Inorg. Chem. 2004, 43, 8061-8071

Inorganic:Chemistry

* Article

Structure and Bonding of the Vanadium(lll) Hexa-Aqua Cation. 2.
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Ground-state spin-Hamiltonian parameters, magnetic data, and electronic Raman spectra of hexacoordinate
vanadium(lll) complexes are calculated with consideration to the (A @ °E) ® e vibronic interaction and compared
to experimental data. It is shown that the zero-field-splitting of the A4 (Ss) ground term may be reduced significantly
by the dynamical Jahn—Teller effect, particularly when the sz-anisotropy of the metal-ligand bonding interaction is
significant, and the energy of the Jahn—Teller active vibration is comparable to the diagonal axial field. The dynamical
Jahn—Teller effect may also give rise to a significant enhancement in the Raman intensity of overtones and higher
harmonics of Jahn—Teller active vibrations, when the energies of these transitions fall in the proximity of intra-3Ty,
(Ow) electronic Raman transitions. A simple method of conducting vibronic coupling calculations is described, employing
ligand field matrices generated by angular overlap model calculations, which may in principle be applied to any
transition metal complex.

1. Introduction tering (INS)? and far-infrared techniques. Complexes of
Mn(l11), 278 Fe(l),”8 Cr(11),21°Ni(Il), #*and V(II1)'2-15 have
been investigated, rekindling interest in the theoretical
description of the electronic structure of non-Kramers ions.

Ever since the first unambiguous experimental evidence
for the Jahna-Teller effect in the paramagnetic resonance
spectra of copper fluorosilicatenterest in the influence of
Jahn—TgI'Ier coupling on the spln-Ham!Itonlan parameters (3) Basler, R.; Tregenna-Piggott, P. L. W.; Andres, H.; Dobe, C.: Gudel,
of transition metal complexes has continued unabated. The H.; Janssen, S.; Mcintyre, G.J.Am. Chem. Soc2001, 123 3377

P TR 3378.
vast majority of work in this a_rea ha_s fOCU_SEd.OH Copper(“) (4) Vongtragool, S.; Gorshunov, B.; Dressel, M.; Krzystek, J.; Eichhorn,
complexes, as the 3electronic configuration is relatively D. M.; Telser, JInorg. Chem2003 42 (6), 1788-1790.
simple, a strong JahtTeller effect is expected, and cop-  ©) S(?éfii“"zggfgi{?ce' L.; Sessoli, R.; Barra, AAppl. Magn. Reson.
per(ll) complexes are amenable to study by conventional (g) krzystek, J.; Yeagle, G. 3.; Park, J.-H.; Britt, R. D.; Meisel, M. W.;
EPR over a wide temperature range. Less attention has been  Brunel, L.-C.; Telser, Jinorg. Chem.2003 42, 4610-4618.
devoted to non-Kramers ions: The ground-state zero-field- () gﬂg%p'zg"d&ég'(%iezkég" Brunel, L.-C.; Hendrickson, D.INbrg.
splittings are usually too large to permit the detection of the (8) Carver, G.; Tregenna-Piggott, P. L. W.; Barra, A.-L.; Neels, A.; Stride,

- i iti i i J. A. Inorg. Chem2003 42, 5771-5777.
AM, +1 spin allowed -t'ransmons u.smg Con\.len“onal (9) Telser, J.; Pardi, L. A.; Krzystek, J.; Brunel, L.4@org. Chem1998
X-band EPR, and the additional complication of interelec- 37 5760.

tronic repulsion increases the number of parameters required10) Dobe, C.; Tregenna-Piggott, P. L. W.; Mossin, S.; Weihe, H.; Janssen,

; ; ; S.;Chem. Phys. LetR002 362 387—396.
to describe the system. The lack of experimental data is nOW(11) Krzystek, J.; Park, J.-H.; Meisel, M. W.; Hitchman, M. A.; Stratemeier,

being rapidly redressed by the application of high-field H.; Brunel, L.-C.; Telser, Jnorg. Chem2002 41 (17), 4478-4487.

