

for 1 Ai-+ 1B1, and the inverse ordering for the position of the a1 (z2 ) 

level. This ordering is still not exactly as predicted, since N02 ap

pears to be out of order. It also involves inverting the d-level or

dering in the halides to xy < z2 < xz, yz << x2- - y2, which seems un

likely. Finally, this scheme requires the assignment of a band with € 

200, 80, 70 for X = I, Br, Cl as a spin-forbidden ligand field transi

tion. These intensities appear considerably too high for spin-forbidden 

bands in a complex of nickel(II) (26). For these reasons, we conclude 
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that the present assignment is probably the one most consistent with 

experience. 

Comparison with trigonal-bipyramidal spectra. We have a good 

system here for comparison between the electronic spectral characteris-

tics of the two limiting geometries in five-coordination, the trigonal 

bipyramid (TBP) and the SQUare pyramid (SPY) . It was anticipated that 

it might be possible to come up with some rough empirical guidelines for 

classifying five-coordinate complexes as SPY or TBP on the basis of the 

electronic spectrum measured at room temperature and 77°K. Progress has 

been made along these lines, using the data presented here and also 

other work r ecently completed in our laboratories (124). We consider 

only the case of the low-spin d8 complexes, primarily involving 

nickel(II) as the central metal. There are a reasonable number of com-

plexes of this type for which structural determinations have been car-

ried out, and it would be worthwhile to carry out detailed spectral meas-

urements and apply the guidelines discussed below to some of these com-

pounds which have not been the subject of careful spectral study. 

In six compounds used for comparison here the coordinated ligand 

atoms are identical, the only difference besides the geometry of the two 

complexes being the nature of the aliphatic and aromatic groups attached 

to the arsenic donor atoms. These six compounds are Ni(diars)2 X+ (X=Cl, 

+ Br,CN) and Ni(TAA)X (X=Cl,Br,CN). 

The one characteristic of the visible spectrum 'Which is diagnos-

tic of the TBP is the intense, asyrrnn.etric room temperature band 'Which 

become s more symmetrical at 77°K. This has been discussed in some detail 
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in Chapter 2. The SPY structures do not exhibit this behavior (compare 

Figs. 1, 2, and 7). Rather, bands appearing as shoulders in the room 

temperature spectrum of the SPY complexes are resolved at 77°K. This 

is perhaps best seen in the spectrum of Ni(diars)(triars)2 +, in which 

two bands that appear close together and are of comparable intensity are 

resolved at 77°K. 

The number and intensity pattern of the ligand field bands, as 

well as their temperature dependence, are useful in diagnosing the geom-

etry. The TBP complexes mentioned above exhibit two bands, the one at 

lower energy considerably more intense. The less intense band is some-

times difficult to observe because it is often as little as one-fiftieth 

as intense as the main band. The main band is often asynnnetric at 300°K, 

and there is some evidence, discussed previously, for the generalization 

that the degree of asymmetry depends upon the static distortion of the 

TBP complex. For some complexes, though none of the group under discus-

sion here, the asymmetric band gives way to two, distinct bands at 300°K. 

This is the case for Ni(TMP)~ (TMP=trimethylphosphine,X=Br,I) (124). 

The lower energy component is of lower intensity in the cases observed 

thus far . Tb.is is consistent with the idea that the spectral pattern 

in such complexes is changing over to the SPY. 

+ The SPY complexes (Ni(diars)2X exhibit three ligand field bands, 

the central one the most intense. In every case examined in this study, 

the SPY structure does show the less intense, lowest energy band at 

77°K, and often does at room temperature also. The highest energy one 

(vs) of the three ligand field bands is occasionally not observed . The 

charge-transfer spectra of the TBP and SPY complexes compared here are 
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rather similar, and not particularly useful for distinguishing one struc

ture from another. The positions of the ligand- field bands can be useful 

in distinguishing the two structures. It should be noted that the l ow

spin limitation which we have imposed will only be met using relatively 

strong-field ligands . For example, Ciampolini (112), Dori (139), and 

others (113,140) have prepared a number of high-spin, five-coordinate 

nickel(II) complexes using nitrogen and oxygen donor ligands. The com

m.on type of low-spin d8
, five-coordinate complex involves some cyanide, 

phosphine, or arsine ligands. 

The known mixed halide-phosphine (or arsine) TBP's of nickel(II) 

are all blue, green, or purple. The corresponding SPY's are red, brown, 

or purple, and if the number and kind of ligands are the same in the 

two geometries, as in those discussed here, the lowest energy ligand 

field band occurs at lower energy in the case of the TEP. When we go to 

the mixed cyanide-arsine, however, the result is that the lowest energy 

absorption maximum is found in the SPY spectrum. The lowest energy band 

in the SPY is of relatively low intensity (for Ni(diars)2 CN+, € = 355, 

in acetonitrile at 300°K). If we compare the most intense ligand field 

bands in the two compounds, we find that for cyanides and halides, the 

intense absorpt ion at lower energy is found in the TEP. It is worth 

examining briefly the basis of t hese band position results. 

On the basis of the simple ligand-field p icture, we would expect 

replacing chloride by cyanide in the TBP system studied here to raise 

the ai(z2) l evel and raise the energy of the first ligand field band, 

which is assigned as 1 A1 - 1 E (xy,x!2 - y2 - z2
). Making the same re

placement in the SPY case should also raise the a1 (z2 ) level, which 
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should lower the energy of the first ligand field band, Hssigned as 

1A1 - 1 B1 (z2 - ~ - y2). (Actually, this band exhibitu a small shift 

in the opposite direction, as mentioned before.) The net result, de-

term.ined experimentally, is to reverse the positions of the lowest en-

ergy ligand field bands in the SPY and TBP. Replacing chloride by cya-

nide acts to increase the energy of the intense ligand field band for 

both the SPY (xz,yz - ~ - y2) and the TBP (xy,~ - y2 - z2 ). Cyanide 

is a good ~-acceptor and thus lowers the energy of the e(xz,yz) level 

in the SPY, and a good ~-donor and raises the energy of the a 1 (z2 ) level 

in the TBP. The intense band shows a greater shift in the TBP, but no 

reversal occurs. The result is that for the intense ligand field band 

in both the cyanides and the halides, SPY> TBP. A comparison of band 

+ + positions and extinction coefficients for Ni(TAA)X and Ni(diars)2 X is 

given in Table VI. 

There are a number of compounds of geometry intermediate between 

the two limiting forms. This is undoubtedJ..y due to the relatively low 

barrier to interconversion between these two geometries. It would be 

of interest to examine the ligand-field spectra of some of these com-

pounds to determine whether the intermediate structure is maintained in 

solution, at room temperature and 77°K, and to determine the spectral 

characteristics which these structures exhibit. An application of the 

ideas discussed here is described in Appendix III. 



Table VI 

Comparison of Ligand-Field Bands in TBP and SPY Complexesa 

+ Ni(diarshcl Ni(TAA)Cl+ + Ni(diars),Br Ni(TAA)Br+ Ni(diars)2CN+ Ni(TAA)CN+ 

18,030 15,600 17,,610 15,100 19,170 21,,230 
(Sh 65) (3900) (8o) (3720) (4oo) (5450) 

22,080 20, 790 21,84o 19,800 26,415 27,625 
f-' 

\.N 

(1530) (Sh 120) (1820) (Sh 170) (1730) (360) f-' 

26,285 
(190) 

26,650 
(Sh 110) 

a o 2 All measurements at 77 K in -methyltetrahydrofuran-ethanol or methanol. - -1 ( -1 -i) v cm. c.,J, .mole cm. • 
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A P P E N D I C E S 



APPENDIX I 

NUCLEAR MAGTu"'ETIC RESONANCE STUDIES OF DYNAMIC 

PROCESSES IN DIARSINE: COMPLEXES 

Nuclear magnetic resonance measurements as a function of temper~ 
ature have been carried out on a number of cobalt(III)J nickel(II)J and 
palladium(II) complexes of diarsine. Line-broadening of the resonance 
which corresponds to the methyl groups in the coordinated ligand occurs 
at low temperature ) but splitting of the resonance has not been observed. 
This behavior i s taken a s evidence of structural instability in all of 
the complexe s studied, and exchange of X in the five-coordinate 
M(dia rs)2 x+ (M=Pd)Ni)X=Cl,Br)CN) complexes. 

The nuclear magnetic resonance (nmr) spectrum of diarsine shows 

one sharp signal at o = 1.14 ppm arising from the four equivalent methyl 

groups. Diamagnetic complexes of diarsine exhibit this resonance also, 

with the position shifted to higher fields (for Ni(diars)2 Cl 2 in 

CH3 0H, 5 = l. 84 ppm) . We have studied the nror spectra of a number of 

four-, five-) and six-coordinate diarsine complexes of nickel(II)) pal-

l adium(II), and cobalt (III) as a function of temperatu re . Studies on 

t he five-coordinate compl exes reveal the existence of a process involv-

ing rapid exchange of the a xi al ligand(X). There i s also evidence fo r 

some structural_ instability in all of these diarsine complexes. At low 

temperature ) significant broadening of the resonance arising from the 

methyl protons i s observed) but separate lines corresponding to distinct 

species are never r esolved . 



Experimental. The compl exes were all prepared according to 

standard techniques ( 56) 104)141)142). Microanalyses were carried out on 

all compounds) and good agreement wit h calculated values was obtained. 

Spectroquality solvents (MCB) were used wherever possible. Spectroqual

ity nitromethane (MCB) was found to show weak impurity peaks in the nrnrJ 

presumably due to higher nitroalkanes . Standard methods of purification 

did not elimin?te this problem (132 ). An elaborate fractional distilla

tion appeared to be necessary to completely purify this solvent, and 

was not carried out . All nmr measurements were made on the Varian A-60A 

spectrometer) or the Varian A-56/60A, which vras equipped with a standard 

variable temperature accessory, Varian model V~6oL~o. The Varian A-56/ 

60A instrument i s in the l aborat ories of Prof. J ohn D. Roberts at Cal

tech. Samples were pipetted into precision-ground, 5-cm. Varian runr 

tubes. In some of the measurements the signal was augmented by u sing a 

computer of average transients ( CAT ) , Varian Associ ates Model C-1024) to 

scan the region of interest repeatedly . 

Results and Discussion. The compounds studied fall into three 

classes: the four-coo rdinate nickel complex, the five-coordinate nickel 

and palladium complexes, and the six-coor dinate cobalt complexes . The 

nmr spectra of these complexes , and of the ligand diarsine itself) have 

been measured from room temperature dovm to -60°C or bel ow. The posi

tions of solvent peaks have been use d as an i nternal standard. The posi

tion of the resonance is not so important as the behavior of the line

shape as a function of temperature} however. 

