3466 Inorg. Chem.1997,36, 3466-3475

Spin—Orbit Mixing and Nephelauxetic Effects in the Electronic Spectra of
Nickel(Il)-Encapsulating Complexes Involving Nitrogen and Sulfur Donors

Robert Stranger,*' Katie L. McMahon, * Lawrence R. Gahan? James |. Bruce? and
Trevor W. Hambley"

Department of Chemistry, Faculties, The Australian National University,

Canberra, ACT 0200, Australia, Centre for Magnetic Resonance and Department of Chemistry,
The University of Queensland, Brisbane, QLD 4072, Australia, and School of Chemistry,

The University of Sydney, Sydney, NSW 2006, Australia

Receied December 4, 1996

A study of spin-orbit mixing and nephelauxetic effects in the electronic spectra of nickel(ll)-encapsulating
complexes involving mixed nitrogen and sulfur donors is reported. As the number of sulfur donors is systematically
varied through the series [Nig\S)]2" (x = 0—6), the spin-forbiddedA g — 1Eq and3A,g — A4 transitions
undergo a considerable reduction in energy whereas the spin-allowed transitions are relatively unchanged. The
[Ni(diAMN gsar)f+ and [Ni(AMNsSsar)ft complexes exhibit an unusual band shape foP#tg — 3T,4 transition

which is shown to arise from spirorbit mixing of the E spir-orbit levels associated with thiEy and 3T

states. A significant differential nephelauxetic effect also arises from the covalency differences betwegn the t
and g orbitals with the result that no single set of RaghndC interelectron repulsion parameters adequately

fit the observed spectra. Using a differential covalency ligand-field model, the spectral transitions are successfully
reproduced with three independent variables corresponding Do Bbid the covalency parametefisand fe,
associated with thed and g orbitals, respectively. The small decreasd;iffom unity is largely attributed to
central-field covalency effects whereas the dramatic reductidgviith increasing number of sulfur donors is a
direct consequence of the increased melighnd covalency associated with the sulfur donors. Covalency
differences between theggtand g orbitals also result in larger D& values than those obtained simply from the
energy of the’A,g — 3T,4 spin-allowed transition.

Introduction to unrealistically high values for the Racdh interelectron
In earlier reportswe have examined the electronic spectra repuision parameter as well as erroneous values PH1Mur
X - study'? of the 3A,q — 3Tyq transition in [Ni([9]aneN);]?"
2+ 9 g '
o’l‘l_tg?vlﬁlctahedral ?'Ckel(”) complg?;;as [Ni([9]aneiy . andl however, clearly showed that the anomalous band shape was
[N!( 9 4825a£)+]2 rom tw? verly fferent pders%?(;ﬂves.l nf primarily the result of spir-orbit mixing between théE, and
[Ni([9]aneNs)z]*", we were largely concerned wi € roe o 3T,g states such that the intensity of the spin-forbidéés, —

spin-orbit coupling in influencing the band shape of the lowest 1 qition was significantly enhanced, leading to the double-
energy spin-allowed transition. This complex, like a number humped band feature. From an analy"s,is of e, — 3Taq

of other six-coordinate Ni(ll) complexes involving nitrogen : -
donors such as [Ni(eglf*, [Ni(bipy)s]?*, and [Ni(phen]?*, ?hzzn(ip(?r?_\;g:%pi)gae\/;/ﬁi\zlvef f‘é’lir;gﬁgﬁ”@'r}fgeo\c,g?;ﬂbg’;fg o
exhibits an unusual double-humped band shape associated Wm%hape and thus dergive segnsible values of the ligand-field
the spin-allowedA 4 — 3T,4 transition? In the past, this feature parameters for this complex

has been qttribpted to eit.ht.ar (1) low-symmetry sp!itting .Of the ™, our study® of the secon.d complex, [Ni(AMBBsar)F"

"Tag St?te’ (i) ssp|r+orb|t splitting of thé_ng state, or_(|||) mixing we were interested in rationalizing the ,rather poor agreément
of the *Eq and>Tag states thron_Jgh spirorbit coupling. In the between the observed and calculated energies of the spin-
absence of unambiguous assignments fo?TIg@an_qlEg states, forbidden®A,, — 1Eq and3A,q — A transitions when using

the double-humped nature of thizg — *Tg transition has led ligand-field parameters optimized for the observed spin-allowed
bands. Our analysis revealed the presence of a substantial
differential nephelauxetic effect, also known as differential radial
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Chart 1 Table 1. Crystal Data for [Ni(AMNSsar)](CLQ).
NH, NH, NH, space group P2,/a
crystal system monoclinic
’%\‘ #\‘ ’%\' a(é) 17.160(3)
b (A) 8.740(3)
NN N NN N NN N c(R) 18.198(3)
[( j [ j [ j 8 (deg) 108.73(2)
z 4
NN N NS N NS s V (A3 2729
fw 588.17
empirical formula GsH3aNgNiSCLOg
temp €C) 25
NH, crystal color pink
crystal habit needles
NH, pealc (g/cnP) 1.511
radiation ¢ (A)) Mo Ka. (0.710 69 A)
,%\‘ monochromator graphite
26 range (deg) +120
NN N S,S s no. of refins measd 4300
no. of reflns used 2904
no. of variables 360
s S g s S s R 0.043
Ry 0.034
were applied using the Enraf-Nonius structure determination pac¢kage.

The structures were solved using direct methods in SHELX'S86

. . . refined by full-matrix least-squares procedures with SHELX76.
encapsulating ligands diAMisar, AMNsSsar, AMNS;sar, Neutral-atom scattering factors were u8eddydrogen atoms were

AMN sSssar, and MgSssar shown in Chart 1. As the [Ni(AMN included at calculated sites with fixed isotropic thermal parameters,
Ssarn}* complex is new, we also report the crystal structure of ang all other atoms were refined anisotropically. Plots were drawn
its perchlorate salt [Ni(AMNSsar)](ClQ).. These complexes  with ORTEP The crystal data are reported in Table 1.
provide a particularly useful series in relation to the present  Electronic Spectroscopy. The absorption spectra of the Ni(ll)
investigation as the number of nitrogen and sulfur donors can complexes dissolved in DMF were measured in Nafion film, a
be systematically varied through Ni§NS,) (x = 0—6) coor- perfluorinated membrane, at room temperature-ah@ K using a Cary
dination with the macrocyclic backbone structure remaining 17 spectrophotometer modified to allow data acquisition and control
essentially unchanged. As the number of sulfur donors increase?y @ computer. The Nafion film samples were cooled-t0 K using
through the series, one anticipates a corresponding increase i LeYPold-Heraeus ROK 10-300 closed-cycle helium cryostat system.
: . . f . aseline spectra were recorded under identical conditions using a blank
the metat-ligand covalency. This should manifest itself in a

diff ial hel ic eff lasl h Nafion film sample. Data analysis and spectral deconvolution were
greater differential nephelauxetic effect as well as large changes jeq oyt using the software packages SpectraCalc by Galactic

in the energy of the spin-forbiddeé¥h,, — 'Eg transition and, Industries and PeakFit by Jandel Scientific. Standard ligand-field
as a result, the extent of spiorbit mixing between thég, calculations (without differential covalency corrections) were undertaken
and?3T,g states. using the Fortran program CAMMAG.