i i i -~ (12) Tregenna-Piggott, P. L. W.; Weihe, H.; Bendix, J.; Barra, A.-Ld&u
multifrequency EPR (HFMF EPR)inelastic neutron scat H-U. Inorg. Chem 1999 38, 5028,

(13) Accompanying paper: Tregenna-Piggott, P. L. W.; Spichiger, D.;

*To whom correspondence should be addressed. E-mail: tregenna@ Carver, G.; Frey, B.; Meier, R.; Weihe, H.; Cowan, J.; Mcintyre, G.;
iac.unibe.ch. Zahn, G.; Barra, A.-LInorg. Chem.2004 43, 8049-8060.
(1) Bleaney B.; Ingram, D. J. ERroc. Phys. Soc., London, Sect185Q (14) Tregenna-Piggott, P. L. W.; Best, S. P.;del H. U.; Weihe, H.;
63, 408. Bleaney B.; Bowers, K. DProc. Phys. Soc., London, Sect. Wilson, C. C.J. Solid State Cheni.999 145 460.
A 1952 65, 667. (15) Krzystek, J.; Fiedler, A. T.; Sokol, J. J.; Ozarowski, A.; Zvyagin, S.
(2) Smith, G. M.; Riedi, P. CElectron Paramagn. ResoR00Q 17, 164— A.; Brunold, T- C.; Long, J. R.; Brunel, L.-C.; Telser,ldorg. Chem.
204. 2004 43, 5645.
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Tregenna-Piggott and Carver

In this paper, the effect of dynamical Jahfeller coupling we are able to quantify vibronic reduction factors and other
on the energies and magnetic properties of the low-lying manifestations of dynamic JahiTeller coupling, all too
vibronic states of a six-coordinate, trigonally distorted d often neglected by inorganic chemists.
complex is examined. Motivation was provided by recent o
spectroscopic measurements on the vanadium(lil) hexa-aquét- 1€ Hamiltonian for the System
cation in a range of alums of the type M/(SQy,),:12X,0 The Hamiltonian is written as the sum
(M'VSX) and Cs[Ga:V](S@2-12X,0 (Cs[Ga:V]SX) where A N N N N
M' = Cs or Rb, and X= hydrogen or deuterium, as well H=Hirier T Hso+ Hzee t Hpn + Hyr (1)
the guanidinium salt GuV(S{+6H,0 (GuVSH)?~14 The
need to consider the vibrational coordinates is evinced by
the anomalous band profile of tay — 3E, (S) electronic
Raman transition, which shows great sensitivity to deute-
riation 16

The importance of JahtiTeller coupling, in determining
the electronic structure of compounds containing the vana-
dium(lll) cation, has been demonstrated by optical measure-
ments on vanadium(lll) doped ADs (V3*:Al,03).1771° The

fine structure of théA, (°T1g) — °Toq zero-phonon transition  |00= (1 + ¢, 24 —2/3/3, 00— v/5/18(3, 31—

Zee

where the first term includes the effect of both the ligand
field and interelectronic repulsion, and the subsequent terms
designate spinorbit coupling, Zeeman, phonon, and Jahn
Teller contributions to the energy, respectively.

Calculations are presented employing two different elec-
tronic basis sets. Confining our attention to tfiay (On)
ground term, the electronic orbital wave functions relative
to the 3-fold axis, are defined in terms [f, M_[] as?!

is indicative of a strong dynamical Jahfeller effect, which 13, —30) + ¢ |1, O]

can be explained in the theoretical framework of H&m, ’ LRI

treating the trigonal field and spirorbit coupling as |HACE (1+ ¢ ) +/5/6(3, £201+ V1/6(3, F10+
subsequent perturbations to the Jafeller interactior?? C 11, F10 (2)