The four-coordinate nickel(II) and palladiun1(II) complexes are 

thought to be square planar and consistent with this, one sharp unspl it 
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methyl resonance is observed (5 = 2.0l ppm) for Ni(diars)2 (Cl04 )2 in 

dimethylformamide (DMF). The five-coordinate complexes of nickel and 

palladium are believed to be square pyramidal (Part IIJ Chapter III), 

and so it is expected that two non-equivalent types of methyl groups 

should be observed, a and b, those on the side of the NiAs4 square plane 

opposite X; and those on the same side of the square plane as X. The 

room temperature nmr of the five- coordinate species of the form 

[M(diarshXJ+ (M=Pd,Ni;X=Cl)Br,I,CN) show one sharp singlet arising from 

the methyl groups. Integration of this peak and that corresponding to 

the aromatic protons shows the areas to be in the ratio of approximately 

3:l as found for diarsine , and as expected in this case if all the methyl 

protons are contained in this resonance. The only reasonable explana-

tion for this result is that rapid exchange of the fifth ligand (X) is 

occurr ing in these complexes. For one sharp signal to appear in the nmr 

spectrum, the rate of the exchange process would have to be :;(; l04-l05 

sec. -i ( ll.~3). In view of the observed rate of exchange of axial water 

molecules in square-pl anar copper(II), which is 2 X 108 sec .-l. (ll~), a 

rate of l04-l05 sec .-1 in this case seems not unlikely. 

In order to obtain more definitive evidence for this exchange 

process, it was decided to measure the nmr spectrum Qf the five -



coordinate complexes at low temperature. The exchange process should be 

slower at low temperature} hopefully slow enough (Rate ~ 104 sec.-1
) 

that«iistinct resonances from the non- eQuivalent methyl groups would 

appear. This techniQue has been used with success in many exchanging 

systems (145,,146). Methanol (f.p. -98°C) was found to be an appropriate 

solvent for this study. Measurements of the methyl resonance f r om the 

complex} and t~e 13C satellites of the methyl resonance from methanol 

-were carried out from -40°C to -90°C. These measurements were made on 

the compounds listed i n Table I, and while substantial broadening of the 

methyl resonance of the complex relative to that of methanol was ob

served, in no case was it possible to re solve ? splitting of the signal, 

arising from non- eQuivalent methyl groups. Broadening of the solvent 

resonance a t l ow temperature does occur, presumably as a result of the 

increased viscosity} but t h e broadening of the solute peak is consider

ably greater. 

In order to make certain that the broadeni ng observed was not 

simply due to some conformational effect exhibite d by the diarsine 

molecule alone} the nmr spectrum of diarsine in methanol was mea sured 

from 40 ° to_ - 90°C . The broadening of the methyl resonance of diarsine 

was s een to occur to the same extent as the broadening of the solvent 

resonance . This indicates that t he broadening observed in the low 

temperature nmr of the metal complexes in fact does not arise from 

some conformational effect exhibited by t he diarsine molecule a l one . 

The behavior of a number of compl exes which were not expected 

to exhibit any kind of X-exchange process was observed} and all of these 

showed line broadening at low temperature, of the same type as exhibited 
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by the five-coordinate compl exes. The f our-coordinate Ni ( diarsh( Cl04h 

in DMF is suspected of actually behaving as a five-coordinate compl exJ 

with 1 solvent loosely bound in a fifth position J in vi ew of t he ease with 

which the [ Ni(di ars )2 ] 2 + unit adds a fifth ligand. For t his reasonJ we 

did not use this rather obvious reference compound for the purpose of 

calibration. The six-coordi nate cobalt ( III ) complexes} Co(diars) 3(Cl04)3 

and [ Co(diars )~Cl2 ] Cl, however, are not expected to undergo any kind of 

X-exchange process . The low t emperature runr spectra of both of these 

complexes show broadening of the methyl resonances to a greater extent 

than the solvent l i ne broadening . The same effect is observed i n the 

l ow temperature nmr of t he five-coordinate Ni(diars)(triars )2 +. A 

likel y explanation of these results is that the molecular framework is 

structurally non-ri gid in these diarsine complexes} and that there are 

more than one possible static conformation which give rise to non -

equivalent methyl groups . An examination of a CPK space-filling mode l 

+ of the Co(diars )2 Cl2 moleculeJ for exampl e J shows that J assuming ap-

proximatel y tetrahedral bond angles about arsenic, there are two non-

equivalent methyl groups in the mo l ecule, due to the apparent "chair-

like" conformation of the molecule. This result is borne out by avail

able crystal structural data (19,20 , 57). The bis-complex of l,8-naphtha

lenebisdimethylarsine with nickel(II) exhibits two i somers, thought to 

be of the "chair" and "boat" forms (l47), in accord with this interpre-

tation. Apparentl y there is a low energy barrier separating the two 

fo rms, and at room temperature they equi librate rapidly. At low t emper-

at ure the process slows dom1, and line broadening occurs . The extent 

of the line broadening at low temperature is not great l y different in 



the five- and six-coordinate complexes . This indicates that the conf'or

mational equilibration process occurs either more slowly than or at ap

proxlmately the same rate as the X-exchange process . 

The proposed rationalization appears to be the most reasonable 

for the data presented. However, it is unfortunate that the low tem

perature measurement does not show resonances from two non-equivalent 

methyl groups._ The unequivocal proof of the proposed mechani sm really 

depends upon identification of noh-eq_uivalent resonances . For the six

coordinate complexes) two separate lines sho-qld appear due to the freez

ing out of the conformational exchange. In the spectra of the five

coordinate complexes) however, four lines are expected at sufficiently 

low temperature, because the combination of the conformational distor

tion with the presence of halide should l ead to four different types of 

methyl groups in the complex. If the explanation i s correct , carrying 

out the measurement at sufficiently low temperature in the proper solvent 

should bring about splitting of the s i gnal . The lowest temperature at 

tained in this study was -l00°CJ using C2D5 0D as solvent. Unfortunately, 

the deuterated solvent seems to free ze at a l:..igher temperature than 

ethanolJ and from the standpoint of viscosity broadening is a less suit

able solvent than methanolJ which only permi ts measurement down to -90°C . 

The results i ndicate that -100°C is not a low enough temperature to allow 

detection of the non-eq_uivalent methyl groups . 

.An a l ternative explanation of the data which should be con

sidered is that of rapid di arsine-exchange . This could occur along 

with X-exchange or aloneJ and would satisfactoril y account for the ob

served results. 
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Another possible approach to the X-exchange problem would be to 

study the trimethyl phosphite adduct of Pt(diars)2
2 +. We have found 

that,Ni(diars )2 [P(OCH3 ) 3 ] 2 + forms readily, and the corresponding platinum 

complex should not be difficult to obtain in solution. This system 

could be studied by 31P and proton runr, and the Pt-P and Pt-H coupling 

should provide additional information about the X-exchange process. 
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Table I 

Compounds Examined in runr Study 

Room temperature 
and low temperature: 

Room temperature only: 

Ni( diars)2Cl2 
Pd( diars)2Cl2 
[Pd(diars)~Cl]Cl04 
Ni(diars)(triars)[B(C6 H5 )4]2 
Diarsine 
Co(diars) 3 (Cl04)3 
Co(diars)2Cl3 

Ni(diars)2(Cl04)2 
[Ni(diars)2CN)Cl04 
Ni(diars)2Br2 
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.APPENDIX I I 

LINKAGE ISOMERIZATION IN Ni(diars)2CNS+ 

While solid [Ni(diars )2 CNS]Y (Y=B(C6 Il5 ) 4 ,C104 ) exhibits one 
slightly split band at the carbon-nitrogen stretching frequency; solu
tions of' these compounds exhibit two bands. This result is taken as 
evidence of ligand isomerization in this system. Additional experimen
tal evidence is offered in support of' the assignment of these two bands 
to the N- and S-bonded thiocyanate complexes. 

There has been considerable i nterest in recent years in com-

plexes of transition metal ions with the ambidentate l i gand, thiocyanate 

(148,149). A lar ge number of complexes have been prepared containing 

either the N-bonded or the S-bonded form. I n a few cases, both isomers 

of a given complex are known (149,150), and there are also examples of 

complexes thought to contain both the N-bonded and S-bonde d ligands in 

a single molecule (151). Infrared spectroscopy has proved to be a very 

useful tool in characterizing thiocyanate complexes. Turco and Pecile 

have worked out empirical rules for distinguishing N- from S-bonded thio-

cyanate in complexes , on the basis of t he position of vC- S (152), the 

C-S stretching frequency, and the integrated intensity of vC-N (153), 

the C-N stretching frequency . There have bee n a number of attempts t o 

come up wit h gener a lization s concerni ng the meta l ion and the other 

ligands present in the comp l ex which would expl ain the preference for 

N- or S-bonde d thiocyanate in particular complexe s (154). While some 

p r ogress has b een made i n this area, the r e seems t o be no clear - cut rule 

which i s universally correct . 



We have carr i ed out an infrared spectral study of Ni(diars)2CNS+ 

in the solid and in solution . Our results indicate that while both the 

perchlorate and tetraphenylborate salts of this complex cation exist in 

only one of the isomeric forms (probably N-bonded), both linkage isomer s 

are present in solution. 

Experimental. The preparation of [Ni( diars )2CNS ]Cl04 has been 
. 

described in Part II, Chapter II. [ Ni(diars )2CNS][B(C6H5 )4] was readily 

prepared by mixing a solution of sodium t etraphenylborate in methanol 

with a methanol solution of [Ni(diars)2CNS}Cl04 . The precipitate fo rmed 

was washed many times with methanol, in wh ich it is very slightly solu-

ble, and recrystallized from a dichloromethane-methanol solvent mixture 

to give dark r ed crystals. 

Anal. Calcd. for C4sHs2As4 NSBNi: C, 53.61; H) 5 . l2; As , 29 . 75 . 

Found : c, 54.55; H, 5 . 27; As, 29.60. 

Spectroq_ual ity grade dichloromethane, acetonitrile, and met hanol (MCB), 

and reagent grade dimethylsulfoxide (Baker and Adamson ) were used as 

solvents in t he infrared and uv-visible spectral studies . Infrared 

measureme nts were made on a Perkin-Elmer Model 225 grating spectropho-

tometer, using potassium bromide plates for the mull spectra, and 

matched LOO nun. cells with calcium fluoride windovrs for solution meas-

urements. The Beer ' s l aw determination for the visible spe ctrum was 

carried out using Suprasil sq_uare cells with solid silica inserts which 

give pathl engths of 0.01, 0.03, 0.10, 0.30, and 1.00 cm. Uv-visible 

spectra were measured as described previously . 

