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An Electron Spin Resonance Study of Bis(tetrapheny1arsonium) 
Pentakis( isothiocyanato)nitrosyltechnetate( 11) : A Six-co-ordinate 
Low-spin 4d5 Technetium(l1) Complex t 
John Baldas, John F. Boas," John Bonnyman, and Geoffrey A. Williams 
Australian Radiation Laboratory, Lower Plenty Road, Yallambie, Victoria 3085, Australia 

The e.s.r. spectrum of the title complex has been studied in non-aqueous solution in the liquid and 
frozen glass phases. The spectrum is characteristic of a low-spin 4d 5 technetium(i1) ion in an axially 
symmetric environment with gll = (+) 1.928, g1 = (+) 2.045, All = 0.0236, and A1 = 0.0095 cm- l .  
The small quadrupole interaction observed is solvent dependent. A simple crystal field model, in which 
the unpaired electron is located in the t2g orbital triplet, is able to  explain most features of the e.s.r. 
spectrum. A consideration of the electronic parameters derived from the g and A values leads to the 
conclusion that the results are best explained by a large tetragonal distortion from octahedral symmetry 
with strong x bonding between technetium and the ligands. 

The use of the short-lived nuclide technetium-99m (t+ = 6 h, 
y-energy 140 keV) in nuclear medicine has led to considerable 
interest in the chemical, structural, and spectroscopic proper- 
ties of technetium compounds. The ready availability of the 
nuclide 99Tc (t+ = 2.12 x 10s years, f3-energy ca. 0.3 MeV) 
enables conventional chemical studies to be performed. 
However, e.s.r. studies of T c  compounds are still few in 
number, even though three valence states of technetium are 
odd-electron systems and hence paramagnetic, namely 
TcV1 (M'), Tc" (M3), and the state of interest in this paper, 
Tc" (Us). The first report of the e.s.r. spectrum of a tech- 
netium@) complex was by Orvig et al.' who found that 
[NBu",][Tc(NO)Br,] gave a ten-line hyperfine pattern in 
solution at room temperature, but supplied no further 
details. Yang et al.' recently reported the e.s.r. spectra of the 
ions trans-tetra-ammineaquanitrosyltechnetium(I1) and penta- 
chloronitrosyltechnetate(I1) but did not analyse the spectral 
parameters in detail. The absence of detailed analyses may be 
contrasted with the situation for other low-spin d5 ions, such 
as the 3d5 ions Fe"' and Mn1i,3 the 4d5 ion R U " ' , ~ * ~  and the 
5dS ions 0 s " '  6*7 and IrlV,* all of which have been extensively 
studied . 

This paper reports the observation and analysis of the e.s.r. 
spectrum of the low-spin 4d5 complex, bis(tetrapheny1arson- 
ium) pen takis( isothiocy anato)ni trosyl technetate(rI), [ AsPb] '- 
[Tc(NO)(NCS),] in non-aqueous solutions. 

Experimental 
Ammonium (aq'c)pertechnetate was supplied by Amersham 
International. Sodium (99mTc)pertechnetate (100 MBq, ob- 
tained from the Australian Atomic Energy Commission) was 
added to determine the chemical yield of the technetium 
compound. Kieselgel 60 (70-230 mesh) supplied by Merck 
(Darmstadt) was used for chromatography. Tetraphenyl- 
arsonium chloride was obtained from Fluka. All other re- 
agents used were of analytical grade and were supplied by 
British Drug Houses. Distilled water was used throughout. 

E.s.r. measurements were made at room temperature and 
at ca. 120 K using a Varian E-12 spectrometer operating at 
9 139 MHz. The absorption spectrum in the U.V. and visible 
region was recorded on a Beckman Acta CII spectrophoto- 
meter and the i.r. spectrum was determined in a KBr disc on a 
Perkin-Elmer 197 spectrophotometer. Microanalyses were 
performed by the Australian Microanalytical Service, 

t Non-S.Z. unit employed: eV x 1.60 x J. 

Melbourne. 99mTc y-activity was measured in a Capintec 
CRC-2N ionisation chamber. 