The influence of dynamical JahiTeller coupling on the
ground-state spin-Hamiltonian parameters of the same systenyvherecig is a coefficient describing the degree @hy(F),
has been discussed by Pontnau and Adds,well as Abou-  °T1o(P) mixing, defined in terms of the octahedral splitting
Ghantous and Batéd.Both sets of authors incorporated ParameterAo, and the Racah paramet8r' In the weak
various reduction factors multiplying orbital operators within field limit c.e = 0, and in the strong field limit.r = —*/>.
an effective Hamiltonian. The reduction factors were not The orbital angular momentum operators can then be
evaluated explicitly, however, and the analysis of Abou- €valuated as functions of the parametewhereA = (1.5
Ghantous and Bates is not consistent with subsequent— C.F?)/(1 + c.e). The orbital wave functions are combined
luminescence measurements enabling a direct measure of thiith the three spin functiongs, M= |1, 10J |1, —10and
diagonal trigonal field* suggesting that the degree to which 11, 0Cto form the 9 states of th& 14 (On) electronic basis
Jahn-Teller coupling governs the ground-state zero-field- Set. The matrix representation of the terf$er + Hso +
splitting should be re-evaluated. Hzeein the complexX T4 (Oy) trigonal basis is given in Table

A number of notable disquisitions on Jatifeller coupling 1 ) )
are now available, in which the physics underlying the In the previous paper, EPR data were presented, affording
phenomena is described in depti® The perturbation  the determination of the ground—_st_ate spln—Hgmlltonlan
theory approach, commonly adopted in vibronic coupling Parameters to unprecedented precision, warranting the em-
calculations, is accompanied in this work by numeriéal ( Ployment of a more general electronic basis set to model
@ 3) ® e calculations, which may be readily adopted by the data. This may be aghleved either by further parametriza-
nonspecialists in the field. By drawing on the wealth of tion of the effective orbital angular momenti#+><=*or

experimental data now available for the vanadium(lll) alums, €nlarging the basis set to include all 45 states of the 3d
configuration. To this end, we have made use of the program

(16) Tregenna-Piggott, P. L. W.; Best, S.IRorg. Chem1996 35, 5730. LIGFIELD,®** which allows one to construct ligand field
(17) Scott, W. C.; Sturge, M. CPhys. Re. 1966 146 262 matrices, in the framework of the AOM. The principle of
(18) Stephens, P. J.; Lowe-Pariseau, Rhys. Re. 1968 171, 322. . . . . . .
(19) Champagon. B.: Duvel, B. Phys. C: Solid State Phy98Q 13, constructing the vibronic Hamiltonian rests on the Wigner
141, Eckart theorem, the application of which requires a knowl-
g% ggg;]ghssihf'gﬁénlqgﬁ)};%élg?lg% edge of the transformation properties of the basis states. For
(22) Pontnau, J.; Adde, Rhys. Re. B 1976,14, 3778. the current problem, we require that the orbital components
(23) Abou-Ghantous, M.; Bates, C. A. Phys.198Q 41, L-263. of the ground term transform as|+ [J~|—0 and~|0l]in

(24) Reber, C.; Gdel, H. U.Chem. Phys. Lettl989 154, 425 . . . .
(25) Bersuker I. BThe Jahr-Teller Effect and Vibronic Interactions in ~ the complex trigonal basis. This may be achieved as

Modern ChemistryPlenum Press: New York, 1984. follows: First, the Hamiltonian matriced,r+er + Hso +

(26) Ham F. S. JahnTeller Effects in Electron Paramagnetic Resonance . . . .
Spectra In Electron Paramagnetic Resonand8eshwind, S., Ed.; Hzecare constructed in any given basis using the LIGFIELD

Plenum Press: New York, 1972.