Results and discussion . Th e infrared spectrum of sol id 
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[Ni(diarshCNS]Y (Y=Cl04 ,B(C6 H5 ) 4 ) as a Nujol mull exhibits one slightly 

split b and in the thiocyanate region, with the components appearing at 

2061' and 2069 
-1 

cm. In solution, however, the infrared spectrum of 

Ni( diars)2 CNS+ in this region exhibits two distinct bands, at _2060 and 

2090 cm.-1 The detailed results in a number of solvents are given in 

Table I . Since the five-coordinate complex contains only one -CNS 

group; only on~ value of vC-N is expected.· The small splitting of this 

band (b. v=8 cm.-1
) observed in the spectrum of the solid is most likely 

due to crystal packing effects. I n solution, the two bands observed must 

arise from two di stinct types of thiocyanate. The possible explanation 

for the existence of two bands seem to be as follows! (1) bot h N-bonded 

and S- bonded isomers of Ni(diars)CNS+ are present in solution (2) both 

free and bound thiocyanat e are present, due to dissociat ion of the com-

plex (3) bridging thiocyanate i s present in addition to either the free 

ion or one of the bonded i somers. 

We examine the l east interesting possi b ility (2 ) fi r st, that of 

dis sociation of the complex; which would give rise t o two infrare d bands 

in solution . 

K __ ,,_ 

Free thiocyanate exhibits a band at ~ 2060 cm. -
1 (153); which is approx-

imate l y the same frequency as observed for the spli t band in t he solid 

[Ni( diars )2 CNS ]Y} and for one of the bands in solution . The visible 

absorption spectrum of Ni( diarsh2 + is well knovm (99 ) and if dissocia

tion of Ni ( diar s )2 CNS+ occur s, this spectrum should appea r. The visible 

absorption spectra of [Ni(diarshCNS]Y in the solid and in organic sol-
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vents (C > 10-4 M.) a re ve-ry different from that of the four-coordinate 

Ni( diarsh( Cl04 ) 2 , and are in fact similar to the chloride and bromide, 

which are five-coordinate . These data have been presented in Part II , 

Chapter 3. Also, the molar conductivity of [Ni(diars )2CNS]NCS in nitro

methane (C=l0-3 M.) i s essentially t he same as that for the corresponding 

chloride, bromi de, and iodide, and is ~uite different from that exhibited 

The infrared spectra have been measured i n organic solvents, 

with C > 10- 3 M. in every case, and so there seems to be considerab l e 

evidence against explanation (2 ) . In order to check for dissociation, 

a Beer r s l aw de t ermination was carried out simult aneous l y in t he in-

f rared and visible spectrum. Over a range of concentrations from 1.5 x 

10-3 M. to 2 .2 X 10-
2 M. [Ni(diars )2CNS]Cl04 is acetonitrile, Beer 1 s 

law for the main visible absorption band ('A =474 nm) is obeyed to · max . 

± 1 .4%, which is within experimental error . The behavior of the infrared 

bands is not so good as this, one band showing deviati ons of ± 6°/o, the 

other deviations of + 8% for the three solutions measured . These figur es 

are cl ose to the limits of t h e experimental error . Unfortunately, one 

soluti on was too dilute and one too concentrated for accurate measure-

ment of the percent transmittance. The important point to be noted con-

cerning this experiment is that the ratios of the absorbance at one peak 

maximum to the absorbance at the other maximum for f ive different con-

centrations show a standard devi ation of onl y± l°/o ( see Tab l e I ). If a 

dissociation process obeying the law of mass action were in force 1 there 

shoul d be a change in t his ratio by a factor of four over the fifteen-

fold concentration range employed here . The constancy of this ratio 



c l early indicates that dissociation is not occurring in the concentration 

range of this study . 

Turning to the other suggested explanations, the possible exis-

tence of any reasonable thiocyanat e-bridged complex is apparently ruled 

out by the conductivity measurement reported by Nyholm and coworker s 

(99). The conductivity of the nitromethane solution of [Ni(diars )2CNS ] 

NCS is very c l ose to those of the chloride, bromi de , and iodide , which 

are monomeric, l : l electrolytes . Also, the positions of the two vC- N 

bands in the inf r a red are r ath e r l ow for bridging thiocyanate groups, 

though the se positions in themselves are not sufficient evidence to 

rule out bridging thiocyanate (153). We conclude that the two bands 

in the infrared solut i on spectrum of Ni(diars )2CNS+ correspond to the 

two link.age isomers, the N- bonded form (presumably v = 2060 cm. - 1
) and 

t he S-bonded fo rm (v = 2090 cm . - 1
) . 

It has been found i n a number of cases that the S-bonded isomer 
,.., 

exhibits vC-N at slightly higher energy than the N-bonded i somer (153). 

( 8 -1) ,.., The region of t he spectrum ,.., 700- 50 cm. which contai ns vC-S i s ob-

scured by diarsine absorption. This is unfortunate , since vC- S is used 

to dist inguish the N- bonde d from S-bonded t h iocyanate . The observed 

difference in half-widt hs of the bands (acetonitrile solution ) i s con sis-

t ent wi th the majority of t h e knovm cases (152), the band arising from 

t he supposed S-bonded f orm being less broad (6. vi= 9 cm. - 1
) than the 

2 

band from the N-bonded form (6. V1 = 25 cm. -
1

) . Because of the similar-
2 

- 1 
ity in position of the solid band with the 2060 cm. band in solution, 

it i s proposed that the compound is N- bonded in the solid . It would be 

worthwhi le to carry out a crystal structure determination on this com-
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pound to test this conclusion . 

The r atio of the absorbances at the peak maxima in sol ution is a 

measure of the relative amounts of the two isomers present in solution. 

Assuming that t he band at ~ 2060 cm.-1 is due to the N-bonded complex 

-i I and that at ~ 2090 cm. i s due to the S-bonded complex} A2oeo ~090 

should increase with the proportion of the N-bonded form . The i nfrared 

spectrum of Ni{diars )2 CNS+ has been measured i n t hree different solvents} 

and the absorbance r atios are given below; 

Solvent 

Dichloromethane 

Acetonitrile 

Dimethylsulfoxide 

aFrom Ref . 155. 

2 .5 

1.82 

1.4 

Diel ectric Constant 
of Solventa 

37.5 

Dichloromethane apparently favors the N-bondecl isomer more than the other 

solvents ; the proportion of the S- bonded form is greatest in dimethyl-

sulfoxide . This result is in accor d with the solvent-dependent isomeri-

zation of Co ( CN)s CNSs- reported by Gutterman and Gray ( 150 ) . They found 

that in a~ueous solution the &-bonded form of that complex predominates 

and in dichloromethaneJ the N- bonded form is favored . Their rational iza-

tion of t he effect was that the "hard" nitrogen end of the thiocyanate 

l igand should be better stabilized by the strongly polar solvent} waterJ 

causing the S-bonde d isomer to be favored. In the less pol ar dichloro-

methane) the polarizable sulfur end is better stabili zed} and the N-

bonded form is f avored . The results tabulated above clearl y indicate 

the same trend : increasing solvent pol arity de creases A2060/A2090, indi-
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eating increasing relative stabilization of the &-bonded isomer. 

Because the ext inct ion coefficients of t he infrared bands due to 

the pure N- and S-bonded forms are not kno1-m, the absorbance ratios can-

not be used to determine t he relative amounts of the two isomer s. This 

determination could be made if a solvent wer e found i n which onl y one 

of the i somers is present. It might be possible to obtain a solution 

containing onl 1 one i somer by mea suring these sol uti on s a t low tempera-

ture , since the equi librium should show some t empe rat ure-dependence . It 

was noted earli er that the integrated intensities of ~C-N fo r S- and N

bonded thiocyanate compl exe s are quite different , and se rve to character-

ize these isomers (153). By assuming reasonable va l ues for the inte-

grate d i ntensities of ~C-N f or the N- bonded complex, the S-bonded com

plex, and f o r free thiocyanate, i t is possible t o a s sign the two bands 

in different ways and to calcul ate possible percentage compositions . 

Us ing the data tabulated by Pecile ( 153) a s 11 reasonab l err value s for 

t he product ( € ) (6 V'1 ) . which a ppr oximates the integrated int ensity, 
max 2 ' 

we have, for a wide variety of comp l exe s and solvents: 

(6V'1)( E ) 
2 max 

free NCS- 14,600 + 5000 

M- NCS 29, 500 + 7000 

M-SCN 5,500 + 6000 

For Ni(diars )2 CNS+ i n a cetoni tril e soluti on, we h ave measur ed the inte-

grated i ntens i t i es of v 2 0 6 0 a nd v2090 as fo l l ows : 
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l7,900 + l500 

3,500 + 400 

For these values of the integrated intensities, it is clear that the 

most reasonable assignment for the two bands in the spectrum of 

V2090 

+ 
vC-N due to Ni(diars)2 NCS 

II 

If we eliminate from consideration the possible presence of free NCS , 

the intensity data points clearly to t his assignment. There are, of 

course, a variety of e 1 s and percentage compositions which give agreement 

with the observed values of (€ )(b. V1) for V2060 and V2090· A reason-max -2 

able example is a 55%/45% mixture of the N-bonded and S-bonded isome rs. 

In this case, we would have (b. v1) ( e ) = 32,500 for the N-bonded form 
2 max 

and 7800 for the S-bonded form, both of -which fall within the limits of 

the data collected by Pecile. 

We r eport here the first instance of thiocyanate S-bonded to 

ni ckel, and one of the few case s of linkage isomerization for a first 

row transition metal ion. Using the r easoning employed by Ahrland (l54 ) 

in discussing the preferred mode of coordination for the thiocyanate 

ligand, it is noted that highJ_y polarizabl e _, ''soft," or 11Class b" donor 

ligands such as arsines must be present in order to i nduce thiocyanate 

to S-bond to the "hard" metal ion, nickel( II). For example, a crysta l 

structure determination has been carried out on the four-coordinate 

nickel complex, [Ni(Et 4 dien) NCS]I (l55), which was forn1d to be N-bonded. 

The ligand Et4 dien has "hard" nitrogen donor atoms . The presence of the 



+ two isomers in solution indicates that the case of Ni(diars)2CNS is just 

at the change-over point for favoring N- or S-bonding of thiocyanate . 

It would be of i nterest to examine other complexes of nickel(II) with 

phosphines , arsines, and thiocyanate to obtain N- and S-bonded i somers, 

and perhaps to e l ucidate some of the ster i c and electronic factor s gov~ 

erning the phenomenon of linkage i somerization . It is worth noting that 

" one of the complexes thought to contain both N- and S- bonded thiocyanate 

in the same molecule is a mixed arsine-phosphine complex of palladium(II ) 

(151) . 

,-' 



Solvent . 

Nujol mull 
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Table II 

+ Infrared Data on Ni(diars)2 CNS 

-v 

2069 
2061 

-1 cm. 