Ammonium pertechnetate (2 cm3, 56 mg Tc) was spiked 
with sodium (wmTc)pertechnetate (100 MBq) and the resulting 
solution taken to dryness. Isopropyl alcohol (10cm3) was added 
and the mixture again taken to dryness. The residue was dis- 
solved in dimethylformamide (dmf) (20 cm3) and hydroxyl- 
amine hydrochloride (1 g) and potassium thiocyanate (1.5 g) 
were added. The mixture was then heated in a boiling water- 
bath for 1 h during which time it gradually darkened. After 
cooling, water (50 cm3) was added and the solution filtered. On 
adding a solution of tetraphenylarsonium chloride (0.5 mol 
dm-3, 10 cm3), a reddish blue precipitate containing W/, of 
the radioactivity formed and was collected by filtration, 
washed with water and diethyl ether, and allowed to dry. This 
precipitate was dissolved in dichloromethane, dried over an- 
hydrous sodium sulphate, and applied to a silica gel column 
(2.5 cm diameter x 10 cm). A deep blue fraction (yield 45%) 
was eluted with dichloromethane and taken to dryness before 
further purification on a second silica gel column (1 cm di- 
ameter x 20 cm). Benzene was added to the blue dichloro- 
methane fraction from this column and on concentration the 
solution deposited deep blue crystals which were collected by 
filtration, washed with benzene and diethyl ether, and dried 
under vacuum over Pz05, m.p. 304-306 "C (Found: C, 
54.6; H, 3.50; N, 7.30; S, 13.6. CS3HIOAs2N60S5Tc requires 
C, 53.7; H, 3.40; N, 7.10; S, 13.5%). The i.r. spectrum showed 
peaks at 2 110m, 2 058s, 1 778s, 1 480m, 1 436m, 1082m, 
998m, 740m, and 688m cm-'. No absorptions were observed 
in the region 760-1 050 cm-', confirming the absence of 
Tc'O. 

E.S. R. Results and Interpretation.-A solution of [AsPh&- 
[Tc(NO)(NCS),] (1.0 x mol dm-') in chloroform- 
dichloromethane (1 : 1 v/v) was an intense blue colour 
546 nm ( E  ca. 2 x 1oJ m2 mol-') and at room temperature 
exhibited an e.s.r. spectrum consisting of ten approximately 
equally spaced lines, with an average splitting of 14.7 f 0.3 
mT, centred around g = 2.020. Such a spectrum is expected 
to arise from an ion with nuclear spin I = 8 tumbling in 
solution. There was no evidence for additional splittings due 
to ligand superhyperfine interactions. 

The e.s.r. spectrum of the above solution, frozen to 120 K, 
is shown in the Figure, and can be described in terms of the 
axially symmetric spin-Hamiltonian (l), where S = +, I = 9, 
and the other terms have their usual meanings. There was no 
evidence for deviations from axial symmetry, nor for super- 
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Figure. E.s.r. spectrum of [AsP~~]~[Tc(NO)(NCS)~] (1.0 x lo-' mol dmP3) in chloroform-dichloromethane ( 1  : 1 v/v) at I20 K and a 
microwave frequency of 9 139 MHz. The arrows indicate the positions of the weak resonances observed at ca. 280 and 288 mT attributed 
to the Am = f l  transitions. The broken line is a computer simulated spectrum for Am = 0 using the parameters listed in Table 1 and 
a Gaussian lineshape, width 0.5 mT. The stick spectra relate to the parallel (z  axis) and perpendicular (xy plane) directions as well as the 
direction corresponding to the angular anomaly (designated a). Not shown are four of the outermost features of the parallel spectrum 
which occur at 217.5, 402.5, 430.0. and 457.5 mT 

hyperfine splittings arising from the interaction of the un- 
paired electron with the nitrogen nuclei of the nitrosyl or 
thiocyanate ligands. The spectrum was simulated as des- 
cribed by De Bolfo et ~ 1 . ~  from the expressions for the mag- 
netic fields and transition probabilities obtained by the use of 
second-order perturbation theory." The best fit to  the experi- 
mental spectrum was obtained when the quadrupole inter- 
action term, Q[lz2 - SZ(l  + l)], was included in the Hamil- 
tonian, and the appropriate parameters are given in Table 1. 
Although the spectrum covers a very large range of magnetic 
field, the second-order perturbation theory used here enabled 
the peak positions in the experimental spectrum to be fitted 
to better than 0.4 mT. In view of the probable errors in the 
measurement of the magnetic field, it was considered that 
computer diagonalization procedures were not necessary. 