(27) Kaplan, M. D.; Vekhter, B. GCo-operatve phenomena in Jahn (31) Mabbs, F. E.; Collison, DElectron Paramagnetic Resonance of
Teller crystals Plenum Press: New York, 1995. Transition Metal Compoundg£lsevier: New York, 1992; p 334.
(28) Sturge, M. DSolid State Physl967 91. (32) Abraham, A.; Pryce, M. H. LProc. R. Soc. London, Ser. 2051,
(29) O'Brien, M. C. M. Vibrational Spectra and Structur®urig, J. R., 205, 135.
Ed.; Elsevier: Amsterdam, 1981; pp 32394. (33) Chakravarty, A. SProc. R. Soc. London, Ser. 959 74, 711.
(30) Bersuker, I. BChem. Re. 2001, 101, 1067-1114. (34) Bendix, J.Compr. Coord. Chem. 12004 2, 673-676.
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program. Next, the matri¥_rer is diagonalized, and the
eigenfunctions are used to construct the coefficient matrix
for the unitary transformation

0, 00

T N a —
CLF+ER (HLF+ER + HSO + HZee)CI:F+ER - . .
(HLF+ER + HSO+ HZeQ' (3)

whereH,rer is diagonal. The nine lowest-lying states now
transform as théEy and *Ag components of théT g (Or)
ground term. We require that the operatfsand S, be
diagonal within the’Eg term. This is achieved by diagonal-
izing the matrix representation &f + S, operating within

the 3Eq term, and using the eigenvectors for the subsequent
unitary transformation:

Tl " a ' —
Cf_;r”sZ (Hiprer T Hso t Hzed C£1+éz -
(Hipier t Hso 1 Hzed" (4)

The states transforming as the orbital functionst[]
~|—[Jand~|0Cmay be identified by inspection &f [ The
Ms quantum number is identified by evaluatiff§

The form of the vibronic Hamiltonian then follows from
consideration of symmetry. We set out to show the general
effect of vibronic coupling on the ground electronic structure
of the vanadium(lll) cation, without attempting to obtain
guantitative agreement with experiment, and thus confine
our attention to coupling with a single doubly degenerate
vibration only. To first-order in the JahtTeller interaction,
and ignoring anharmonicity,, andH;r may be written as

fad~/2(Bx+ iBy)
—2A/3

—BKAI/2(B, — iBy)
Bgdv/2(B— iB,)

—BKAIN 2B+ iBy)

0

|0, —10
—BKAIN2(B,+iBy) O
AL
—PKAIN2(B, — iB) —A
—BBzge + —2AI3
Bad~2(By — iB,)

—PKAIN/2(B; — iBy) O

0
0

0, 10
—BKAN2(B,+iB,) O
—BBzge + —2A/3

0

—AL

0

|—A, 00
—BKAIN/2(Bx+iBy) g/ 2(B + iBy)

—BBKA+ AI3

—A

Bgev/2(Bx + iBy)
—BKAIN2(Bx+iB)) O

Bodv/2(Bx — iBy)

|-A, =10

AI3+ AL
Bgel/2(B« — iBy)

—BKAIN2(B+iB)) O

0

ﬂBz(‘kA — ge) +

—AL

0
0
0
0

Hon = [0.500(P,2 + P2 + Q2+ QA10,

. AL R
Hyr=— E(QJrU—EE + Q—U+EE)

|—AL0

AE

- %(QN_AE +Q.0," ()
where Q. = Yy(F @ — iQ)), and Q,, Q, are the two-
components of the degenerate e vibration of en&rgyA;5&
andA”F are coefficients defining thé4 @ 3E) ® e vibronic
coupling interaction. In the limit wherd,FF — AAE = Ay,
we may define the quantitl;r = Ai%2hw, which is the T
® e Jahr-Teller stabilization energy. Us the unit matrix,
and U.EE 0 _EE (0,48 (U_AE are electronic operators,
connecting the orbital components of thiey (On) ground
term, constructed using the ClebsBordan coefficients as
listed by S. Sugano, Y. Tanabe, and H. Kamimtra:

AI3— AL

BBz(—kA+ go) +
Boedlv/2(B«+ iBy)

0
0
0
0

|A, 00
BodV/2(Bx — iBy)
Bod/2(B«+ iBy)
PBKA+ A/3
—PKAIN/2(B; — iBy) O

0
0
0
0

A, —10

AI3— AL

Bad~/2(B — iB,)
—BKAIN2(B,— iBy) —AL

PBz(KA = ge) +
0
0
0

0
0

000| 0 -10
ol U.FE=lo0 o0 o];
0

0 00

"~ EE _
0,5 =

1A 10
o
O O o

BBz(KA+ ge) +

0 01 00O
U =|0 0 0[;U*=| 00 1f(6)
0 -10 -100
where the orbital basis functions transform as+ [}

AI3+ AL
BIIN2(B + iB)
—PKAIN/2(Bx — iBy) O
0
—AL

0
0
0

(35) Sugano, S.; Tanabe, Y.; Kamimura,Multiplets of Transition Metal
lons In Crystals Academic Press: New York, 1970.

Table 1. Hamiltonian Matrix for the Ligand-Field, SpirOrbit Coupling, and Zeeman Terms in a Compfdy Trigonal Basis

A, 0
m, 1
o, -1
, 0

O-A, —1

@A
@, -1
@, 0|

A 1
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~|— [J and ~|00] § and P; are dimensionless operators, [V(OH.)g3* is highly anisotropid314and the linear splitting

related to the observables for position and momentyng; of the electronic states, along a given asymmetric coordinate,
bys6 is predicted to diminish as the ligand becomes linearly
ligating#® The degree of dynamical Jahiteller coupling
5=  [HP p — 1 . 7 is therefore minimal for the [V(halidg]f~ complexes in the
QI h ql | pl ( ) . B . .
vuho cubic elpasolites, where the V(haligdlamework is regu-
) lar 5° Coupling to theva(VLg) mode will increase, however,
wherey is the reduced mass of the phonon mode. as the Vlg framework becomes trigonally distorted. For the

The. magnitudes of the vibronic coupling constapts may aAl,OgTid* system, we are able to reproduce the low energy
be estimated by way of DFT3° or AOM %43 calculations. vibronic spectruni! settingfiw to 239 cmt,5252andE;r to
For the [V(OH)J>" cation, co_uphryg between Fhﬁl@(oﬁ) 308 cm®. Similar values for the vibronic parameters are
ground term and the, twisting libration of water is expected anticipated for AJOs:V3*. In the next section, calculations
to be prevalent, on the basis of an extensive experimental . presented withEyr ranging from 0 to 350 crt. We

- ; 3+ ion43-48
and theoretical study of the [Ti(Q}#]>" cation The consider 350 cm' as the upper limit of;r to be expected

form of the twisting libration is depicted in Figure 5 of ref for any given hexacoordinate homoleptic vanadium(ill)
45. In thes-alums, the librational modes of water coordinated complex

to the tervalent cation are strongly coupled, occurring The Hamiltoni q o basi
between~750 and~950 cnt in the hydrogenous salt, and e Hamiltonian was constructed as a matrix in a basis

between 550 and 700 crhin the deuteriated s&lf.Expres- of products of the electronic states and the states of@he

. . . e
sions formulated in the framework of the AOM by Bendix, & harmonic oscillator of dimensioN = */>(n, + 1)(n, +
commonly known in the trade as the Jespi equations, predict2): UP O the leveh,. The matrix was brought to diagonal

a complicated dependence of the values of the couplingform using a fast Lanczos diagonalization routine for real
constants on the geometric and bonding paraméters. symmetric matrices. This meant a further doubling of the