A 

Dimethylsulfoxide 2087 
2056 

.80 
l.14 

Dich loromethane 

Acetonitrile 

2088 
206l 

2090 
2060 

.u4 

.266 

.078 

.215 

.241 
.427 

.059 

.lll 

.233 

. 421~ 

.137 

.250 

l.4 

l.77 

l.88 

l.82 

l.81 
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APPENDIX III 

EQ.UILIBRIA INVOLVUTG VARIOUS FOUR- AND FI VE

COORDINA.TE COMPLEXES OF NICKEL( II) 

The five- coordinate complexes of n i ckel(II ) hal ides wi th b is(o
methyl thi ophenyl )-phenyl phosphine (DSP) have been f ound to exhibi t a -
number or changes in structure as a function of temper ature . The elec
t ronic spectra of solutions of the bromide and i odide have been measured 
in a number of different solvents and at different temperatures . The 
spectral resul ts are discussed in re l ati on t o the possibl e four-, f ive-, 
and six- coordinate species which coul d be pr esent; 

The pr eparation and characterizat ion of a number of transition 

meta l compl exes with the terdentate , heavy- donor ligand bis (.Q_-met hyl-

thiophenyl)-phenylphosphine (DSP) has been carried out by Meek and 

2 

( DSP) 

coworkers ( 108). Electronic spectral measurements on the five - coordi-

nate complexes of nickel(II) with t h is ligand, Ni(DSP )~ (X=Cl, BrJ I ) 

left some uncertainty concerning the coordina tion geometr y of these 

complexes . More recently} a crystal structure determi nation of Ni(DSP ) I 2 

(21) has shovm that this compound exhibits a nearly regular square pyra-

midal geometry. It was thought that measurement of the e l ectronic spec-

tra of some of the Ni(DSP )X2 complexes in solution at low temperature 

might help clear up the ambiguity originally present in the electronic 

spectra . Tb.is system should also provide a good test case for t he 
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proposed empirical rules f or determining the coordination geometry of 

five-coordinate complexes discussed earl ier (Part II, Chapter 3). 

Experimental . All spectral measurements have been carr ied out 

using anal yzed sampl es of Ni(DSP)X2 ( X=Br , I ), kindly supplied by Prof. 

D. W .• Meek of t he Ohio State University. Solvents for spectral meas

urements were spectroquality (MCB) , and the tetra-~-butylammonium 

bromide and iodide were Eastman white l abel reagents. The following 

solvent mixtures were used for spectral measurements at low tempera-

ture: 2;1 

(PM) ; 311 

2-methyl-THF/ethanol (EM); 3:1 2-methyl-THF/propionitrile 

2-methyl-THF/dichloromethane (DM) . Spectral measurements 

at 77°K were carried out as previously described (Part II, Chapter 2 ). 

Measurements at intermediate temperatures between 300 and 77°K were 

carried out using the same quartz Dewar and cell holder assembly. 

Constant temperatures were achieved by blowing a continuous stream of 

nitrogen gas, cooled by passing through a copper coil submerged in a 

liquid nitrogen bath, into the quartz Dewar . The temperature at the 

cell was monitored using a copper-constantan thermocouple and a Leeds & 

Northrup millivolt potentiometer . 

Results and discussion . The electronic spectrum of Ni(DSP)X2 

(X=Br,I) has been measured in a variety of sol vents at 300°, 77°K, and 

i ntermediate temperatures . Dissociation of X- is seen to occur at room 

temperature in acetonitrile solution, but not in dichloromethane . The 

equilibrium i n acetonitrile may be pictured in this way 



Ni(DSP)X2 
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Ni(DSP)X+ + X 

H? 

Ni (DSP)( solvent)2+ + X
x 

If' a solution of Ni(DSP)~ in CH3 CN i s di l uted lO :l and placed i n a 

lO cm. absorption cellJ the absorbance at. }.. decreases sharpl y . Upon max 

addition of [ ( g_-C~9 )4N] X, the absorbance is restored to i ts original 

value . This effect is easily obseryed vi sually . No new absorption 

bands appear in t he spectrum of either compound when dilutions are 

made or stoichi ometric a.mounts (l: l) of AgN03 added. It has not been 

dete rmined whether the equilibrium involves dissoci ation of one or two 

ha l ide i ons . RoweverJ conductivity work by Meek indicates that i n DMF, 

Ni(DSP) Br2 at ~ 10-
2 

is almost enti rel y dissociated into Ni(DSP) (Sol

vent )2+ + 2 Br- (l08) . AlsoJ the absence of an absorption band attribu-
x 

table to Ni(DSP )X+ in the spectrcun of the dissociated compound dispose s 

one to t h ink more in terms of complete dissociation of halide . Solu-

tions of Ni(DSP) Br2 are stable on standing) while solutions of Ni(DSP) I 2 

in pol ar sol vents turn yellow irreversi bly in a matter of hours, due to 

format ion of I 3 - (X = 361 nm,29l nm). 

On cooling, the spectra of the two compounds behave rather dif-

ferently. 

Ni(DSP) I 2 . In dichloromethane solution, the absorbance of the 

i ntense band at 595 nm increases on cooli ng, and a definite shoulde r is 

developed on the high-energy side (t.. = 534 nm,Shoulder; T ~ 185°K) . In 

EM or PM, the absorba nce of the inten se band (f.. = 607 nm) decreases max 

drastica lly on cooling, and a new band appears at h i gher energy (f.. = 
max 



532 nm; T=77°K). Also} a new shoulder appears at 468 :nm. On warming,, 

the original spectrum reappears . Added i odide (O.l M.) has no effect 

on t h e observed temperature dependence of the spectrum. 

It is clear that in dichloromethane no structural changes oc-

cur on cooling. The absorbance of the main band i ncreases,, and a 

shoulder is part i ally resolved, both observations consistent with the 

decrease in bandwidths which occurs on lowering the temper ature of any 

absorbing solution. The observed spectrum is consistent with expecta-

tion for a square pyr amidal compl ex, and is different from that ex-

pected for a trigonal bipyramid. In the latter case , one does not ex-

pect to see resolution of a shoulder on the main band, but rather an 

increase in the syrrunetry of the band at low t emperature . It has been 

noted (Part I I , Chapter 3 ) that the position of the intense band in the 

spectrum of a TBP complex falls at substanti all y l ower energy than that 

for the SPY compl ex, assuming ligands of about the same ligand field in 

the two cases. The band maximum for Ni(TSP)I+ appears at 15,060 cm.-J. 

(157) ( 300 °K, in dichloromethane ) as compared with l6 , 810 cm.-J. in this 

case. This i s consistent with expectat i on for square pyramidal Ni( DSP) I 2 . 

The sharp decrease in the intensity of the bands corresponding 

to the square pyramidal complex, which occurs at low temperatur e in EMJ 

indicates that the amount of this species present has decreased. The 

new species which replaces it must give rise to the absorption band at 

468 nm. The position of this band is correct for a four-coordi nate , 

square planar complex. For exampl e, the four-coordinate Ni(SPh(Cl04 ) 2 

exhibits a band at 21,,600 cm . - 1 in dichloromethane at 300°K (108)) as 

6 - 1 
com~ared with the band position of 2lJ 3 8 cm. in EM at 77°K observed 
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in this case . Because added iodide does not affe ct the spectrum, it is 

apparent that the four-coordinate species does not originate by dissoci-

ation of I ~ Perhaps one of the "teeth" _of the tridentate ligand be-

comes detached} to give a four-coordinate comp l ex of the form 

Ni(DSP)Br 2 • In dichloromethane solutionJ the absorbance of 

the intense band at 541 run steadily decreases on cooling, and a defi-

nite shoulder begins t o emerge on the low energy side of t he band 

(A = 650 nm, T ~ 185°K). Both of these effects are opposite to the 

result s obtained with Ni(DSP)I2. The compound is not ve ry sol ubl e in 

EM, but by adding a small amount of dichloromethane, the solubility 

may be increased. In this solvent , the band at 544 nm (300°K) disap-

pears at low temperature, and an additional shoulder appears a round 

380 nm. This solution is yellow at 77°K. In PM or DM, the band at 

544 nm (300°K) disappears at l ow temperature , and a weak new band ap-

pears at 650 run (77°K). These solutions are pale green at 77°K. In 

CH3 CN at 300°K, there is a vreak shoulder at 615 nm which varie s wi t h 

( Br- ) i n about the same way as does the intense band at 540 nm. Added 

bromide does not appear t o affect the observed temperature dependence 

of the spectrum. Complete spectra l results for this compound and 

Ni(DSP) I 2 are collected in Table I . 



The decrease in absorbance on cooling, observed for the in

tense band in the spectrum of this compound in dichloromethane, is not 

the 'expected result, as was indicated above. The decrease of the band, 

and the appearance of the shoulder at 650 nm, indicates that a new 

species is being formed, at t he expense of the original one. The orig

inal complex is assumed to have s~uare pyramidal geometry, by analogy 

with Ni(DSP)I2 . Additional evidence for this explanation of the in

tensity decrease of the main band with decreasing temperature is given 

by the fact that at 77°K in PM or DM, the main band has disappeared, 

and the new band at 646 nm is present. The position of this new ab

sorption (v = 15,480 cm.-
1 

in DM, T = 100°K) is in the correct region 

for assignment as the prominent band in the spectrum of Ni(DSP)Br2 

with a TBP structure (for Ni(TSP) Br+, v = 15,150 cm.-1 in dichloro

methane, T = 300°K) (157). The l ow intensity of the 646 nm band indi

cates that only a fraction of the TPY complex goes to the supposed TBP 

form, since extinction coefficients are generally of the same order of 

magnitude for the intense band in the two geometries . Additional 

evidence for this is provided by the l ow temperature spectrum in EM, in 

which the maximum at 544 nm has disappeared but no new absorpt ion at 

rJ 650 nm appears. There are new absorptions at 380 nm and 400 nm which 

might logically be assigned to a four-coordinate species, as postulated 

for the iodi de . The presence of these bands i n the low t emperature 

spectrum in PM and DM indicates that some of this form, as well as the 

TBP, is probably present in these solutions at low t emperat ure. There 

is also the possibility that the bands observed in the low temperature 

spectrum are due to some six-coordi nate species involving DSP and 
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solvent, with bromide dissociated. Such complexes were detected with 

Ni(Et4dien)2 + and added pyridine or Et4dien at low temperature (5). 
I 

However, the fact t hat the observed bands in this case appear at low 

temperature using the poorly coordinating solvent dichloromethane, and. 

not wi th ethanol, which is expected to coordinate better, casts doubt 

on this interpretation. A number of other five-coordinate species 

might be present in solution and give rise to the observed low- tempera-

ture spectrum. These could involve coordinated solvent, or ligands 

only partially coordinated.. It is impossible at this point to rule out 

such unknown possibilities, and for this reason the interpretation 

given for these spectra must be r egarded as t entative . 