Experimental Section Results and Discussion

Detailed synthesis and characterization of the metal-free ligand X-ray Crystallography. The structure of the compound
AMNsSsar have been reportédThe abbreviations employed in this  consists of the complex cation and two perchlorate anions. The
work to describe the ligand and the complex have been described mglecular structure of the cation [Ni(AMiSsarF with its
previously? numbering scheme is shown in Figure 1. Final positional

o shood b s i e, Ty S e et s PETS and selcted bond istances and anglesar repoted
[NI(AMN 5Ssan](ClOs),. The ligand AMNSsar (0.48 g) was in Tables 2-4, respectively. The NiN distances for [Ni-

dissolved in methanol (10 mL), and nickel perchlorate (0.58 g) was (AMNsSsanf" (average 2'151'0 A) are very _SIm”ar to those
added slowly with stirring. The solution was warmed and stirring reported for the hexaamine encapsulating compléxes
continued for 0.25 h, during which a purple precipitate formed.
Dropwise addition of water resulted in a purple solution with a small  (6) Enraf-Nonius Structure Determination Packageraf-Nonius: Delft,
amount of a green precipitate, which was removed by filtration. LiCIO ) ggg?c?r?c'klgg?M. SHELXS-86, Program for Solution of Crystal
was added to the filtrate, and upon standing, purple crystals were Structures. University of Gottingen, 1986.

deposited. The product was isolated by filtration and dried in air (0.33  (8) Sheldrick, G. M. SHELX-76, Program for Crystal Structure Deter-

g). Anal. Calcd for [Ni(GsH34NeS)](ClO4)2: C, 30.6; H, 5.83; N, 14.3. mination. University of Cambridge, 1976.
Found: C, 28.5; H, 6.06; N, 13.2. (9) Ibers, J. A., Hamilton, W. C., Ed_smtgrnational Tables for X-ray
X-ray Crystallography. Crystals for diffractometry were mounted Crystallography Kynoch Press: Birmingham, U.K., 1974; Vol. IV.

) h . . 10) Johnson, C. KORTEP: A Thermal Ellipsoid Plotting Prograrak
on glass fibers with cyanoacrylate resin. Lattice parameters a€21 (10) Ridge National Laboratory: Oak Ridg%, TN, 1965? 9

were determined by least-squares fits to the setting parameters of 2511) cruse, D. A.; Davies, J. E.; Gerloch, M.; Harding, J. H.; Mackey, D.
independent reflections, measured and refined on an Enraf-Nonius J.; McMeeking, R. F. CAMMAG, a Fortran Computing Package.
CADF-4 four-circle diffractometer with a graphite monochromator. University Chemical Laboratory, Cambridge, 1979. ]

Intensity data were collected in the range<19 < 25°. Data were (12) (a) Comba, P.; Sargeson, A. M.; Engelhardt, L. M.; Harrowfield, J.

ot : " . M.; White, A. H.; Horn, E.; Snow, M. RInorg. Chem.1985 24,
reduced, and Lorentz, polarization, and numerical absorption corrections 2325. (b) Comba, Pinorg. Chem.1989 28, 426. (c) Clark, I. J.:

Creaser, I. |.; Engelhardt, L. M.; Harrowfield, J. M.; Krausz, E. R.;
(4) Bruce, J. |.; Gahan, L. R.; Hambley, T. W.; Strangeriri®rg. Chem. Moran, G. M.; Sargeson, A. M.; White, A. MAust. J. Chem1993
1993 32, 5997. 46, 111. (d) Engelhardt, L. M.; Harrowfield, J. M.; Sargeson, A. M.;
(5) Donlevy, T. M.; Gahan, L. R.; Hambley, T. W.; Stranger,|Rorg. White, A. H. Aust. J. Chem1993 46, 127. (e) Suh, M. P.; Shin, W.;

Chem.1992 31, 4376. Kim, D.; Kim, S. Inorg. Chem.1984 23, 618.
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Figure 1. Numbering scheme for the complex cation [Ni(AMN

Ssanf.

Table 2. Non-Hydrogen Positional Parameters for

[Ni(AMN sSsar)](ClQ),

atom X y z Heq) (A9
Ni 0.77112(4)  0.01720(8) 0.23341(4)  3.23(3)
Cl(1) 0.62909(8)  0.0274(1) 0.86991(8)  4.59(5)
Cl(2) 0.45090(9) —-0.1371(2)  0.61970(8)  5.48(6)
S(1)  0.66304(8) —0.1175(1)  0.13532(7)  4.42(5)
O(l) 0.5760(6) —0.081(1) 0.8175(7) 9.6(6)
0(2)  0.6889(7) 0.071(2) 0.8418(8) 8.7(8)
0@B) 0659(2)  —0.052(3) 0.940(1) 7.4(8)
o(4)  0.564(1) 0.149(2) 0.874(1) 5.2(5)
O(5) 0632(1) -0.037(2)  0.7997(6) 9.3(8)
0(6)  0.7038(8) 0.120(2) 0.8949(7) 7.9(6)
O(7) 0636(2) -0.081(3)  0.926(1) 8(1)
o@®)  0.581(1) 0.130(3) 0.862(2) 8.5(8)
0(9) 0.4683(2) —0.2598(4) 0.6738(2) 7.6(2)
0(10) 0.3923(3) —0.1834(7) 0.5497(3)  11.8(3)
O(11) 0.5235(3) —0.0925(5)  0.6058(3)  10.1(3)
O(12) 0.4194(2) —0.0103(4)  0.6505(2) 7.2(2)
0(13)  0.3425(2) 0.3962(5)  0.5645(2) 7.5(2)
O(14) 0.2655(2) 0.1084(5)  0.5321(2) 7.3(2)
N(1) 0.7769(2) 0.1651(4)  0.1434(2) 3.7(2)
N(2)  0.6857(2) 0.1684(4)  0.2575(2) 3.8(2)
N(3)  0.8551(2) 0.1215(4)  0.3309(2) 4.02)
N(4)  0.8719(2) —0.0887(4)  0.2134(2) 3.4(2)
N(5)  0.7616(2) —0.1665(4)  0.3060(2) 3.6(2)
N(6)  0.9895(3) —0.2127(6)  0.4152(3) 5.2(2)
C(l)  0.5532(3) 0.2989(7)  0.0551(3) 6.5(3)
C(2)  0.6209(3) 0.2002(6)  0.1109(3) 4.42)
C(3)  0.5924(3) 0.0339(7)  0.0913(3) 5.9(3)
C(4)  0.6985(3) 0.2333(6)  0.0913(3) 5.1(2)
C(5)  0.6249(4) 0.2461(7)  0.1921(3) 8.1(4)
C(6) 0.6252(3) —0.2033(5)  0.2082(3) 4.3(2)
C(7)  0.8213(3) 0.0756(5)  0.1003(3) 4.2(2)
C(8)  0.7363(4) 0.2811(7)  0.3107(4) 7.43)
C(9) 0.6971(3) —0.2799(5)  0.2658(3) 4.42)
C(10)  0.8964(3) 0.0075(5)  0.1580(3) 4.1(2)
C(11) 0.8065(4) 0.2263(7)  0.3643(3) 7.2(3)
C(12) 0.9057(3) 0.0147(6)  0.3896(3) 4.3(2)
C(13) 0.9414(3) —0.1274(5)  0.2836(3) 4.0(2)
C(14) 0.8414(3) —0.2449(5)  0.3445(3) 4.2(2)
C(15) 09171(3) -0.1417(5)  0.3572(3) 3.8(2)

[Ni(diAMN gsarH)](NO3)a'H,0 (Ni—Nay = 2.109(5) A),

[Ni(diAMN gsarH)|ClaH,0 (Ni—Ngy = 2.111(5) A), and
[Ni(diAZAN gsar)Pt (Ni—Nay = 2.105(5) A) and the mixed

Stranger et al.