Nevertheless, throughout this worEE is set equal té\/E. size of the original complex matrix. As is usual in this type
The approximation is convenient, as the number of param- of calculation, the size of the basis set was increased until
eters is reduced, and many of the quantities of interest vary@dequate convergence of the low energy eigenvalues was
linearly with Esr. Electronic Raman data of the [V(Q)d]3* achieved. For the present calculatioms, was typically

cation in the GUVSH alum are indicative of dynamical Jahn ~ S€t t0 16, resulting in matrices of dimensions 2754 and
Teller coupling, withEyr ~ 300 cnT.5? The z-bonding in 13770 for calculations using the two electronic basis

sets. The limited electronic basis in Table 1 was used to
(36) Cohen-Tannoudiji, C.; Diu, B.; Laloe, Ruantum Mechani¢slohn calculate electronic Raman spectra and the magnetic proper-

Wiley and Sons: New York, and Hermann: Paris, 1977; Vol. 1, .. . . .
Chapter V, p 488. ties of the vanadium(lll) cation. The ground-state spin-

(37) Bruyndonckx, R.; Daul, C.; Manoharan, P. T.; Deissinérg. Chem. Hamiltonian parameters were calculated using both electronic
1997 36, 4251. bases
(38) Kundu, T. K.; Bruyndonckx, R.; Daul, C.; Manoharan, P.lforg. ’
@) Chem.1999 38, 3%31.h The vibronic eigenfunctions of the Hamiltonia¥, are
39) Atanasov, M.; Schonherr, THEOCHEM2002 592, 79-93. ; P : :
(40) Bacci, M.Chem. Phys. Letl1978 58, 537. express.ed as Imear comblnathns of _the bas_ls fur]ct|ons. For
(41) Bacci, M.Chem. Phys1979 40, 237—244. calculations using the electronic basis set given in Table 1,
(42) Wissing, K.; Degen, Mol. Phys.1998 95, 51. i
(43) Carver, G.; Bendix, J.; Tregenna-Piggott, P. L.@iem. Phys2002 Wis expressed as
282, 245.
(44) Tregenna-Piggott, P. L. W.; Noble, C. J.; Pilborow, JJRChem. Phys. n,
200Q 113 3289-3301. — ol M
(45) Tregenna-Piggot, P. L. W.; Andres, H.-P.; Mcintyre, G. J.; Best, S. v Zz ; a'lk"w“ MSJ' Mo nyl[l (8)
P.; Wilson, C. C.; Cowan, Jnorg. Chem.2003 42, 1350. T k=0
(46) Tregenna-Piggott, P. L. W.; O’'Brien, M. C. M.; Pilbrow, J. R:;d&y
H.-U.; Best, S. P.; Noble, Cl. Chem. Phys1997 107, 8275. where y; spans the three orbital components of g,
(47) Tregenna-Piggott, P. L. W.; O'Brien, M. C. M.; Weihe H.;d&l, H.
U. J. Chem. PhysL998 109 2967. ground term, andh, andny are the quantum numbers of the
(48) Tregenna-Piggott, P. L. W.;'@el, H.-U.Inorg. Chem2001, 40, 5497. harmonic oscillators.
(49) Best, S. P.; Beattie, J. K.; Armstrong, R.J5.Chem. Soc., Dalton
Trans.1984 2611-2624.
(50) Reber, C.; Guedel, H. U.; Meyer, G.; Schleid, T.; Daul, Cliforg. (61) Quade, C. R.; Mires, R. W.; Brumage, W. H.; Dorman, Cl.EChem.
Chem.1989 28, 3249. Phys.2003 188 5506.
(51) Nelson, E. D.; Wong, J. Y.; Sturge, M. Bhys. Re. 1967, 156, 298. (62) Tregenna-Piggott, P. L. WAdv. Quantum Chem2003 44, 461.
(52) Gazhter, B. F.; Koningstein, J. Al. Chem. Phys1974 60, 2003. (63) Dunbar, K. R.; Schelter, E. J.; Tsukerblat, B. S.; Ostrovsky,
(53) Grinberg, M.; Mandelis, A.; Fjeldsted, K.; Othonos, Phys. Re. B S. M.; Mirovitsky, V. Y.; Palii, A. V. Polyhedron2003 22, 2545-
1993 48, 5922. 2556.
(54) Gahter, B. F.J. Mol. Spectroscl976 63, 1-22 (64) van Vleck, J. HThe Theory of Electric and Magnetic Susceptiblities
(55) Mizusima, M.Quantum Mechanics of Atomic Spectra and Atomic Oxford University Press: London, 1932.
Structure W. A. Benjamin Inc. Press: New York, 1970; p 164. (65) Abragam, A.; Bleaney, BElectron Paramagnetic Resonance of
(56) Sasaki, K.; Obata, YJ. Phys. Soc. Jprl97Q 28, 1157. Transition Metal lonsClarendon Press: Oxford, 1970.
(57) Ham, F. SJ. Phys. Collogq1971 32, 952. (66) Figgis, B. N.; Lewis, J.; Mabbs, B. Chem. Socl196Q 2480.
(58) Bhattacharyya, B. DPhys. Status Solidi B975 71, 427. (67) Figgis, B. N.; Lewis, J.; Mabbs, F.; Webb, G. A.Chem. Socl966
(59) Kugel, K. I.; Khomskii, D. l.Usp. Fiz. Nauki982 135 621. 1411.
(60) Borras-Almenar, D. D.; Ganurar, V. Ya; Kishinevskii, G. M.; (68) Ham, F. SPhys. Re. 1968 166, 307.
Koronado, E.; Pali, A. V.; Tsukerblat, B. Eh. Strukt. Khim1994 (69) Spichiger, D.; Carver, G.; Dobe, C.; Bendix, J.; Tregenna-Piggott, P.
35, 28. L. W.; Meier, R.; Zahn, GChem. Phys. Let001, 337, 391.
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3. Numerical Calculation of the Experimental
Quantities