We present evid.ence here for the existence of temperature-

dependent equilibria thought to involve both four- and five-coordinate 

species derived from Ni(DSP)~ (X=Br, I ). It appears that both SPY and. 

TBP structures may be involved in these equilibria for X = Br. It is 

not profitable at this time to speculate on the factors which might 

lead Ni(DSP)Br2 to exhibit this isomerism and Ni(DSP)I2 not to do so. 

It would. be worthwhile to examine the analogous chloride complex which 

has been prepared and characterized (108), in view of the apparent 

tendency toward the TBP at low temperature with more e l ectronegative X. 

Another possible technique for studying this system would be a tempera-

t ure-depen dent infrared spectral study. This could best be carried out 

using complexes with X = NCS, N3 , NCSe, CN, or N02 . None of these have 

been reported, but it seems very likely that the first three, at least, 

could be readily prepared and characterized. 
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Tabl e l 

Electronic Spectr a of Ni(DSP)~ 

x Sol vent T i\( nm) € or A 

I CH2Cl2 300°K 595 1250 .62 
185 589 .73 

s 534 . 49 

EM 300° 607 1185 
77° 604- 365 

532 321 
s 468 'J78 

CH3CN 300° 

Br CB2Cl2 300° 51~1 Boo .76 
185° 532 . 51 

s 650 . 12 

EM 300° 544 .087 
s 400 

77° s 400 . 43 
s 382 

DM 300° 544 .46 
s 400 .68 

100° 646 .06 
s 400 . 45 
s 380 . 65 

PM 300° 542 
s 396 

77° 658 
s 400 

CH3CN 300° s 612 .08 
539 .20 
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PROPOSITIONS 

!. 

Magnetic circular dichroism ( MCD) experiments are proposed to 

provide additional evidence concerning the assignment of certain bands 

in the electronic absorption spectra of Ni(diars )2 Xz and Ni(diars )2
2 +. 

I I. 

It is proposed to extend the experiments described in thi s dis

sertation involving the production of arsenic radical species by uv

photolysis to include organic derivatives of other Group V e l ements and 

the heavier elements of Group VI . It is further proposed to extend the 

spectroscopic techni~ues used in studying these radical species to in

clude uv-visible absorption) infrared and Raman spectroscopy, as well as 

electron spin r esonance (esr). 

III. 

Electron spin resonance (esr) experiments are proposed to h e l p 

elucidate the role of the molybdenum. and iron atoms in the active site(s) 

of the nitrogen-fixing enzyme system from Azotobacter vinelandii . 

IV. 

Kinetic studies are proposed to elucidate the mechanism of the 

oxidation and reduction reactions of the bis-diarsine complexes of 

nickel . 



170 

v. 

Synthetic experiments under conditions approximating those 

thougnt to exist on pre-biotic Earth have succeeded in producing simple, 

biologically important monomers. Fragmentary r eports of the use of 

heterogeneous solid/solution systems indicate that for certain type s of 

reactions this approach is better than simple homogeneous systems . A 

study of the application of insoluble phosphate minerals in a hetero

geneous system to the formation of phosphate esters under pre-biotic 

Earth conditions is proposed. 



171 

PROPOSITION I 

In recent years, the technique of magnetic circular dichroism 

(MCD) has been found to be one more useful tool for the chemist inter

ested in the electronic structures of transition metal complexes (1,2). 

In particular, MCD measurements provide direct evidence concerning the 

degeneracy of excited states. Measurements may be carr ied out in solu

tion, with concentrations about an order of magnitude larger than ap

propriate for measurement of the uv-visible absorption spectrum. Al

though the experimental setup is not complicated, there are apparently 

few in operation at present. The apparatus consists of a spectropolar

imeter of the type used to measure optical rotatory dispersion (ORD) 

and cir cular dicb.roism (CD) of optically active species, and a magnet. 

In much of the original work employing this technique, the magnetic 

field (up to 45 kilogauss) was furnished by a small superconducting 

solenoi<l which fits compactly around the sample and insi de the sample 

compartment of the spectropolarimeter (2). More recently, a permanent 

magnet capable of fields up to ll kilogauss has been used to supply the 

magnetic field (3). 

The theoretical expressions for the Faraday effect (MORD and MCD) 

contain three terms, A, B, and C (l). A terms arise from the Zeeman 

splitting of the ground or excited states, and thus can only be present 

when a degenerate state is involved in the electronic transition. B 

terms are caused by the mixing of states by the magnetic field, and C 

terms arise from Zeeman splitting of the ground state. C terms will be 
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present only if the ground state is degenerate; A terms will appear if 

either the ground state or the excited state involved i n the t r ansit i on 

is degenerate. 
I 

The presence of an A term is indicated by a full derivative 

curve in the dispersion mode) in contrast to l ine shapes arising from B 

and C t erms . Idealized l ineshapes in t he dispersi on mode are pictured 

bel ow, 

+ e 

v 

A term 

+e 

B or C term 

v 

vj is the frequency 
which corresponds 
to the band maxi
mum in the elec
tronic absorption 
spectrum. 

C terms may be experimentally distinguished from B terms in t h at C terms 

are temperature dependent) while both A and B terms are independent of 

temperature (2) . 

The principal use of the MCD experiment) then) is in determining 

whether degenerate states are i nvolved in observed electronic transitions . 

The degeneracy of the ground state of molecular species is ordinarily 

k nown from other experiments . However) in the absence of a band polari-

zation study, t he identi ty of excit ed states i nvolved in electroni c 

transitions is often the subject of considerable speculat i on . Thus the 

detection of A terms in the MCD experiment has pr oved usef ul i n distin-

guishing between degenerate and non-degenerate excited states . One ap-

plication of this technique was r eported by Mart in) who identifi ed t he 

1A1 g -+ 
1Eg ( xz, yz -+ x!2 - y2 ) t ransit ion in FtC14

2 - by detecting an A t erm 
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in the MCD corresponding to this band (l~). B terms are expected to ap-

pear for all absorption bands) and so are not of interest in character-

izing· absorption bands. However) the presence of B terms must be 

reckoned with) for a strong B term can prevent detection of an A term 

associated with the same transition. For this reason) failure to observe 

an A term is not conclusive evidence that the excited state involved is 

non-degenerate . This situation is observed in the MCD of the tetragonal 

six-coordinate complexes of cobalt(III) reported by McCaffery) ~ al. 

(5). No A terms are observed in these spectra) despite the rather well-

established assignment of the lowest energy band in the spectrum as 

Because of some uncertainty remaining in the assignment of the 

charge-transfer spectrum of [Ni(diars)2 X]z; it was thought that addi-

tional experimental evidence concerning the electronic structure would 

b e of value. The one feature of this spectrum which remains puzzling is 

-1 
the band which appears near 30)000 cm.. ) t he position relatively inde-

pendent of the nature of X in the series ClJ Br) IJ NCSJ tu. For a 

number of reasons detailed in Part IIJ Chapter 3J this band has b een as-

signed as the electronic transition 1 A1 __.. 1 E [X(rc) -->- M(do-~)]. An alter

native assignment pre sented by Meek for t h e analogous band in the Ni12 X+ 

spectra (L==SP,SePJAP,VPP) is P(o-)-->- M(do-:<·) (6). The detailed assignment 

of this band could then be 1 A1 -->- 1 A1 J 1 B1 J or 1 E. In any case, for t h e 

five-coordinate NileX+, the charge-transfer spectrum can exhibit two 

transition s to degene rate state s, X( re) or P( a-) -> M( dCTX-). In the case of 

Ni(diars )(triars ) 2 +, X = As does not have filled re- donor orbital s 7 and 

thus can only exhibit one trans ition to a de generate state, namely 



As(rr) ~ Md(cr*). The absorpti on band which has b een assigned to this 

transition appears i n every one of the Ni(diars )2X+, Ni(diars )22+ com-

8 - J. 
p lexes studied here; in t he range 37~3 ;000 cm. • I f the ass ignment is 

correct ; the dispersion of the MCD should exhibit an A term corresponding 

to this band. Also , if X is a n-donor ligand; an A term should appear a t 

~ 30,000 cm.-1
; f or t he Ni(diars)(triars)2+ and for Ni(diars )22 + in 

acetonitril e , no A t erm shoul d be observe d in that region . 

In addition t o possibl y resolving this difficulty, it is ant ici-

pated that the MCD expe riment should provide evidence concerning the as-

signment of the relatively intense ligand f i e ld band which appears a t 

~ 20, 000 cm.-l. in the f ive-coordinate species . This band has been as-

signed as 1 A1 ~ 1E (xz,yz ~ x!2 - y2 ), and so should exhibit an A term in 

t he MCD spectrum. The assignment of t he correspondi ng band i n t he spec

trum of the four-coordihate Ni( diar s )2
2 + is perhaps less firm, and so 

identification of the position of the transition to t he degenerate 

ligand field excited state would be even more i mportant in t ha t case . 

I t i s possible t hat one might not obtain positive results from 

this experiment. However, recent r eports have been rat her encouraging . 

Recent work on the MCD of M(CN) 4
2 - (M=Ni,Pd,Pt) has been reported i n-

dependently by Mason (3) and Schatz (7). The dispersi on of t h e MCD shows 

very strong A t erms for these SQUare- p l anar complexes . It has also been 

reported that better separation of bands is obtained in the MCD t han in 

conventional uv-visibl e absorpt i on spectra ( 3). 
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PROPOSITION II 

The production by uv-irradiation of a number of arsenic-contain

ing radicals and measurement of their esr spectra have been reported in 

Part I, Chapter 3 of this dissertation. The radicals produced are 

thought to be of two kinds, arsine radical cations and unchar ged radicals 

containing divalent arsenic . Production of t he radical species is 

achieved by uv-photolysis of a frozen solution (T ~ 96°K) of the parent 

substituted arsine. Normally, irradiations have been carried out in the 

esr spectrometer cavity so t hat the esr spectrum can b e measure d during 

or soon after i rradiati on. 

Esr results have been r eported for a number of organic sulfur

containing radi cals (l,2) and two organic selenium-containing radicals 

(3). While a few radical cations containing sulfur have been reported, 

most of the sulfur- containing radicals and both selenium radicals are of 

the f onn R-Q· (Q=S,Se). The characteristics of these spectra have been 

discussed in Part II, Chapter 3. Gordy and coworkers have reported the 

production of PH2 , PD2 ) and phosphorus and arsenic atoms by r-irradia

tion of phosphine and arsine at 4°K, and have measured t he esr spectra 

of these species at low t emperature (4). They have also reported esr 

results on y-irradiated Group IV hydrides (4). In the latter experi

ments, they detected the presence of CH3 J SiH3 J GeH3 , and SnH3 • These 

species exhibit axially symmetric g-tensors with very small deviations 

from the free - electron value . Hyperfine splitting due to t h e Group IV 

element was observed only in the case of SiH3 (
29Si,I-1; Nat. abundance= 
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4.7'%), with a value of (Asi> = 266 G. There has also been a certain 

amount of esr work done involving or ganic anion radicals involving phos

phorus. These rad i cals have been produced by mixing solutions of sub

stituted phosphines or phosphine oxides with potassium metal. The radi

cals detected are thought to be of t he form (R.2PK- ) (5, 6). 