Table 3. Selected Bond Distances (A) for [Ni(AMJSsar)](ClQ),

Ni—S(1) 2.426(1) Ni-N(1) 2.114(3)
Ni—N(2) 2.121(3) Ni=N(5) 2.101(4)
N(1)—C(4) 1.499(6) Ni-N(4) 2.094(3)
N(1)—C(7) 1.481(5) Ni-N(3) 2.118(3)
N(2)—C(5) 1.472(6) N(2)-C(8) 1.457(6)
N(5)—C(11) 1.492(6) N(5)C(14) 1.474(6)
N(4)—C(10) 1.474(5) N(4)C(13) 1.479(5)
N(3)—C(9) 1.492(5) N(3)>C(12) 1.489(5)
N(6)—C(15) 1.485(6) S(HC(3) 1.800(5)
S(1)-C(6) 1.816(5) C(1yC(2) 1.539(6)
C(2)-C(3) 1.538(7) C(2rC(4) 1.514(6)
C(13)-C(15) 1.531(6) C(2rC(5) 1.511(7)
C(12)-C(15) 1.536(6) C(6yC(9) 1.496(6)
C(7)-C(10) 1.499(6) C(8yC(11) 1.370(7)
Table 4. Selected Bond Angles (deg) for [Ni(AM#Ssar)](ClQ).
S(1)-Ni—N(1) 86.7(1) S(1XNi—N(2) 92.2(1)
S(1)-Ni—N(5) 170.7(1) S(1)yNi—N(4) 97.9(1)
S(L-Ni—N(3) 84.1(1) N(1¥Ni—N(2) 89.2(1)
N(1)—Ni—N(5) 101.5(1) N(1)}Ni—N(4) 83.6(1)
N(1)—Ni—N(3) 168.2(1)  N(2>-Ni—N(5) 83.5(1)
N(2)—Ni—N(4) 167.3(1) N(2»Ni—N(3) 98.4(1)
N(5)—Ni—N(4) 87.6(1) N(3¥-Ni—N(5) 88.4(1)
N(4)—Ni—N(3) 90.4(1) Ni~S(1)-C(3) 102.6(2)
Ni—S(1)-C(6) 91.8(2) C(3yS(1)-C(6) 106.3(2)
Ni—N(5)—C(11) 106.8(3) Ni-N(3)—C(14) 114.9(3)
C(11-N(5)—C(14) 111.7(4) Ni-N(4)—C(10) 107.4(3)
Ni—N(4)—C(13) 115.7(3) C(10)N(4)—C(13) 113.2(3)
Ni—N(3)—C(9) 113.0(3) Ni-N(3)—-C(12) 113.5(3)
Ni—N(1)—C(4) 118.5(3) Ni-N(1)—C(7) 104.3(3)
C(9)-N(3)—C(12) 110.5(4) C(4rN(1)—C(7) 112.6(4)
Ni—N(2)—C(5) 118.6(3) Ni-N(2)—C(8) 104.8(3)
C(5)—-N(2)—C(8) 110.0(4) C(1yC(2)-C(3) 105.1(4)
C(1)-C(2)-C(4) 105.7(4) C(1yC(2)-C(5) 106.5(4)
C(3)-C(2)-C(4) 111.3(4) C(3yC(2)-C(5) 113.0(5)
N(1)—C(7)—C(10) 108.2(4) C(4rC(2)—C(5) 114.4(5)
S(1)-C(3)-C(2) 118.2(3) N(2)C(8)-C(11) 115.9(5)
N(1)—C(4)-C(2) 117.0(4) N(3)>C(9)—C(6) 111.2(4)
N(2)—C(5)—C(2) 117.7(4) N(4»C(10)-C(7) 109.6(4)
S(1)-C(6)—C(9) 106.7(3) N(6)yC(15-C(14) 106.3(4)
N(6)—C(15)-C(13) 104.7(4) N(5rC(11)-C(8) 113.8(5)
N(6)—C(15-C(12) 109.6(4) C(14yC(15-C(13) 111.7(4)
C(12-C(15)-C(14) 112.2(4) C(13)yC(15)-C(12) 111.8(4)
N(5)—C(14)-C(15) 114.0(4) N(4yC(13-C(15) 113.8(4)
N(3)—-C(12)-C(15) 113.9(4)

nitrogen—sulfur complex [Ni(AMN;Ssar)f+ (Ni—Ng, = 2.103-

(12) A).2> The Ni—S bond length of 2.426 A is comparable to

those reported for [Ni(AMIYS;sar) Pt (Ni—Say = 2.398(5) A).
The N(5) nitrogen atontrans to the lone sulfur exhibits a
considerable deviation from an “axial” position. The N{5)
Ni—N(1) bond angle, where N(1) isis to N(5), is 101.5.
Similarly, the N(2-Ni—N(5) bond angle, where N(2) s to
N(5), shows a significant reduction (83)5but the angles N(3)

Ni—N(5) and N(5)-Ni—N(4) are not reduced to the same extent
(88.4, and 87.9 respectively). The atoms in the coordination

sphere of the nickel ion do not lie directlsansto each other,
and all of the angles are much less than®°18@th the N(2)-

Ni—N(4), N(1)-Ni—N(3), and S(1)}Ni—N(5) angles reduced
to 167.3, 168.2, and 170.,7/respectively.

The hybridization of the capping carbons is expected to be
tetrahedral. The unsymmetrical nature of the ligand increases

the normal spbond angles of 109%5the angles about the C(2)
carbon are 111.3, 113.0, and 1T4fd@r C(3)—C(2)—C(4), C(3)
C(2-C(5), and C(4)yC(2)—C(5), respectively. The same

feature is observed for the quaternary carbon connected to the
amine cap, where angles to the carbons labeled C(14), C(13),

and C(12) are 111.7, 112.2, and 1X].Rspectively.
Electronic Spectroscopy. The low-temperature~10 K)

absorption spectra of the encapsulating complexes [Ni(di&MN

sar)f*, [Ni(AMN sSsanf", [Ni(AMN 4S;sar)F", and [Ni-
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highest energy spin-allowed transitici.q — 3T14(P), is often
partly obscured by intense low-lying charge transfer bands
around 37 000 crt. At low temperatures, however, tR8 g

— 3T,4(P) transition is reasonably well resolved in all cases
except for the [Ni(MegSssar)f"™ complex, where the lowest
energy charge transfer band is observed® 000 cnl. The
resolution of all three spin-allowed transitions and at least one
of the spin-forbidden transitions is necessary to obtain reliable
ligand-field parameters as well as an indication of the extent of
the differential nephelauxetic effect. The positions and ligand-
field assignments for the observed-d and charge transfer
bands are given in Table 5.