When l Q l  > 0, forbidden transitions where Am = i l  or 
~2 may be observed in addition to the allowed Am = 0 
transitions. These forbidden transitions have an intensity 
proportional to  Q' and their positions and relative intensities 
may be calculated from the parameters listed in Table 1 and 
the second-order perturbation theory expressions given by 
De Bolfo et ~ l . ~ * *  

It was found that the most intense resonance of the Am = 

- 1 spectrum occurred at around 288 mT, with a less intense 
resonance at around 280 mT. Examination of the experimen- 
tal spectrum at high spectrometer gain revealed resonances at 
these field positions, as shown in the Figure. Computer simula- 
tion of the spectrum due to the Am = 1 2  transitions showed 
that its most intense lines overlap with the most intense lines 

There is a misprint in equation (6) of ref. 9, which should be as 
shown below. 

Table 1. E.s.r. spectral parameters for [ASP~,]~[TC(NO)(NCS),~ 

(g) (solution) 2.020 
( A )  (solution)/cm-' 0.0141 
gi 1.928 0.002 
gl 2.045 i 0.002 
A &m-' 0.0236 f 0.0003 
A /cm-' 0.0095 0.0001 
Q/cm-' 0.0002 & O.OOOO5 

0.0001 i O.OOOO5 

a In  chloroform-dichloromethane ( 1  : I viv). 
pyridine. 

Value in dmf and 

of the Am = 0 transitions. As the former are very much less 
intense, they were not observed. 

The intensities of the Am = il transitions are only about 
1% of those of the Am = 0 transitions. If both types of 
transition have the same linewidth (ca. 0.6 mT), this corres- 
ponds to  lQl = (1.0 'T 0.2) x cm-'. The value of I Q I  
obtained from a consideration of the line positions of the 
Am = 0 transitions is (2.0 i 0.5) x low4 cm-'. The reason for 
this discrepancy is not immediately obvious, but we feel that 
in view of the uncertainties in line-broadening mechanisms, 
the larger value is the more reliable. The positions of the 
Am = z 1 transitions are effected very little by the magnitude 
of Q for values less than ca. 4.0 x 

The spectra observed in dmf and pyridine solutions were 
well resolved, and could be fitted with values of most par- 
ameters not significantly different from those used for the 
chloroform-dichloromethane (1 : 1 v/v) solvent mixture. The 
value of IQI for both dmf and pyridine solutions, calculated 
from the line positions of the Am = 0 spectra, was 1.0 x lo-' 
cm-' : about 50% of that in chloroform-dichloromethane. 
Resonances were observed at ca. 288 mT in dmf and pyridine, 
but were less intense (ca. 20%) than in chloroform-dichloro- 
methane. 

cm-'. 
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Table 2. Electronic parameters calculated using the simple crystal field model for [AsPh, ]2[Tc(NO)(NCS)5] in chloroform-dichloromethane 
(1 : 1 v/v) 

a Note that 
8.34 T. 

the 

Parameter 

choice 

Solution 1 
- 1.928 + 2.045 - 

0.5885 
0.8085 
1.003 
0.361 
3.42 

90.1 
- 462 

0.0433 
of sign for gii and gl in these cases requires 

Solution 2 
+ 1.298 
+2.045 + 

0.9916 
0.1293 
0.21 8 
0.0144 
1.24 
3.60 

- 6.69 
5.83 

a and b to be of 

Solution 3 a 

+ 1.928 
- 2.045 + 

(+ ) 0.9997 
(-) 0.0249 

57.9 
0.0169 
0.792 
4.23 

- 5.02 
- 27.9 

Solution 4 a 

- 1.928 
- 2.045 

(+) 0.7300 
- 

(-) 0.6834 
2.205 
0.0121 

-0.317 
3.01 

+ 1.43 
0.407 

opposite sign. 1 a.u. = 6.747 x lo3@ m-3 c . 1 a.u. = 

The spectra observed in dimethyl sulphoxide, acetonitrile, 
and dichloromethane-benzene (1 : 3 v/v) were broader than in 
the other solvents, and did not lend themselves to as accurate 
a fit of their spectral parameters, although these were similar 
to those in the other solvents. The line broadening obscured 
any evidence for Am = i l  transitions, so that the presence 
of a small quadrupole interaction could not be confirmed. 