In view of the success of our experiments in producing arsenic 

radicals, it is expected that results of a similar nature might be ob

t ained using aromatic or ali phatic stibines and bismuthines . It is also 

considered likely that low-temperature uv-photolysis of organic sulfur 

and selenium-containing compounds · should yield i nteresting results. Be

fo re proceeding with more concrete proposals, it would be well to point 

out one probl em which does restrict the usefulness of this techni~ue 

somewhat. The probl em is that photooxidation i nvol ves transfer of an 

electron from the parent molecule of interest to a molecul e of solvent 

whi ch in turn breaks down to yi eld a radical with a characteristic, 

highly spl it esr signal. This s i gnal is centered at g = 2.00, and is 

often the most intense resonance in the spectrum. At the s ignal leve l s 

necessary to observe the arsine radical resonances in detail, it ob

scures a width of ,.., 100 G., centered a t the free electron val ue (for 

va lues of g between 2 .035 and 1.975). In the case of the arsenic-con

taining radicals studied here, there appeared to be l i ttle i nterfer

ence . The radi cal cation of triphenyl phosphine , however, could not be 

observed, presumably because its signal was buried by the considerably 

stronger solvent radical s i gnal . 

For thi s reason, then, it is clear t hat the photolysis- esr ex

periment will be best applied to systems like.ly to produce radicals 
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exhibiting resonances somewhat removed from g = 2.00. This situation 

wilJ.. obtainJ of course 1 in the case where the radical simply resonates 

at g not close to 2.00. It will also be true where the radical exhibits 

large hyperfine splittingJ so that signals occur at quite high and low 

fields, while g may actua lly b e quite close to 2.00, It is to be noted 

that the anisotropy of the g t ensor and the deviation from the free-elec

tron value increase going downward in the periodic table. 

With this restriction in mind1 then, it i s proposed t o carry out 

low temperature uv-photolyses of triphenylstibine and triphenylbismut hine 

in rigid organic glasses. Not many stable organic stibines and bismu

thines are known, but these two have been the subject of an electronic 

spectral study (7). Our wor k on substituted arsines showed r emar kably 

little variat ion of esr results wit h changing substituents on the hetero

atom. futh compounds are expected to yield radicals which exhibit hyper

fine splitting (8) :. 

i 2 isb 

123Sb 

209Bi 

I = 5/2 natural abundance = 57 .25% 

7/2 42.75 

9/2 lOO .O 

Because both a r e below arseni c in t he peri odi c table 1 the g-values ob

served should devi ate markedly f rom the free-electron value. It will be 

of i nterest to note the ratio of r adica l cation to diva l ent neut ral 

spec i es produced in the photolysis . One might expect the stability of 

the radi cal cat i on to decrease going do1-mward i n the periodic table . It 

i s hoped t hat these experiments might help to clarify the meaning of the 

r esults already obtained with the ars ine s . 
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· It is further proposed to photolyze diphenylselenide at low tem-

perature in an attempt to produce the corresponding radical cation . 

The (R-Se·) species generated in previous studies have been produced by 

photolysis of diselenide compounds (3 ) . Perhaps by using selenoethers 

with aryl substituents} radical cations of these molecules can be sta-

bil ized and detected} as well as species of the type R- Se . Familiarity 

with the esr p roperties of the R-Se species should make interpretation 

of the results more straightforward. 77Se (I-~ ) is 7 . 58% abundant in the 

naturally occurri ng element} and hyperfine satellites are somet imes ob-

served. The g-values observed t o date for selenium radicals ( gll=2.12J 

g.['2 .08 fo r C12H25Se)(3) i ndicate that the products from photolysis of 

(CeH5 ) 2 Se should be well clear of the solvent radical region . 

Besides routine esr studi es on these new systems} it is clear 

that mor e detailed work on the low t emperature photolyzed arsines would 

be of value . It was mentioned in Part I, Chapter 3 that the esr measure-

ments at K-band were attempted but fai l ed due to technical problems. In 

order to clarify esr interpretations, measurements in systems of this 

sort should be carried out at the two different microwave frequencies. 

Measurement of the electronic absorption spectra of these samples should 

be performed} and also l ow temperature infrared and Raman studie s . These 

measurements might be of considerable he lp in identifying and more fully 

characterizing the species present . The types of studies possible are 

limited by the necessity to work at low temperature and in rigid media. 

One final experiment which might be attempted in connection with these 

i s to measure the esr spectrum of a high energy-irr adiated (X or y-rays ; 

electron bombardment ) single crystal of triphenylarsine . Considerably 
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more detailed information is attainable from a single-crystal study than 

from those carried out on r~ndomly oriented systems (9). 

Important applications of this techni~ue for studying uns table 

paramagnetic species may be found in the field of coordination chemistry. 

It h as recently been used successfully in these laboratories to produce 

ruthenocenium cation ( 10) J an unstable hydride-phosphine complex of co

balt(II ) (ll)J and thallium-containing radica l s ( 12). Our results with 

nicke l-diarsine complexes i ndicate that the expected photochemical proc

ess need not always occur) however. It does appear that the techni~ue 

could be applied to a number of problems involving the stabilization and 

characterization of metal complexes which are unstable under ambient 

conditions . 
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PROPOSITION III 

The process of nitrogen-fixation by biological systems must be 

ranked as one of the most surprising chemical processes known, and at the 

same time, one of the most essential to life. It has been estimated (l) 

that every year· lOO million tons of nitrogen are fixed by living systems 

on this planet. Tb.at biological nitrogen fixation takes place under 

normal atmospheric conditions is remarkable, considering the extreme con

ditions re~uired for the current industrial processes for nitrogen fixa

tion (450°C;250-1000 atm. N2 ) (2). A satisfactory solution to the nitro

gen-fixation problem could drastically increase the world protein supply 

and thus buy time in the impending struggle with overpopulation. 

Biological nitrogen-fixation was first described in l838 by 

Boussingault (2), and since that time has been detected in l eguminous 

and non-leguminous plants and free-living bacteria, both aerobic and 

anaerobic . In 1956,,. Carnahan (2-l~) first prepared cell-free extracts 

capable of fixing molecular nitrogen . Since t hat time) considerable 

progress has been achieved in describing the nitrogen-fixing system bio

chemically (2,4)5). I n the past few years, a number of inorganic chem

ists have begun to study the nitrogen- f ixation problem from a different 

vantage point. In 1965, Allen and Senoff (6) reported the first of a 

rapidly growing class of transition metal complexes with coordinated 

molecular N2 . In 1964, Vol'pin and Shur (7) first described systems of 

catalysts based on metal complexes which fix N2 at room temperature. 

"While progress Lr1 the area of inorganic model systems is impressive 
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( 8, 9) J the systems under study have not ye t become economically important , 

and are still quite different in composition from the biological sys

tems (10). 

The isolation and purification of N2 -fixing, cell-free extracts 

from Azotobacter vinel andii has recently been reported (ll). These f rac

t ions have been found to contain both iron and molybdenum. Requirements 

for the reaction are an ATP generator, Mg++, and a reducing agent, for 

example dithi onite (Na2S204). In some living systems, the reducing 

agent appears to be pyruvateJ and electrons are t ransported to the ni

trogen-fixing enzyme by ferredoxin (J2). The N2 -fixation reaction ap

pears t o be a two-step processJ as evidenced by t he fact tha t if the 

substrate , molecular N2 , i s not provided, but all other requirements 

are furnished to the enzyme systemJ evolution of H2 occurs. The first 

step is t hought to involve activation of the electron donor which func

tions in the subsequent reduction of N2 to NH3 ( l3). This second s tep 

i s known as the 11ni trogenase 11 activity . If substrate is not presentJ 

the activated electron donor reduces protons to H2 • Hardy and Knight 

(13) have observed that ATP breakdown accompanies H2 formation, and have 

reported that the 11 r eductant-dependent ATPase11 and "ATP-dependent H2 

evol ution" activities apparently cannot be separated. The role of ATP 

in the reaction has not been studied in detailJ but one function is pre

sumably to increase the reduction potential of the e l ectrons supplied by 

the reducing agent . Further evidence for the two-step nature of the 

process is that the nitrogenase activity is inhibited by low concentra

tions of CO, while the H2 -evolution activity is not . Chelating agents, 

such as a , a'-di pyridyl and ~-phenanthroline, inhibit both activities, 
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indicating that metal ions do occupy important positions in the active 

site(s) of the enzyme system. 

The isolation of the nitrogenase activity in cell-free systems 

has allowed much biochemical work to proceed. The level of purification 

attained is not, however, "What one would generally hope to have for de

tailed physical measurements on the enzyme. While the purification is 

about 25-foldJ some inhomogeneity of t he two main protein fractions 

(both of which appear to be necessary for any type of activity) is ob

served by ultracentrifugation (ll). However) one esr study has been car

ried out on N2 -fixing particles from Azotobacter vinelandii, and signals 

were observed at g "" l.94 and l.97 whose intensity was quite sensitive 

to the presence of N2 (14). These signals are known to be characteristic 

of non-heme iron and molybdenum (v). It is not expected that impurities 

in the enzyme preparations should interfere with these signalsJ s imply 

because most impurities will be diamagnetic, and the only paramagnetic 

impur ities which would resonate in this region are non-heme iron and 

molybdenum(V) impurities, which would exhibit resonances essentially 

identical to those observed here. Because the h i ghly impure Azotobacter 

particles gave esr spectra which showed strong N2 -dependence of the in

tensity, it seems likely that this purified extract should be suitable 

for more detailed esr measurements than those performed on the Azotobacter 

particles (14). 