From the reported absorption spectra of Ni(ll) macrocyclic
complexes involving nitrogen and sulfur coordinati@rit is
apparent that the amine and thioether donor ligands exert
comparable ligand field strengths. However, in the absence of
geometric constraints imposed by the macrocyclic backbone,
one would expect the thioether ligand to be a much weaker
donor, consistent with the lower D@ values found for the
larger and more flexible ring syster#s. Apart from these
systems, the 10q values found for mixed nitrogen and sulfur
donor complexes of Ni(ll) generally fall within the range
11 500-12 500 cn1l. Consequently, the position of the lowest
energy spin-allowed ban#i,g— 3Tog, Which is only dependent
on 1Mq, should not change dramatically as the number of
nitrogen and sulfur donors is allowed to vary. Examination of
the spectra of the Ni(ll)-encapsulated complexes shown in
Figure 2 establishes that this is indeed the case. The position
of the lowest energy spin-allowed band remains relatively
unchanged at approximately 12 500 ¢nexcept for the case
of the [Ni(Me;Sesar)F™ complex, where the same transition
occurs nearly 1000 cmt higher in energy. The larger D@
value for this complex presumably arises from shorter 8li
bond distances.

In contrast to the spin-allowedh,q — 3T,q transition, the
energies of the spin-forbiddeth,g — By and 3Aoq — A4
transitions depend largely on the Radaand C interelectron
repulsion parameters and to a much smaller extent @gl0
As the number of sulfur donors increases, both spin-forbidden

transitions should be progressively lowered in energy due to
the reduction in the RacahandC parameters arising from the
increased metalligand covalency associated with the thioether
ligand. This prediction is borne out in Figure 3, which shows
the room-temperature absorption spectra of the complexes [Ni-
(NH3)e]?T and [Ni([9]ane$),]2", comprising N and $ coor-
dination, respectively, of Ni(ll). From the spectra, the position
of the spin-forbiddenA,y — Eg transition moves from
approximately 13 300 crd in [Ni(NH3)g]2™ to 8500 cntl in
[Ni([9]aneS),]2", corresponding to a reduction of nearly 5000
cm! associated with the change fromy b S coordination.
The same trend is also observed in the spectra of the encapsulat-
ing complexes shown in Figure 2.

The behavior of the higher energfx,g— A4 Spin-forbidden
transition is not as obvious because of significant overlap with
the spin-allowedfA,y — 3T14(F) transition. However, in the
low-temperature absorption spectrifrof [Ni(en)s]?*, the3Azq
— 1Ay, spin-forbidden transition is observed around 22 500
cm~1 whereas, in the spectrum of [Ni(AMJSzsar)F+ shown
(AMN sSgsar)F* in Nafion film are shown in Figure 2. The in Figure 2, it clearly occurs to much lower energy at
low-temperature spectra exhibit improved resolution. For approximately 16 500 crit. Thus, in going from Nto N3S;
example, in the case of [Ni(AMAssar)f*, the room-temper-  coordination of Ni(ll), a reduction of approximately 6000 ¢
ature spectrum does not clearly reveal the wéal; — 1Eg
and3A2gl — 1A44 spin-forbidden transitions but at low temper-
atures both tr_ansitions are well resolved,_ including fine structure 2967. (c) Urbanyak, P.; Gzheidzyak, A.; Dzegets, Russ. J. Coord.
associated with the latter. Furthermore, in the room-temperature  chem. (Engl. Trans!.1994 20, 483.
spectra of the complexes involving thioether coordination, the (14) Grant, G. J.; Grant, C. D.; Setzer, W. INorg. Chem1991, 30, 353.

[Ni(AMN3S3sar)]2+ (N3S3)

Absorbance (arb. units)

3014(P)

10000 15000 20000 25000 30000

Wavenumbers (cm-1)
Figure 2. Low-temperature {10 K) absorption spectra (in Nafion
film) of the Ni(ll)-encapsulating complexes involvingsNS, (x = 0—3)
coordination.

(13) (a) McAuley, A.; Subramanian, $org. Chem.199Q 29, 2831. (b)
Chandrasekhar, S.; McAuley, A. Chem. Soc., Dalton Tran$992
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Table 5. Band Assignments and Ligand-Field Parameters for Nickel(ll)-Encapsulating Complexes

nickel(Il) complex d-d transition energy (cnt) charge transfer energy (cr)  ligand-field parameters
ligand  coordn 3Ayy—3Tag 3Ang— 3T1g(F) 3Azg— 3T1g(P) 3Az—1Ey 3Ax—1Ay S—Ni (SN)—Ni N—Ni B C CB 10Dq
diAMNesar N 12725 20 360 31100 12 505 not obs 826 3101 3.8 12940
AMNsSsar NS 12 440 19 995 30525 10 890 not obs 39 650 44600 816 2933 3.6 12680
AMNsS;sar NS, 12 730 19 900 30660 10 485 17 515 36 580 45175 795 2206 2.8 12830
38420
AMN;Szsar  NS3 12 425 19 180 30135 9980 16 515 35555 762 2074 2.7 12640
37 380
MeySesar S$ 13675 19885 not obs 8365 not obs 30695 653 1660 2.5 13670
z | NOHYJ™ (N9 —— [Ni(AMNsSsar)|**
g — — [Ni(AMN4S,sar)]2*
E 21 [Ni(AMN3S3sar)|2*
~ E]
é’ 1Es £
< [
£ | £}
a)
< 3
[
=]
T T T T _’8
<
=] T T T
g 30000 35000 40000 45000
3
g Wavenumbers (cm'l)
_§ Figure 4. Absorption spectra showing charge transfer bands for [Ni-
§ (AMNSsarn)ft, [Ni(AMN sS;sar)f*, and [Ni(AMNzSssar)f*.
K=l
<
| — 1E,4 spin-forbidden transition gains significant intensity from
10000 15000 20000 25000 30000 the spin-allowedA 4 — 3T,q transition, leading to the appear-
-1 ance of a double-humped band envelope. In order to explain
Wavenumbers/em this mechanism more fully, it is necessary to examine the effects
1 i i 2+ i 2+ !
Figure 3. Solution spectra of [Ni(NK)¢]*" and [Ni([9]aneg)2]**. of spin—orbit coupling on the’*ng and 1Eg states.
has occurred compared to 3300 ¢nfior the A4 — 1Eg spin- In octahedral @) symmetry, thé’T,4 state comprises A+

forbidden transition. However, the relative reduction of both E + Ty + T, spin—orbit levels whereas th#g, state consists

transitions is similar, as is predicted from their dependence on of just one E spir-orbit level. Since the spinorbit coupling

the Racah interelectron repulsion parameters. operator is symmetry invariant, it can only mix spiorbit levels
Charge Transfer Spectra. A simplistic view, taking account  of the same symmetry. Therefore, only the E spinbit level

of the mixed-donor complexes, predicts three different types of the 3T,y state can mix with théEy state in the octahedral

of o(L) — Ni LMCT transitions, namely(S) — Ni, o(S,N)— limit. The closer these two spirorbit levels approach one