Interpretation of Spin-Hamiltonian Parameters.-A con- 
sideration of the e.s.r. spectrum observed here shows that the 
ground state of the technetium(n) ion has S = +. If S was 4 
or #, either extra lines would be observed in the g = 2 region 
(ca. 326.0 mT) as was found for some Mn" compounds l1 or, 
if the zero-field splitting parameters are large enough, in the 
g = 6 (ca. 110 mT) or g = 4 (ca. 150 mT) regions. Such 
resonances were not observed. 

The theory of low-spin d5 complexes has been discussed by 
a number of a ~ t h o r s . ~ - ~ * ~ ~ - ' ~  Provided that the electron spin- 
coupling energy is smaller than the crystal field energy and that 
the crystal field has octahedral symmetry, all five d electrons 
are located in the orbital triplet (labelled as t2,) which is 
located an energy A below the orbital doublet e,. For the 
free ion, this requires A/B ) ca. 30, where B is the Racah 
parameter. The simplest treatment of this situation is that of 
Bleaney and O'Brien,12 who consider only interactions within 
the triplet states, so that the system is taken to be a single 
hole in the t,, shell. More recent analyses have considered 
the effects of the e, orbitals and of covalent b ~ n d i n g . ~ - ~ J ~  

The symmetry of the complex and the ground-state wave- 
functions. The wavefunctions of the ground state are deter- 
mined by the symmetry of the crystal field around the techne- 
tium(@ ion. Whilst an axially symmetric e.s.r. spectrum can 
arise from either a tetragonal or a trigonal distortion of the 
octahedral crystal field if all six ligands are identical, the 
nitrosyl ligand in [Tc(NO)(NCS)$- imposes tetragonal 
symmetry. The tetragonal distortion is assumed to be along 
the Tc-NO bond direction, which is defined as the z axis. 
The wavefunctions of the r2# orbital triplet can then be written 
in the conventional manner as combinations of the one- 
electron states labelled as Ixy), lyz), and Ixz), and the 
wavefunction of the ground-state orbital singlet is written as 
equations ( 2 )  and ( 3 ) ,  and a and b are related by equation (4).18 

a2 -l- b2 = 1 (4) 

It is important to note that the wavefunctions (2 )  and ( 3 )  
obey time reversal symmetry, as required by a consistent 
Kramers'doublet, i.e. 81 + ) = I - ) and 01 - ) = - I + ), 
where 6 is the time reversal 0peraf0r.l~ If the wavefunctions 
do not obey time reversal, sign inconsistencies may arise in 
the interpretation of the g and hyperfine values.2o For ex- 
ample, the wavefunctions labelled as I + ) and I - > by 
Bleaney and O'Brien l2 do not obey time reversal and lead to 
opposite signs for g and A to those given below. 

The g values. These are obtained by applying the magnetic 
moment operator k 2  + geS to the states - ) and 1 - ); 
k is the so-called orbital reduction factor which is expected to 
be ( 1. The decrease of k from unity is regarded as a measure 
of the covalency, i.e. the amount of x bonding (see, for ex- 
ample, Griffiths et al.14). However, values of k ) 1 are pos- 
sible if configuration interactions with the excited states are 
present, as discussed by Bohan; l6 ge is the free-electron g 
value, i.e. 2.0023. The expressions for the g values in terms of 
k,  g,, and the coefficients of the wavefunctions are given by 
( 5 )  and (6). 

g l  = g A 2  + 21/2(kab) 

From equations (4)-(6) it is apparent that if k is unres- 
tricted and a and b are real, both gll and gi may be either 
positive or negative. There are thus four sets of values for 
a,  b, and k which may fit the results since the signs of gl! and 
g l  cannot be determined in our experiment. In the present 
case there is no a priuri reason why one particular set of signs 
of the g values should be favoured and the four possible sets of 
solutions of (4)-(6) are given in Table 2. One possible ap- 
proach to deciding which solution is appropriate is to follow 
De Simone Is and use the values of a and b and the measured 
values of the hyperfine interaction constants All and A l  to 
calculate the hyperfine parameters P and K for each set. We 
may then decide which set gives physically reasonable values. 