The specific roles which the molybdenum and non-heme iron pl ay 

in the nitrogen-fixing system are not knmm. The presence of both of 

these has been reported in a number of enzymes involved in electron 

transport . Two of these enzymes) xanthine oxidase (15) and aldehyde 
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oxidase ( l6) J are knmm to contain both mol ybdenum and non-heme ironJ 

and have been the subject of ~uite detailed esr studies. While some of 

the molybdenum and non-heme iron sites are involved in electron trans

port in the N2 - fixing system, it appears that there is the added function 

that one or both of these metal ions binds N2. It has been found that 

molecular hydrogen) carbon monoxide, and nitric oxide all exhibit compe

titive i nhi b ition of N2 -fixation (2 ) . This type of competitive kinetic 

behavior is taken to mean that these inhibitors compete with substrate 

for the active site (l7). CO is also known to bind to hemocyanin (18), 

hemoglobin (19) ) and other metal proteins . In each case it was shown 

that the "dead- end" inhibition was caused by formation of a stable metal 

complex blocking the active site. The fact that the nitrogenase extract 

is effective in reducing a wide variety of simple substrates (N2 0,C2 H2 J 

N3-JHCN,CH~C) all of which are good ligands with similar electronic 

properties is additional evidence for metal-bound N2 . It shoul d be noted 

tha t no direct physical evidence has been presented yet for this interme

diate ) but it does appear t hat N2 is bound by either non- heme iron or 

molybde num} and that the inhibitors bind at the same active site . 

In order to better characterize the metal ion-apoprotein inter

act ion in this enzyme system} and to locate the s ite of N2 -binding in 

the active enzyme ) certain esr experiments are proposed . First, since 

the purified components (I and II ) prepared by Bulen and Lecomte from 

the N2 -fixing system of Azotobacter (11) have not been studied by esrJ 

it is proposed to carry out esr measurements on these components under 

varying conditions . It was reported that I contained onl y non-heme iron 

and that II contained both non-heme iron and molybdenum. Careful esr 
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measurements on proteins similar to II have been carried out (l6 ) J and 

the results of that work should prove very helpful in adjusting condi-

tions , (temperature} reductant concentration) substrate concentration) 

esr modulation power ) for the optimum separation of the iron and mol ybde-

num signal s in this spectrum. Detail ed esr studies on another non- heme 

iron protein from Azotobacter (20) should likewise be of help in studyi ng 

I . If such studi es appear promising} it is possible to observe 95Mo hy-

perfine splitting by enriching the sample with 95Mo (l5 ). The magnitude 

of the Mo hyperfi ne has been usedJ with the g-valueJ in assigning coordi-

nati ng ligands to the Mo ion (2l). In the proteins studied to date J Mo 

is thought to be bound by sulfur l i gands . Enrichment is carried out by 

simply growing the bacteria in a medium with 95Mo molybdate . A more 

bizarre procedure was necessary to obtain 95Mo-enriched xanthine oxidase 

from milk (22) . 

It is furthe r proposed to measure the esr spectrum of these ex-

tracts with 15N2 in place of ordi_nary 14N2 and to see whether the molyb-
' 

denum signal or either of the non-heme iron signals change. This sub-

stitution should also be carried out using the various inhibitors known 

to bind t he active site) H2 ) D2 J 
13CO) and NO) and the esr observed, It 

should be noted t hat any of the other substrates could a l so be used for 

this purpose . It is expected that the esr signal corresponding to the 

metal ion which binds N2 and inhibitor will change when different adducts 

are formed} if the nuclear spin of the atom bound to the metal changes or 

there is a dram.a.tic change in the electronic structure of the ligand. 

This effect has been observed in the molybdenum(V) esr signal of methanol-

inactivated aldehyde oxidase (16) . It is expect ed that i n this case} a 
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change in the shape of the esr signal should be observed with different 

adducts1 rather than actual resolution of hyperfine lines. Line broad

enin'.g was observed for some non-heme iron esr signals on substituting 

with 57Fe (23) and 33s (20). Careful measurements on these systems 

under identical conditions wi ll be necessaryJ but s i nce it will only 

be necessary to detect a measurable change in the spectrum.J it should 

be possible. _If further purification of the proteins is necessaryJ it 

should be possible to assay for esr signal to purify so as to maximize 

thatJ rather than enzymic activity. Wnile such a procedure may be open 

to criticismJ much detailed esr work is currently done on biological 

samples which have lost activity in the course of purification proce

dures (20). It is presumed that the struct ure of the region of inter

est of the protein fragment exhibiting the esr signal is not much dif

ferent from that in the active protein . Certainly any change in the 

signal with increasing purification is easily monitored . 

A current postulated mechanism for nitrogenase reactions is re

produced as Figure l. This mechanism seems to fit the data now avail

able. What is needed i s more detai l about the nature of the enzymes and 

the reactions involved. Attempt s to clarify the cour se of the nitrogen 

reduction reactions have recently been carried outJ using a model system 

( 21~). The experiments proposed here can serve to determine the nature of 

the N2 binding site. In view of the kno"WU deactivat ing effect of meth

anol acting on the molybdenum act ive site i n aldehyde oxidase (16)) 

and the fact that CO in l ow concentrations does not inhibit the action 

of non-heme iron e l ectron transport proteins) it may be that N2 is bound 

by Mo. It is actually difficult to make meaningful speculations without 
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more experimental evidence concerning the structure of the protein. It 

i s hoped that the study proposed above will help provide such informa

tion. 
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Figure 1. A current postulated mechanism for nitrogen-fixation (from Ref. 2). 
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PROPOSITION IV 

Since the original preparation (l) of the very unusua l complex 

of diarsine with nickel in the formal oxidation of +3J Ni(dia r s )2X3 (X= 

ClJBrJCNS) J it has been the subject of a number of electronic and molecu-

lar struct ural studies (2-5 ). Nyholm has reported the preparat ion and 

characterization of bis-diarsine compl exes of nicke l i n the formal oxi-

dation states of +2J +3J and +4 (lJ6), and has described the conditions 

necessary to interconvert these species . While r ather severe conditions 

(l5N. HN03 ) are necessary to produce the formally nickel(IV) complex) 

[ Ni(diars )2Cl2 ]( Cl04)2 , the two less highly oxidized species are f a irly 

easily interconverted. For example, oxidation of Ni(diars )2Cl 2 is ac-

complished by simpl y refluxing in ethanol containing HCl ( l M. ) with air 

bubbling through the solution for two days (1 ). Reduction of the product 

of this reaction, Ni (diars )2Cl3 , is easily accomplished by treating the 

solution with sulfur dioxide . 

A crystal structure determination (3) has shown N1(diars )2Cl3 to 

be six-coordinate in the solid, with trans-chlorides . Conductivity 

measurements (c ~ 10-3 M.) and a potentiometric t itration with silver ion 

indicate that the six-coordinate form is maintained in solution ( 1 ) . 

AlsoJ the visibl e absorption spectrum appears to be the same in the solid 

and solution (4). There is now a large body of evidence that the diva-

lent compl exes of the form M(diars )2X2 (M=Ni , Pd, Pt j X=Cl, Br,I,CNS,N02 , tu, 

CN) are five-coordinate in organic solvents (7-9). While the oxidation 

+ of Ni(diars )2Cl has been shovm to occur readily in the presence of 
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e xcess chlor ide) in the absence of chloride) the oxidation will not pro-

ceed. The four-coordinate Ni(diars)2(Cl04)2 (7) has not been oxidized 

to form any stable species) and no five-coordinate ) oxidized complex has 

been isolated. It is apparent that the axial field provided by 

the anionic ligands is in some way necessary to stab.ilize the oxidized 

b is- diarsine nickel unit . 

The red~ced species) Ni(diars)2X+J is five - coordinate) then) 

whi l e the oxidized species) Ni(diars )21C.2+J is six-coordinate . Since 

ne i ther Ni(diars)2X2° or Ni(diars)2x2+ have ever been detected; it is 

not obvious what the reaction mechanism for the r edox process should be. 

A number of kinetic experiments are proposed to determine the mechanism 

of t he oxidation and reduction react ions. 

Nyholm (1) has reported a pot entiometric titration of 

Ni(diars )2Cl2 with cerium( IV) sulfate as oxidant. It woul d be possible 

to use cerium(IV); hydrogen peroxide) or a number of other ox idizing 

agents to study the oxidation of Ni(diars)2Cl+. 0 Nyholm reports E = 

+0.77 v. for the process . For the reduction of Ni(diars )2X2+J sulfur 

dioxide has been usedJ and sodium sulfite in dilute acidic media would 

quite l ikely be a suitable substi t ute. In aqueous solut i on; the re

duced species Ni(diars ) 2X+ s l owl y loses diarsine by hydrol yses . Nyholm 

( l ) has circumvented this problem by ca r rying out the potent iometric 

titrat ion at 0 °C . Alternatively) methanol) which does not attack 

Ni(diars)2X+J could be used as solvent . Using methanol as solvent; a 

weak oxidant) such as H202 o r 02 and acid) should be used. The use of 

non-ab sor b ing oxidizing and reducing agents makes it possible to f ollow 

the reaction spectrophotometrically . This reaction has been obser ved 



unintentionally in the course of making electronic spectral measurements 

on the five-coordinate species (9). Traces of peroxides in 2-methyl-

tetre.hydrofuran, one component of solvent mixtures used in that work, 

cause slow oxidation of Ni(diars)2 X+ to Ni(diars)2 X".2+. Because the 

spectra of Ni(diars)2 X+ and Ni(diars)2 X".2+ show equal extinction coeffici-

ents for two or three values of A1 the presence or absence of isosbestic 

points in the electronic spectra of solutions undergoing these reactions 

is a test for the absence or presence of absorbing intermediates. This 

technique has been used by Pel.oso et al. ( 10) to demonstrate the existence --
of the intermediate species Co(diars)2 (CNS)Cl+ in the substitution reac

tion of Co(diars)2 CJ..e +with NCS-. Tb.is technique could also be used in 

this case to test for absorbing intermediates. 

Before going to the redox reactions, it may be of help to examine 

the possible ligand substitution processes. Those which will be relevant 

to the redox reactions are 

(1) 

and 

(2) 

The rate of (1) was crudely estimated using nmr methods (9), with the re

sult Rate k .f:: 104 sec.-1 (300°K). It is not known whether the reaction is 

associative or dissociative. It is proposed to carry out temperature-

jump kinetic measurements (ll) as a function of reactant concentration 

to determine the associative or dissociative nature of (l) . An associa-

tive process would indicate the presence of a six-coordinate intermediate 

-4 or activated complex, with a maximum half-life of - 10 sec . The visible 
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absorption spectra of the different five-coordinate complexes of this 

series are known and can be used to follow the reaction in t h e T-jump 

experiment . 

React i on (2) is anal ogous to the ligand substitution process 

for the corresponding cobalt(III) compl ex . The dissociative rate con

stant for 36Cl- substitution into Co (diars )2Cl2+ was f ound to be ki 

-6 -1 ( ) 5 X 10 sec . _ 10 . It is ~uite unlikely that tte nickel complex 

will undergo substitution so s lowl y, but the mechanism i s expected to 

be dissociative, 

slow Ni( diars )2Cl 2+ 

+er 

fast 
+ *c1-

If sufficiently slow, the reaction can be studied by radioactive ex-

change . Otherwise, study of this reaction will be diffi cul t , due to 

t he similarity in absorption spectra of the different Ni(di ars )2X2+ . 