Ni, andg(N) — Ni in order of increasing energy. TheS,N) another, the greater the mixing between them and consequent

— Ni charge transfer transition is associated with nitrogen and enhancement in the intensity of th&,; — 1Eg spin-forbidden

sulfur donors which are trans to one another. In the mixed- transition. As a result of spirorbit mixing, the normally weak

donor complexes [Ni(AMNSsarf+, [Ni(AMN 4Sysar)B+, and and sharp band associated with the spin-forbidden transition to

[Ni(AMN 3Sgsar)Pt, the o(S) — Ni charge transfer should not  the 1Ey state €f. spectrum of [Ni([9]aneg,]?" in Figure 3)

occur, as all sulfur donors are trans to nitrogen donors. In broadens and intensifies whereas the broad band associated with

addition, thea(N) — Ni charge transfer transition should not the spin-allowed transition to the E spinrbit level of the3T

occur in [Ni(AMNsSssar)E™, as all nitrogen donors are trans state loses intensity and narrows. In the realm of appreciable

to sulfur donors. On the whole, on the basis of the charge- spin—orbit mixing, this interaction will give rise to two weaker

transfer spectra shown in Figure 4 and assignments given inand narrower bands superimposed on a broad but more intense

Table 5, these rather crude predictions seem to be borne outband resulting from transitions to the remaining spimbit

The o(S) — Ni and o(N) — Ni charge transfer transitions are components of théTq state.

generally observed at approximately 30 000 and 45 000'cm The above situation occurs in the electronic spectrum of [Ni-

respectively, while the mixed-donofS,N)— Ni charge transfer ([9]aneNs)2]%", accounting for the double-humped band shape

transitions are observed between 36 000 and 39 00C.cis associated with the spin-allowé# g — 3Tog transition. In this

seen in Figure 4, the band center associated witlo¢BaN) — complex, spir-orbit mixing is effectively maximized, leading

Ni charge transfer transitions also undergoes a red shift as theto approximately equal intensities for the transitions to the spin-

number of S donors increases. The additional structure observedorbidden’Ey state and the E spirorbit level of the®T,q state.

on some of these bands can quite reasonably be attributed tdt should be noted, however, that since fitg state is mixed

distortions away from octahedral symmetry and multiplet with only the E spir-orbit level of the3T,q state, it is not

splittings arising from interelectron repulsion effects. possible for the’A,q — 'Eg spin-forbidden transition to gain
Spin—Orbit Mixing. From a detailed analysis of tHféq intensity comparable to tHé\ g — 3T4 spin-allowed transition.

— 3Tygtransition in [Ni([9]aneN);]2", we were able to establish At best, assuming all the spirorbit components of th&Tyg

that appreciable spirorbit mixing occurred between thi&, state contribute equal intensity, the maximum intensity that the

and>T,g states in this comple} As a consequence, tHi8 g 3A,g — 1Eg transition can borrow is only about 10%. Thus,
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the nature of the double-humped band shape observed in [Ni-
([9]aneN),)?" and other Ni(ll) complexes such as [Ni(big}A" [Ni(diAMNgsarH,)J2*
and [Ni(phenj]?* is not so much the result of an appreciable (Ng)

gain in intensity of théA,4 — 1Eg spin-forbidden transition as

it is of the narrow bandwidths associated with transitions to
the 'Eq state and E spinorbit level of the®T,q state, both of
which contain significant spin-singlet character due to spin
orbit mixing.

An examination of the lowest energy transition in the
absorption spectra of the Ni(ll)-encapsulating complexes shown
in Figure 2 suggests that spirbit mixing effects are also
operative in these systems, particularly for [Ni(diANBEr) "
and [Ni(AMNsSsar)ft. To test this conclusion, théA,q —
3T,g band envelope in all four encapsulating complexes was
deconvoluted in order to locate the component bands. The [Ni(AMNSSsar)]z"'
results of this analysis are shown in Figure 5. In each case, the (NsS)
band envelope was fitted to three Gaussian components, one
of which was skewed to account for the higher energy shoulder
of the band envelope. The two smaller symmetric Gaussian
components correspond to transitions to the spin-forbidegn
state and the E spirorbit level of the®T,g state, while the larger
skewed Gaussian component is associated with transitions to
the remaining A+ Ty + T, spin—orbit levels of the’T,q state.

In the case of [Ni(AMNS;sar)f™ and [Ni(AMNsS;sar)f, it

is possible to obtain a reasonable fit to the band envelope using
only two Gaussian components, the larger of which is skewed.
However, for continuity, the band envelopes were deconvoluted - s " "
using three components, consistent with the spirbit mixing
model discussed above. Clearly, for these two complexes the
uncertainity in both the position and the intensity of the guassian
component associated with the E sporbit level of the3Tyg

state is more significant.

The results of the band analysis shown in Figure 5 nicely
illustrate the gradual intensity transfer from the E spambit
component of théT,q state to théEy state as these two levels
first approach one another and then move away in response to
the progressive increase in sulfur donors. Initially, in [Ni-
(diAMNssar)f*, the 1E; state lies to higher energy-(2 500
cmb) and is significantly weaker than the E spiarbit

3ryg(A2 + Ty +T2)

Absorbance (arb. units)

3T2g(A2 +Ty+7T)

Absorbance (arb. units)

[NI(AMN,Spsar)] >
(N4Sp)

Absorbance (arb. units)

component of théT,q state, denotedT,4(E) in Figure 5. In e y

[Ni(AMN sSsar)f", the replacement of a nitrogen donor with . 24
sulfur results in a lowering dfE, state energy te-12 000 cn? [Ni(AMN3S3sar)]
- . ) . (N3S3)

and, consequently, greater interaction with #igy(E) spin-
orbit level, as evidenced by the intensity gain of tig state
relative t03T,4(E). In fact, for this complex, the spiorbit
mixing is almost maximized because the two Gaussian com-
ponents have nearly equal intensities. In [Ni(ABxsar)f*,
the two levels have effectively crossed with the higher energy
Gaussian component, assigned3iagE), now carrying the
greater intensity. Finally, in [Ni(AMNSssar)f+, the 1Eg state
(observed at-10 000 cntl) has moved well away frorfil 5¢-
(E) level and is now much weaker and sharper relative to the A
3To¢(E) level, indicative of a significant reduction in spiorbit IR .
mixing between these two states. 9000 11000 13000 15000

The above analysis is, to some extent, dependent on the
Since the rittogen and, thioether donors have Smila igand. /9% 5 Analysis of the low-temperature-qo K) band shape fo
- L the 3A,q, — 3Ty transition in the Ni(ll)-encapsulating complexes
field strengths, any significant departure from octahedral sym- inyolving Ne_,S, (x = 0—3) coordination.
metry must arise through geometric distortions of theNi—
L' bond angles away from 90 Examination of the relevant  approximate octahedral symmetry in these complexes is reason-
bond angles for [Ni(AMNSsar)f" given in Table 4 reveals that  able. This is in accord with previous ligand-field calculatitns
the deviation of the ENi—L' bond angles from 90can be as using the angular-overlap model on the [Ni(AMBisar)f"
much as 11 However, since the low-temperature Nafion film complex, which showed that the low-symmetry splitting of the
spectra of the encapsulating complexes do not exhibit any 3T,4 state was less than 300 cin
pronounced low-symmetry splitting of the spectral bands, in It is worth noting that a similar spinorbit mixing phenom-
particular for the3T,g—1E4 band envelope, the assumption of enon is possible between the spin-forbiddéay — A4 and