Calculations of the experimental quantities employing the
restricted and full ligand field electronic bases were under-
taken using programs written in FORTRAN 77 and MATH-
EMATICA 5.0, respectively. The FORTRAN program, in
particular, is straightforward to use and is available from
the corresponding author.

3.1. Raman SpectraThe electronic Raman cross section,
I, for a transition from stat& to state'!’, was calculated
according to

E.
—')Blf|dpg|‘P'DEP'|dpg|‘PD

| OESex -

9)

whereEsis the energy of the scattered radiatignthe energy
of the stateW, and &,, the component of the Raman

polarizability tensor in the Cartesian laboratory frame. Tables
relating the components of the Raman scattering in a
Cartesian coordinate system to components which transform
as irreducible representations of the scattering center in a

given point, as well as linear combinations of spherical
harmonics, have been dervied by'chter for the 32
crystallographic point grou®é.The spherical harmonics have

B, = By, By = By = 0, to yieldg;; and once withB, = By,

B, = By, = 0, to yieldgn. Bp was set to values small enough
such that the calculated values were independent of its
magnitude.

3.3. Calculation of the Magnetic Propertieslt has long
been recognized, by specialists in the field, that dynamical
Jahn-Teller coupling can have a profound effect on the
magnetic properties of transition metal complee42.56-63
though the phenomenon is yet to pervade the pages of
modern treatises on magnetochemistry. The magnetic mo-
ment may be calculated either using the formalism of
Hanv%57:81or from numerical diagonalization of the vibronic
Hamiltonian?6-4862 as described here. The paramagnetic
molar magnetic susceptibility was calculated according to
the general expressiéh

dw,
— — [exp(=W,/k
N Z &, PEW,/KT)

= (12)

P Y exp- Wk

where the sum is over theeigenstates of the Hamiltonian
(those with a significant population) and the derivatives are

the same symmetry properties as irreducible tensor operatorsfound using the HellmannFeynman theorem

which may be written in terms of operator equivale®tin
the limit whereA > A, only those components transforming
as linear combinations df;, L result in significant intensity
for transitions between th#Ay and 3Ey terms®® in which
case, the electronic matrix element may be expressed as

(W6, W' =

ny n'

k;o K

A=Ak @i=opr T =gk @i=—ak.r)0uOr (10)

v
(Q—an™ @i=opy T Q—op* A i=aper T
=0

where we have omitted the expansion in terms of the electron
spin. The calculated electronic Raman transitions were folded
with a Gaussian bandwidth, with constant width across the

whole spectrum.