If the spectra could be sorted out , a T-jump study would be of value . 

Fo~ the reduction reacti on, possible mechanisms are listed be-

l ow, along with the corresponding rate expressi ons . 

Ni(diars)2x2+ 

+ x-
+Red N. ( d · ) X+ + Ox k

2 
> i iars 2 

Applying the steady- state approximation to Ni(diars )2 x2 +, 

Rate where S = Ni(diars )2~+ 

(4) 

Comparing the substitution rate determined above with the rate of oxi-

dation should permit one to say which of the two steps i s rate-determin-

ing. For a slow f irst s tep, the rate expression reduces to 



For a rapid first step} it becomes 

Rate = kik2 (s) (Red) 
k_

1 
(x-) 

(5 ) 

Rate ·- k(S)(Red) 

(6) 

+ 

Ox 

Rate = k(S)( Red) 

Deterraination of the rate law for the r eduction will distinguish mechan-

ism (4) from (5 ) and (6)} but will not distinguish (5) from (6). This 

ambiguity can not be removed by standard kinetic methods . However} i n 

view of the knmm substitution-lability of t he Ni(diars )2X+ complexes 

(9)J it seems unlikely that Ni(diars )2X2° will be a long-lived species . 

If the me chanism of the five - coor dinate X-exchange reaction described 

above is associative} t hen the half-life of the six-coordinate species 

< -4 must be ~ 10 sec . 

Turning to the oxidation reaction} the following possible me -

chanisms should be considered : 

Ni(diarsbx2+ 

+ Redr 

Ni(diars )2:le.2+ (7) 

In octahedral substitution reactions; the second step i n (7) i s rapid. 

This was observed i n the case of Co(diars )2 Cl2+ (lO). I n that case; 
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we have 

Ra t e = ki (s) (Ox ') 

k (8) 

Rate = k ( S)(ox 1 )(x-) 

Rate 

I t shoul d be noted that (8) and (9) displ ay the cl assic mechani stic 

amb iguity of rate l aw det erminations . Ordinary k ineti c measurements 

can not distinguish between set s of reactants in equi librium with one 

< 3 - J. -J. ( ) another . I f Rate ,.., 10 sec. M. i n 9 ) this ambi gui ty cou ld be re-

moved by carrying out a pre- steady state k inetic measu rement by the 

stopped-fl ow technique (J2). As has been noted earlier) it i s l ike l y 

that t his reacti on i s above this r ate limit . 

There i s one p i ece of evidence not yet ment i oned which may bear 

on the question of intermediate species . This i s that Ni(diars )2 Cl+ in 

a rigi d glass at 95°K is not photooxidized) wh_i l e Ni (diars )2 Cl2 + is 

photoreduced (9). This is taken to be evidence against the intermedi

ate Ni(diarshc12 +. Becau se the bonding i n Ni ( diars )2 J\2+ is not well 

understood) i t i s not profi table to speculate on factors affecting the 

stability of Ni(diars )2x2+ . Both a simple crystal f i eld descript ion 

a nd the "stable octet" rul e predict that Ni (diarshX+ should be more 

st able than Ni(diars )2X2° . However_, Nj_ ( diars )2 I2 has been shown to be 

s i x- coordinate with covalent bond distances in the solid ( 13). 

It is perhaps worth noting t hat while the structure of the 



para.magnetic t h iocyanate complex [Ni(diars )2(CNS)2+] has not been 

+ studied) the existence of two isomers of Ni(diar s )2CNS (19) could com-

plic~te the kinetic pi cture considerab ly) due to the possible necessity 

to i somerize the thi ocyanate ligand at s ome point. 

1. 

2. 

3. 

5. 

6 . 

7. 

8 . 

9 . 

10 . 

ll. 

12. 

13. 
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PROPOSITION V 

Current theories about the origin of ljSe on Earth from simple 

molecules are based on the description first given by the Russian scien

tist Oparin (l). This description is based on the current understanding 

of the nature of pre-biotic conditions on Eartht the components of the 

atmosphere and geosphereJ and the energy sources available. 

Oparin's description} as modified by Urey (2,3) is presented 

here. About 4. 5 billi on years ago; the earth was condensed from a low

temperature cosmic cloud ( 4), ancl since that time.,1 temperatures have 

remained rather close to present temperatures (3). The atmosphere was 

r e ducing in character, with CH.,._, N2, NH3 ; H20, and H2 as the primary 

components. Much of the earth was covered by water. Under these con

ditions , the action of el ectrical discharge (lightning) and ultraviolet 

radiation from the sun produced some larger molecules, most. of which 

were in turn decomposed by r adiat ion f rom the sun. Some of these 

l arger molecules were not decomposed, h owever} and passed into the 

oceans } whe re fur ther reactions occurred} leading to more and more com~ 

plex molecules . Af'ter some millions of years the oceans resembled a 

thin} organic 11 soup1
11 and eventually1 by chance} the first viable self

replicating macromolecule was f ormed . The oldest known algal fossil 

has been dated as 2.7 billion years old (5), so the complete process, 

as described1 must have occurred in less than 2 billion years . Towards 

the end of this timeJ the a tmo sphere changed from reducing to oxidizing} 

as a resul t of the escape of H2 from the atmosphere . This oxi dizing 



200 

atmosphere is of course knovm to exist presently . 

Acting on a suggestion of Urey (2); in 1953 Miller (6) demon-

strated the production of simple a-amino acids under primitive earth 
' 

conditions . His experiment was simply to pass an electric discharge 

through a gaseous mixt ure of CH4 , NH3 , H2; and ff20 vapor for a period 

of one week . Major products were formic acid; glycine} alanine ; l actic 

acid, and glycolic acid. Since the initial work of Miller, many other 

workers have achieved success in the synthesis of biologically i mportant 

monomers under supposed pre-biotic earth conditions) using a variety of 

energy sources . Nearl y all of the important a-amino acids (7); a large 

number of assorted aldehydes; ketones; polyhydroxy compounds; and even 

some purine and pyrimidine bases (8-10 ) have been prepared under rela-

tively mild conditions. Some initial progress in forming polynucleo-

tides a nd polypeptides from the monomers has been achieved (ll, 12). 

One important problem involved in the chemical synthesis of 

l ife as it must have occurred is that the solubility of phosphate in 

sea water is very low (0.125 ppm) compared to the concentrations known 

to exist in living cells (herbaceous leaves; 250-750 ppm; human blood 

plasma; 30-60 ppm) (13). Phosphate is of course an essential component 

in DNA and RNA; and phosphoryl ation reactions are a primary means of 

energy transport in cells (A'.l'P -+ ADP + PiJ etc.). Synthetic reactions 

involving phosphate are expected to be difficult with such low concen-

trations of free phosphate . Success in carrying out phosphorylation 

reactions of nucleosides has been achieved by Orgel ( 11~) using reasonable 

conditions with the exception of quite high phosphate concentration 

(1 M.). 
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An interesting.approach to the phosphate concentration problem 

-was provided by Mille r (l5), who was able to synthesi ze pyrophosphate 

i n 2Tfo yield by shaking a suspension of the connnon phosphate mineral, 

hydroxyapatite Caio (P04) 6 (0H)27 with potassium cyanate (l0-
3 

M.) for 

35 days at 20°C . Ca lvin (l6 ), following up earlier work of Akabori 

(17 ), used powdered kaolinite Al4(Si 4010) (0H)s to promote the dicyanid

i amide (DCDA)-directed condensation of phosphate to pyrophosphate and 

ADP to ATP. He note d that the ke y to the catalytic effect of kaolinite 

is probably its known ability to subst itute OH i ons with H2P04- ions 

(l8). 

It is proposed to study phosphorylat ion reactions in some de

tail; using conditions approximating t ho se on pre-biotic Earth. It 

appears that the h eterogeneous systems used by Akabori, Miller, and 

Calvin may provide a way of circumventing t he phosphate concentr a tion 

problem . However, t heir work is i n the nat ure of preliminary reports7 

and a number of fairly important questions r ema in unan swered. One prob

lem ·with studies such as these is that so many variables are involved 

that it i s difficult to make meaningful comparisons between the differ-

ent studies . This work has char acterized the important variables in-

volved, however . These are substrate , condensing agent, temperature, 

source of phosphate, and divalent metal i on. 

One factor in the phosphorylation reaction which deserves fur

ther study is the rol e of t h e dival ent met a l ion. Miller (15) specu

lates that calcium ion in h ydroxyapatit e probabl y complexes phosphate 

in the course of the condensati on of phosphate to pyrophosphate . Orgel 

(14 ) , however, i ndicates that adding various divalent metal ions does 
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not promote nucleotide formation when HCN is used as condensing agent. 

It is well knmm. (19) that Mg2+ (Mn2 +,ca2 +, or Co2 + can substitute ) is 

an opligatory cofactor for the kinases, enzymes which direct the phos-

phorylation of simple sugars and nucleosides . Complexes of ATP with 

++ ++ 
various metal ions, including Ca and Mg are known ( 20) • In view 

of this, it does appear likely that divalent metal ions could have 

played an important role i n pre- biotic phosphorylat ions. The effect 

of dissolved divalent metal ions on phosphorylation should be tested 

for comparison with the r esult s obtained on heterogeneous systems in-

valving the same divalent ions. Also, the same system should be used 

to compare the relat ive effects of apatite, which contains a divalent 

cation, with kaolinite, which does not, in promoting phosphorylation. 

Various condensing agents, cyanate, cyanamide, DCDA, cyanogen, thio-

formate, cyanoformamide should be tested i n conjunct ion with the hetero-

geneous systems to see which yield the best result s . Certainly the 

simplest reaction to study would be the condensation of phosphate to 

pyrophosphate described by Miller ( 15). It would then be worthwhile 

to examine the phosphorylation of a simple sugar, using the conditions 

developed in t he pyrophosphate study. This reaction has apparently 

not been carried out under primitive earth conditions, and is somewhat 

simpl e r than the nucleoside -+ nucleotide conversion . 

One final problem associat ed with phosphorylat ion react ions 

under pre-biot ic earth condit i ons has been pointed out by Orgel (21). 

He found that heating inorganic phosphate in the presence of uridine 

did lea d to production of some uridine phosphates (65°c, 6 months ). 

However, subjecting uridine phosphates to the same conditions led to 
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extensive dephosphorylation . Unfortunately, phosphate concentrat ions 

used were not reported in this study. I t is possible that using a 

relatively insoluble phosphate mineral} such as hydroxYapati te for t h e 

r eaction may eliminate t his dephosphorylation probl em, since it avoids 

high phosphate concentrations. At any rateJ the effect of the reaction 

conditions on t he products over extended periods of time shou.ld be 

tested in the heterogeneous phosphorylation systems proposed here for 

study. 
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