7\ 3TgAg 4 T+ T

Absorbance (arb. units)

Wavenumbers (cm'l)
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Table 6. Comparison of Normal and Differential Covalency
Ligand-Field Models

assignment [Ni(NR)g] >+ [Ni(AMN 3Sssar)p+
spin—orbit NLF DCLF NLF DCLF
O state  level cal@ cal® obs cal@ cal® obs
Ta E 10775 10740 11865 12405
T, 10940 10955 121315 12325
T, 11225 11200 11090 “15590 12 65012 425
A, 11355 11445 12725 12810
IE, E 13400 13370 13335 13025 9780 9980
Tig(F) Ar 17055 16870 18690 18525
T, 17400 17275 19050 18370
T, 17890 1780518020 "19445 1871519 180
E 18010 17970 19530 18800
Ay A1 22570 22325 22450 21870 16830 16515
T1P) E 28290 28090 30140 29755
T, 28405 28185 30225 29805
T, 28585 2827528570 “30285 298530 13°
A1 28595 28395 30310 29790

aEnergies calculated using the normal ligand-field model (NLF)
based on the following parameter values. [Ni@f": B = 850,C
= 3450, 1@Oq = 11 050, = 500 cnr?. [Ni(AMN sSssanft: B =
803,C = 3260, 1q = 12 425, = 500 cnTl. ? Energies calculated
using the differential covalency ligand-field model (DCLF) based on
the following parameter values. [Ni(Nh]?": fi = 0.90,f. = 0.87,
10Dg = 11 300 cn1®. [Ni(AMN sSssar)f*: fi=0.90,fe=0.75, 1@q
= 13400 cn1t.

spin-allowed®A,; — 3T, 4(F) transitions in these complexes. In
octahedral symmetry, th14(F) state comprises &+ E + T

+ T, spin—orbit levels whereas théA4 state has only one
spin—orbit level of Ay symmetry. Thus, analogously to the
1E4—3T2¢(E) spin—orbit interaction, théA4 state may mix with
the A spin—orbit component of théT4(F) state. Evidence of
this process is apparent in the spectra of the [Ni(A/@sar)f,
[Ni(AMN 4Sysar)Bt, and [Ni(AMN;zSssar)ET complexes shown

in Figure 2. Finally, in complexes with weaker donors, the

Stranger et al.

In the case of [Ni(NH)g]2", very good agreement between
calculated and observed transition energies is found for the
parameter valueB = 850, C = 3450, 1q = 11 050, and
= 500 cnT?, giving aC/B ratio of ~4.0 (cf. free-ion ratio of
4.6). For [Ni(diAMNgsar)f", theC/B ratio has dropped slightly
to ~3.8 but is still reasonably close to that found for [Ni-
(NHa3)g]2t. However, in the remaining encapsulating complexes,
a progressive reduction in the/B ratio, down to 2.5 in the
case of the [Ni(MgSssar)F™ complex, is observed with increas-
ing number of sulfur donors. Furthermore, the calculated
position of the 3A,y — A;4 spin-forbidden transition in
[Ni(AMN 4S;sar)P+ and [Ni(AMNsSssar)f* is calculated over
1300 and 1600 crt too high in energy, respectively, when
the RacahC parameter is optimized to fit théA,y — Eg
transition. The unacceptably loW/B values and the poor
calculated energies of tifé,g — A4 transition are symptom-
atic of a significant differential nephelauxetic effect (originally
termed differential radial expansion by Jargertsarising from
the covalency differences between the octahedgahnd g
orbitals. Since thegorbitals ares antibonding with respect to
the ligands while the,§ orbitals are nonbonding (neglecting
any « donor/acceptor character of the thioether ligand), this
differential nephelauxetic effect will increase with the number
of sulfur donors around the nickel(ll) ion.

It is possible to achieve some measure of the differential
nephelauxetic effect by determining the Radatparameter
independently for the spin-allowed and spin-forbidden transi-
tions. In the case of [Ni(NEJ¢]?", values ofB = 850 and 800
cm! are obtained for the spin-allowed and spin-forbidden
transitions, respectively, when ti@&B ratio is maintained at
the free-ion ratio of 4.6. The 6% reductionBnindicates only
a small differential nephelauxetic effect in this complex. In
contrast, values d8 = 803 and 565 cmt for the spin-allowed
and spin-forbidden transitions, respectively, are found for [Ni-

smaller ligand field strength and larger Racah parameters can(AMNsSssar)P*. The 30% reduction in the Rac@parameter

lead to overlap of théEy state with the’T,4(F) state. In this
case, thég, state can interact with the E spiorbit component
of the 3T1(F) state. A detailed study of this phenomenon in
the [Ni(H,O)]>" complex was reported by Solomon and
Ballhausert?

Differential Nephelauxetic Effects. Although amine and
thioether donors exert similar ligand-field strengths, they exhibit
markedly different nephelauxetic effects due to the large
differences in covalency of the NN and Ni~S bonds. The
increased metalligand covalency associated with the sulfur
donor results in a reduction in interelectron repulsion, as
evidenced by the dramatic shift to lower energy of YAg; —
1By and3A,g — A14 spin-forbidden transitions as the number
of sulfur donors increases. The presence of significant metal

for the spin-forbidden transitions is indicative of a substantial
differential nephelauxetic effect in this complex.

The failure of the normal octahedral ligand-field model to
account for this differential covalency effect lies in the assump-
tion that the same values of the Radaland C interelectron
repulsion parameters can be applied to all states, irrespective
of the electron configuration involved. However, this assump-
tion is not justified when significant metaligand covalency
is present. For instance, both thg and'A 4 states arise from
the ground (¢g)5(ey)? configuration and thus th# g — 1Eq and
3A g — A14 spin-forbidden transitions correspond to pure spin
flips within the g orbitals. For these transitions, interelectron
repulsion effects are confined to theaebitals only. In contrast,
both the3T,q and 3T14(F) states arise from the excitedgt-

ligand covalency has implications when ligand-field parameters (&)° configuration and involve interelectron repulsion effects
are determined on the basis of the best fit of calculated transitionover both the4; and g orbitals. Since thegorbitals experience
energies to the observed band positions. To illustrate this effect, greater metatligand covalency, interelectron repulsion effects

the octahedral ligand-field parameteBs C, and 1@q were

are reduced in thegerelative to the 44 orbitals. The3A,q —

determined for all five encapsulating complexes, on the basis ‘Eg andAzq — A4 spin-forbidden transitions will therefore

of their low-temperature spectra, using tfeedergy expressions
previously reported® The best fit values oB, C, and 1@q

require lower values for the RacaB and C interelectron

repulsion parameters than the spin-allowed transitions. In

determined for each complex are listed in Table 5 and can be general, transitions arising from different electron configurations

compared to those obtained for [Ni(NJlg2" (see Table 6) using

the band positions reported for the low-temperature single-

crystal spectrur® In all cases, the spin-forbiddéA g — A4

will require different RacatB and C interelectron repulsion
parameters.
In the past, attempts to account for covalency differences have

transition was not included in the fitting process because it was generally involved the use of the reduction paramétefiss,

only resolved in the spectra of the [Ni(AMS;sar)f+ and [Ni-
(AMN 3Sgsar)F™ complexes.