The hyperfine parameters. For the present case of a tetra- 
gonal distortion along the z axis the application of the hyper- 
fine structure operator (7) to the wavefunctions ( 2 )  and ( 3 )  
gives equation (8). Expressions equivalent to (7) for the x and 

6 a b K  All = 2P[ - - - - 6b2 + -+ 5 (b2 - a2)] 7 7 71/2 

a2 llab 
A l  = 2 P ( 7  + - - 

742 
e) 2 (9) 
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y directions give equation (9). As pointed out by Bleaney and 
O'Brien,'' different expressions arise if the symmetry of the 
crystal field is other than tetragonal. 

The unknown constants K and P can be obtained from the 
measured hyperfine splittings and the values of a and b cal- 
culated previously. The parameter K arises from the Fermi 
contact term and is both dimensionless and positive, whilst P 
is given by equation (10) where ge, gn, j3, and Pn have their 

usual meanings and <r-'> represents the mean inverse cube 
radius of the unpaired electron from the nucleus. The reduc- 
tion of P and hence of <r-') in the bound ion indicates the 
degree of covalency. 

The values of K and <r-') may be used to calculate another 
parameter, x ,  where K <r-j> = -3x. The parameter x is 
related to the magnetic field at the nucleus due to core 
polarization 

In a simple resonance experiment, the signs of At; and A l  
cannot be determined. However, an analysis of the solution 
spectrum shows that they must have the same sign.23 The values 
of K, <r-'>, and x are given in Table 2. Since gn is positive, P 
must be positive, and this requires that both All and A 1  are 
negative. The calculation of K is not affected by the sign of the 
hyperfine constants. 

A comparison of the values of <r-3) and x given in Table 
2 with the free-ion values of 5.015 a.u. and -8.81 a.u. res- 
pectively '' shows that only those values corresponding to 
solutions 2 and 3 are reasonable. As we shall see below, 
solution 2 is the only one to give a consistent set of par- 
ame ters. 

Whilst the value of K = 1.24 given by solution 2 appears 
large (by comparison, values of K for 3d5 low-spin Mn2 + ions 
may be ca. 0.3-0.5),  the corresponding value of P is reduced 
by only 25% from the free-ion value of 0.0201 cm-'. The 
value of K implies that the s electron density at the technetium 
nucleus is much larger than that for similar manganese com- 
plexes. This may be expected because of the differences in the 
spatial relationships between the s and d electron wave- 
functions in the two cases.2z 

The quadrupole interaction. The nuclear quadrupole mo- 
ments of the TC and 55Mn nuclei are -0.19(5) x and 
0.35 x m2 r e s p e c t i ~ e l y . ~ ~ * ~ ~  It would therefore be 
expected that the e.s.r. spectrum of a technetium(r1) com- 
pound would exhibit a quadrupole splitting approximately 
one third that of an analogous manganese@) compound. The 
quadrupole interaction constant of the spin-Hamiltonian, Q 
in equation (l), for technetium(@ in [Tc(NO)(NCS),]'- is 
found to be ca. 0.0002 cm-I whereas Q = 0.0020 cm-' was 
found for manganese(@ in the analogous compound Na2- 
[Mn(NO)(CN)5].25 A possibly related observation is that by 
Griffiths and Owen 26 who were unable to detect a quadrupole 
interaction in certain Ir'" complexes, even though the nuclear 
quadrupole moments of the relevant Ir*" nuclei are some 
four times larger than that of 55Mn. They 26 suggest that the 
ligand contribution to the electric field gradient at the nucleus 
is of approximately equal magnitude but of opposite sign to 
that produced by the unpaired d electron. A similar explan- 
ation may hold in the present case. 