Pss, andfs3 with an analogous set associated with the Racah C
parameter. However, these reduction parameters do not dis-

(15) Solomon, E. I.; Ballhausen, C. Mlol. Phys.1975 29, 279.
(16) Schreiner, A. F.; Hamm, D. lorg. Chem.1973 12, 2037.

(17) Lever, A. B. Plnorganic Electronic Spectroscopgnd ed.; Elsevier
Press: New York, 1984.
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Table 7. Exact Expressions for Selecte8 @ctahedral State Energies Using the Differential Covalency Ligand-Field Model

ECA,,— 'Ey) = 0.5Bf% + 10Dq + 8Bf; + C(f,> + %) —
V(BHA482 + 1) — 4BEA(C(F,2 — 12 — 10Dq) + 4CH(f.! — 2652 + £ — 80CD(f.” + £2) + 400DP)
2

ECA,— °T,) = —8Bff, + 10Dq + 8Bf.”

5f 2
ECA,y— T (F) = B(zfefl - Tt) + 15Dq + 8Bf.2 —

V(BA(16,2 + 184 f, + 25?) — 20BDqf(4f, + 5f,) + 100D’
2

5 2
ECA,— °Ty(P) = B(2fef[ - Tt) + 15Dq + 8Bf.2 +

V(BA(16,2 + 184 f, + 252 — 20BDqf(4f, + 5f) + 100D’
2

ECA,,— Ay = B + 52) + c(zfe2 + gff) +10Dq + 8Bf2 —

V(4B (16f," — 16f 22 + 25") + 4B(C(16f," — 166,57 + 25F") — 20Dq(4f,> — 5f?) + C*(16f," — 16f.f, >+ 25i") — 40CDq(4f,> — 5f?) + 400D¢)
2

tinguish between the spin-allowét,((F) and®T,4(P) transitions coefficients of the Racah parameters if pure 3d orbitals were
which correspond to one- and two-electron excitations to the involved. Thef;, f;, fi, andf; parameters, which correspond to
gy Orbitals, respectively. In all, three different sets of Racah eitherf; or fe, are the appropriate covalency factors for the d
parameters are required to adequately model the observedrbitals¢, ¢;, ¢k, and¢ involved in the molecular orbital¥;,
spectral transitions arising from the three possible configurations ¥;, Wy, and ¥, respectively. In generafe < f; < 1, with a
(t29)%(eg)?, (t2g)%(eg)%, and (bg)*(ey)*. Since at best only five-dd smaller value implying greater metdigand covalency.
transitions are observed in the spectra of octahedral Ni(ll) In Lohr's model, spir-orbit coupling was not considered but
complexes, the independent fit of six different Racah interelec- obviously is necessary in any reasonable analysis of the spectra
tron repulsion parameters and the octahedral field parameterof octahedral Ni(ll) complexes. It can be easily incorporated
10Dq is not possible, and so a less parametrized model mustby recognizing that the above covalency factors are also relevant
be sought. in the matrix elements of the spitorbit coupling operator if
The differential covalency ligand-field mod&Htescribed by ligand centered spinorbit coupling is ignored. These matrix
Lohr appears particularly attractive, as the whole interelectron elements can be expressed in one-electron form involving either
repulsion problem for octahedral symmetry involves only two the by or g orbitals, for which the appropriate reduction
independent variables which take account of the covalency dif- expression is
ferences between thg,tand g orbitals. In Lohr’'s model, it is
assumed that the metal-based molecular orbitals are of the form (Wi IHg | W= m&i|§1-s|¢jMfifj)”2

W=cystay (cz>0) where again th andf; correspond to eithef or fe and{ is the
one-electron spinorbit coupling parameter. To illustrate the
wherecq andc are the coefficients of the metal d and ligand yse of these expressions, the off-diagonal matrix elements of
atomic orbitalsgs and¢, respectively, andq is assumed to be  the electrostaticHe, and spir-orbit coupling,Hs,, operators
much larger thart. If higher order terms are neglected, the involving the E spir-orbit levels of the3Ti4(F) and3T;4(P)
reduction or covalency factor, for the metal d orbitals can  states are evaluated. From the electrostatic and—split

be expressed as matrices tabulated by GriffitH? one obtains
fa=ci + cGSy [ty (e,)* *T1(E)Hl (o) *(e))* °T 1 (E)O= 6B
whereS; is the usual metailligand orbital overlap integral. For t, 9)5(69)3 3Tlg(E)|Hso| (t, 9)4(eg)4 3Tlg(E)D= 1/2§

octahedral symmetry, only two covalency factors are necessary,

designated, andf, for the by and g orbitals, respectively. These  The electrostatic matrix element above can be expressed in terms
two covalency parameters will then reduce the matrix eIerr_1ents of the two-electron matrix elemefibg(1) 6,(2)|€/r 12/tag(1) togr

of all operators acting on the orbital part of the wave functions (2)0and thus will involve a covalency factor ofs)Y2. The

such as the interelectron repulsion and sgrbit coupling  gpin—orbit matrix element can be expressed in terms of the one-

operators. electron matrix elemeriyg| £1-slegCand will involve a covalency

The interelectron repulsion matrix elements for the d ¢5c0r of ffo)2. The overall covalency-corrected off-diagonal
configuration can be expressed in terms of two-electron integrals y,atrix element will therefore take the form

which are then reduced using the above covalency factors

according to t, 9)5(69)3 3Tlg(E)|HeI +H(L, 9)4(eg)4 3Tlg(E)D=
2 6B(f3f )% + & (f )M

S W) - W (2) W(2) r, dr, = (4 el

12 In the absence of spiforbit coupling, exact expressions for

(@A + BB + yC)(fifff) ' the octahedral Ustate energies, taking account of full config-

) uration interaction, can be determined algebraically and are listed
whereq, /3, andy are whole numbers corresponding to the usual

(19) Griffith, J. S. The Theory of Transition-Metal lonsgCambridge
(18) Lohr, L. L.J. Chem. Physl966 45, 3611. University Press: Cambridge, U.K., 1961.
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in Table 7. If spin-orbit coupling is included, it is necessary
to solve the secular determinant numerically. In order to do
this, the & octahedral basis functions were constructed as
[(t2g)"(eg)™ SI'J0) where S is the spin state] is the orbital

Stranger et al.