The splitting of the t2, states. By applying the Hamiltonian 
of the crystal field and the spin-orbit coupling to the wave- 
functions of the states of the orbital triplet, we obtain the 
secular equations which can be used to determine the tetra- 
gonal splitting 6 in terms of the spin-orbit coupling par- 
ameter k.'' Equation (11) may be used to calculate q from the 
values of a and b given in Table 2. 

It can be seen that solution 2 is the only one which gives 

and has been calculated theoretically.22 

+! (1 1) T = x = z 7 5 - 3 2  2 
6 a  

a physically meaningful result, since the negative sign of 
solution 3 implies that the hole is largely in the d,, or dyr 
orbital, which contradicts the original calculation of a and b 
whereby the large value of a implies that the hole is largely in 
the dxy orbital. We have already seen that solutions 1 and 4 
are unacceptable because of the values of the hyperfine par- 
ameters which result, so that we may conclude that the hole 
is largely in the d,, orbital with a large tetragonal field split- 
ting of the other orbitals of the triplet. Using 3c = 950 cm-' 
(this is the free-ion value and the actual value of h will be 
reduced somewhat due to covalency: see below), we obtain 
a splitting of cu. 4 OOO cm-'. 

The conclusion that the tetragonal splitting is large is 
opposite to that reached by Yang et af.' for the ions [Tc'I- 
(NH3)4(NO)(HzO)]3+ and [Tc''(NO)Cl5]'-, but these authors 
did not analyse their g and hypefine values in any detail. 

Estimates of contributions from the excited states. Whilst 
most of the parameters resulting from solution 2 appear to be 
reasonable, the low value of k indicates that the simple crys- 
tal field model used so far may be inadequate. It can be shown 
that for both g'i and g l  > 0, k varies very rapidly as gl, 
approaches ge from below and tends to infinity as g ++ 
g,. This means that small changes in the coefficients of the 
wavefunctions, namely a and b, have a dramatic effect on 
k, even though the parameters derived from the hyperfine 
interaction, namely K, ( v - ~ > ,  and x are not so dramatically 
affected. Thus the wavefunctions of the ground state must also 
include admixtures of excited states and as pointed out by 
Thornley,' the mechanisms giving rise to these are spin- 
orbit coupling, electrostatic interactions, and the admixture 
via spin-orbit coupling of charge-transfer configurations as a 
result of covalency. Thornley used first-order perturbation 
theory to derive expressions for the corrections to the g and 
hyperfine interaction constants for the octahedral halide com- 
plexes of Ir'" and showed that these corrections could affect 
significantly the estimates of k and the covalency parameter. 
Unfortunately the analysis of Thornley requires the use of 
additional experimental data which is not available in the 
present case. A further consideration is that the perturbation 
theory treatment used by Thornley may not be adequate when 
the tetragonal crystal field splitting is as large as in the present 
case. 

Somewhat simpler calculations, ignoring charge-transfer 
effects, have been performed by Sakaki et af.,7 and 
Sato et af.17 and have given expressions for the corrections to 
the g values in terms of the spin-orbit coupling constant, the 
orbital reduction factor, and the excited state energies. The 
latter involve the octahedral field splitting, A, and the Racah 
parameters B and C. If the spin-orbit coupling is larger than 
the electrostatic interactions (i.e., h ) B), as is the case here 
and in general for other 4ds and 5d5 ions (but is not the case 
for the 3dS ions considered by Sat0 et af.17), the expressions of 
Sat0 et a1.17 may be approximated by those of Hill and 
Sakaki et aL7 The corrections to the g values may then be 
estimated using the following additional information. (i) The 
octahedral field splitting, A, is determined from the absorp- 
tion maximum at 546 nm to be 18 300 cm-'. ( i i )  From Grif- 
fith 27 (see also Wendlandt et the free-ion Racah par- 
ameter, Bo, is estimated to be 500  cm-'. ( i i i )  Solution 2 
(Table 2) gives < F ~ >  = 3.60 a.u., which may be compared 
with the free-ion value of 5.015 a.u.28 Since the spin-orbit 
coupling constant, h, is approximately proportional to 
<r-3),29 the values of h and B for the bound technetium(I1) 
ion are h = 682 cm-I (ho = 950 cm-') " and B = 258 cm-' 
[note that BIBo = (h/ho)2; see Sat0 et ~ 1 . ~ ~ 1 .  
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These assumptions give A / B  = ca. 70, which is similar to 
the values for some ruthenium(rrr) c~mplexes.~. '  Values of 
AiB = ca. 35 are usually assumed for the low-spin complexes 
of the 3dS ions manganese(r1) and iron(rrI), whilst Sakaki 
ef al.' and Thornley * have used values of A/B = 60 or greater 
for the 5d5 low-spin ions osmium(rr1) and iridium(rv). Thus 
the estimate of B and the identification of the absorption at 
546 nm as being due to the d-d transition seems reasonable. 

In the notation of equations (2)-(7), for the case of axial 
symmetry. the corrections to  the g values are given 6*7 by 
equations (12) and (13); k is the apparent orbital reduction 
factor, calculated earlier using equations (4)-(6) and is 
related to an average orbital reduction factor, K .  by equation 
(14). 

6g = [2l.,o/A][k/(l + l2B/A)l2[4a2 - 2\/2(ab)] (12) 

6g. [2i..,, 'A][k/( 1 + 1 2B/A)I2[b2 - \,'2(ab)] ( 1  3) 

If the original value of k, namely 0.218, is used in these 
expressions. a, b, and the hyperfine parameters are not sig- 
nificantly different to  those found originally and q is reduced 
only from 5.83 to 5.44. However, k may be estimated also 
from the reduction in the spin-orbit coupling parameter which 
has been determined from the reduction in ( r - 3 ) .  This gives 
K = 0.718 and hence the ' triplet only ' orbital reduction 
factor k is 0.839. These values are certainly more in accord 
with expectation, but if they are used in the expressions of 
Sakaki el ui.- it leads to physically meaningless solutions. 

In a similar manner, the more complete expressions of Sat0 
et ul. '' in\ olving both spin-orbit and electrostatic admixtures, 
do  not lead to satisfactory results and it appears therefore 
that the present theory for calculating the corrections is 
inadequate in this particular case. 

Discussion and Conclusions 
In general, the inability of a simple e.s.r. experiment to deter- 
mine uniquely the signs of the electronic g values leads to 
ambiguities in the interpretation of the spectra of low-spin 
d5 ions. In the present case, a consideration of the parameters 
derived from the hypefine interaction has enabled us to 
decide in favour of the solution where both g and g- are 
positive, 1.e. the product (gxg,gz) > 0. As can be seen from 
Table 2 and from the results of other authors, the correct 
choice of sign for the g values is essential if the description of 
the ion in terms of orbital admixture and crystal field splitting 
is to be valid. The choice of sign for the g values cannot al- 
ways be made using the value of the apparent orbital reduction 
factor, X .  and often requires additional measurements such as 
magnetic susceptibility, Mossbauer effect, or measurements 
of the e.s.r. hyperfine interaction parameters. 

In the context of the strong covalent IT bonding to the ligands 
implied bq the large crystal field splitting. it is surprising that 
no superhyperfine structure due to either the thiocyanate or 
nitrosyl nitrogen atoms was observed. The linewidths here 
were small enough to allow the observation of an interaction 
of the same magnitude as that of ca. 0.5 mT observed for the 
nitrosyl nitrogen atom in Na2[Mn(NO)(CN),]." However, 
the absence of nitrogen superhyperfine structure does not 
exclude ?%-bonding of the thiocyanato-ligands, as a similar 
absence of nitrogen superhypefine structure arises in 3,10.17,- 
24- tet rasul p honat ophthalocyaninat omanganat e(4 - ) where 
the manganese(I1) ion is co-ordinated directly to the nitrogen 
atoms of the ligand.30 Whilst Orvig et al.' suggested the 

N-bonded isothiocyanato-structure for [NBu",]~[Tc(NO)- 
(NCS),], they were unable to  establish the mode of bonding. 
Our e.s.r. results cannot distinguish between N- and S-bond- 
ing to the technetium atom and the question can best be re- 
solved by an X-ray structural analysis. 
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