Table 8. Differential Covalency Ligand-Field Model Parameters
for Nickel(ll) Complexes

nickel(ll) complex differential covalency parameters (éjn

. h . ligand coordn  f; fe 10Dq 10(Dg — Dg*)2

symmetry, and] is the spin-orbit symmetry. The necessary NH N 09 087 11250 200
electrostatic and spinorbit coupling matrix elements were en 8 ,\E 09 084 11900 270
determined using the tables of Griffith. The contribution of [9]aneNs Ng 09 083 13200 300
the RacahA parameter to the diagonal electrostatic terms is diAMNgsar N 09 083 13050 325
constant and can be avoided by subtracting the common factor AMNsSsar NS 09 080 13000 560
28A — 42B + 21C. Cubic field terms of 1Dq and 2@q were ﬂmel\bs NaS, 8-3 8-;2 ig Igg ggg
added to all diagonal matrix elements associated with sg&-(t AMN“star NS 0. :

3 Y] . . . . sSssar NS3 0.9 0.75 13 300 875
(eg)® and (bg)*(ey)* configurations, respectively. Finally, the [9]aneSN N,S, 09 074 13150 950
appropriate covalency factors were included in the electrostatic [9]anes S 09 070 14150 1100
and spinr-orbit coupling terms. The complete matrix was then Me;Sgsar 3 09 069 14800 1125

block-diagonalized on the basis of spiarbit symmetry for
appropriate parameter values. The RaBamdC interelectron
repulsion parameters and the one-electron-spibit coupling
parametei were maintained at the free-ion values for Ni(ll)
corresponding td3 = 1041,C = 4831, and; = 649 cnT1.1?
The covalency factors$; and f. along with the ligand-field
splitting parameter, IDg, were adjusted to give the best fit to

aDg* corresponds to the observéf,y — 3T, transition energy.

largely attributed to the central-field covalency efféciyhere
the lone pairs of electrons on the donor ligands screen the d
electrons from the nuclear charge, thereby dilating the d shell
and reducing interelectron repulsion. In the first instance, this
effect should result in a similar reduction in bdthndf.. Lohr,

the observed band positions. Thus, in addition to accounting i, his study of MnC@, found f; to be closer to 0.98 The

for differential covalency effects, the model has the further
advantage in that it only requires three adjustable parameter
compared to fourl, C, 10Dq, and{) in the normal octahedral
ligand-field model.

In order to compare the normal and differential covalency
ligand-field models, calculations were performed to obtain the
best fit of calculated energies to the observedddransitions
in the complexes [Ni(NRB)¢]2" and [Ni(AMN3Sssar)E™. The

S

higher value is consistent with the weaker ligand-field strength
of oxygen donors which should reduce the central-field cova-
lency effect compared to the nitrogen and sulfur donors used
in our study. To check this effect in relation to Ni(ll), we fitted
the spectrum of [Ni(HO)g] 2", on the basis of the band positions
reported for the low-temperature single-crystal spettand
obtained the parameter valuesDi= 8500, f; = 0.96, andfe

= 0.95. Again, thef; parameter is higher than that found for

calculated and observed transition energies and best fit parametefhe encapsulating complexes with nitrogen and sulfur donors
values fOFZEOth models are given in Table 6. In the case of in agreement with Lohr's results. The progressive reduction
[Ni(NH3)e]*", both models give comparable fits with the opserved in thee parameter as the number of sulfur donors
differences between observed and calculated energies (averageghcreases is a direct reflection of the increased meigand
over all spin-orbit components) less than 500 th This is  covalency for the gorbitals due to theio antibonding character.
not surprising given that the andf; parameters are not too | relation to the pure nitrogen donor complexes, the calculations
different, indicating that thed and g orbitals experience similar clearly reveal the increased metéigand covalency associated

effects are relatively small. In contrast, whereas the calculated he hexaammine complex.

energies are within 500 cm of the observed values for
[Ni(AMN 3sSssar) B+ using the differential covalency ligand-field
model, they are out by as much as 5300 énvhen the normal
ligand-field model is used with th€/B ratio maintained at the
value of 4.06 found for [Ni(NH)e]2". From Table 6 it is seen
that there is now a significant difference between fihendfe
covalency parameters, indicating that tieoebitals are expe-
riencing much greater metaligand covalency than thext
orbitals. The large difference between thandf. parameters
highlights the extent of the differential nephelauxetic effect in
[Ni(AMN 3Sssar)Bt and thus explains the failure of the normal
ligand-field model to reproduce the observed transition energies
in this complex. In general, application of the differential
covalency ligand-field model to the spectra of the Ni(ll)- Consequently, wherf, is different from f;, there exists a
encapsulating complexes, as well as other octahedral Ni(ll) covalency correction to the energy of they, — T, transition.
complexes involving nitrogen and sulfur donors, resulted in The more covalent the donor ligand is, the greater the difference
substantially better fits to the observed positions of both spin- betweenf. andf; and thus the larger the discrepancy between
allowed and spin-forbidden transitions. the calculated 1Dq value and théA,;— T transition energy.
The best fit values of thg andf, covalency parameters and  The largest discrepancy, approximately 1100 &noccurs for
10Dq for the encapsulating and other Ni(ll) complexes of the Ni(S) complexes. A comparison of the 0§ values for
interest are listed in Table 8. Whereas fhgarameter remains  Ni(Ng) and Ni(S$) complexes in Table 8 reveals the surprising
fairly static around 0.9, th& parameter changes dramatically result that the thioether ligand actually exerts a ligand-field
from 0.87-0.83 for N; complexes down to 0.69 forg@lonor strength over 10% greater than that of amine donors. On the
complexes. The negligible change observed inftparameter basis of these results, it is anticipated that other strongly covalent
is not surprising because thg, orbitals are essentially non-  ligands, such as CN Br~, I7, CO, and phosphorus donors,
bonding in these complexes. Its deviation from unity can be will also have significantly larger ligand-field strengths than

Another point which emerges from the data given in Table 8
is that the value of 1Dg calculated using the differential
covalency ligand-field model is always higher than the energy
of the 3A,4 — 3T,y spin-allowed transition which equates to
10Dqg in the normal octahedral ligand-field model. This
difference is seen to progressively increase with the number of
sulfur donors. On the basis of the energy expressions given in
Table 7, the energy of thi,q — 3T,4 transition (ignoring spir
orbit coupling) is given by

ECA,,— T,y = 10Dg + 8B(f,” — ff)
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those derived simply from the energy of the,g — 3T4 Spin- between thest; and g orbitals. On the basis of this model, the

allowed transition. spectral transitions can be successfully reproduced using only
) three independent variables corresponding to the cubic field

Conclusions splitting parameter 1Dg and the covalency parametdysand

The encapsulating complexes of Ni(ll) comprising mixed fe associated with the;4 and g orbitals, respectively. The
nitrogen and sulfur donors provide a particularly useful series relatively small reduction it from unity is largely attributed
to study the influence of spirorbit mixing and differential to central-field covalency effects whereas the dramatic drop in
nephelauxetic effects on the electronic spectra of octahedral Ni-fe with an increasing number of sulfur donors is a direct
(I) complexes because the nitrogen/sulfur donor ratio can be consequence of the increased metigland covalency associated
systematically altered without significantly affecting the mac- With the thioether donor. Covalency differences between the
rocyclic backbone structure. The additional advantage of the tzg @nd g orbitals also result in larger D values than those
nitrogen and thioether donors exerting comparable ligand-field obtained simply from the energy of tA&zq — 3T2q spin-allowed
strengths but dramatically different nephelauxetic effects makestransition. This model should be applicable not only to other
possible substantial changes in the spectra as the donor selNi(ll) complexes involving covalent ligands, such as GICO,
around the Ni(ll) ion is varied. The anomalous band shapes !”, and phosphorus donors, but also to complexes containing
observed for the spin-alloweth,q — 3T, transition can be  transition metal ions other than Ni(ll).
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