3.2. Calculation of the Ground-State Spin-Hamiltonian
Parameters.When A > A/, the magnetic behavior of the
3Aq ground term may be conveniently described by the axial
S =1 spin-Hamiltonian:

|10 |—10 |00
0| [D/3+ g8, 0 9-pIV2(B, — iB,)
&1/ D/3 - g,B, 9-8V2(B, +iB)

O |g8/v2 B, +iB,) g-f/v2(B,—iB) —2D/3
(a1

dw, B’ dA D:
dB, S d_BO n IZIZJZJZK‘ZA—O lc;:oaﬂkl ik

dH
@/iy Mg B Yin Msj’@kkéll' (13)
o

This method allows the susceptibility at a given field to
be calculated exactly from one diagonalization of the vibronic
Hamiltonian. The quantity frequently reported as a function
of temperature is the effective magnetic moment, which is

related toyw by
3k \1/2
(Nﬂz) %

4. Results and Discussion

Hest = wh™? (14)

4.1. Ligand-Field Description of the Ground-State
Electronic Structure. The electronic structure and associated
magnetic behavior ofTi4 (Or) terms, in the absence of
vibronic coupling, has been discussed by a host of
authorg?31336567 and shall be considered only briefly here.
The Hamiltonian matrix arising from the terndir er +
Hso in Table 1 factors into three submatrices, which may
be readily brought to diagonal form. In Figure 1a are shown
the energies of the states as a functiompivhereAA is set
to 100 cmt. WhenA = 0, the states transform the same

From diagonalization of eq 11, closed form expressions way as those arising from the free-iéi 1 o term, with the

for D, g, andgy may be obtained. These parameters are

5 levels of thel = 2 state lower lying. In the limit wherA

then calculated from the eigenvalues of the three lowest lying> A, the spinor levels may be classified into groups
states, obtained by the numerical procedure outlined above.comprising the’Ay and3E, terms of the trigonal subgroup.
For a given set of parameters, the calculation was performedThe levels of the higher lyingEy term are split to first-

a total of three times: once with the applied magnetic field
By set to zero, to yield, the zero-field-splitting; once with

order by spir-orbit coupling, spanning an energy range of
~2A1; the®Aq ground term is split to second-order by spin
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(a) The labels indicate the corresponding zeroth order wave
functions. The arrows designate the allow&k, — S3E,
e electronic Raman transitions, based onA\é; = 0 selection
- rule. Three transitions of roughly equal intensity are expected,
with an energy spacing-AL.
-400 - For vanadium(lIl) complexes, spirorbit coupling is very
J much smaller than both interelectronic repulsion and the
-800 — octahedral ligand field splitting parameter 10Dqg. There is
- N little change in the calculated electronic Raman spectrum
-1200 ¢ and magnetic susceptibility when the electronic basis is
L LA LA B B expanded to include all terms arising from thiecdnfigu-
0 400 800 1200 1600 2000 ration. By comparison, EPR measurements afford a more
Trigonal Field / em” exact characterization of the electronic structure. Spirbit
(b) | 4£]) coupling between the free-ion terms is evinced in a greater
. deviation ofg, from the spin-only value. Using the geometry
E ~|+4,0) of the [V(OH,)g]®" cation and the parameteBs= 644,C =
2960,e, = 6950,e,1 = 930,e45 = 0, { = 174 cm'?, andk
~|£4.71) = 0.88 as input into the program LIGFIEL®the following
spin-Hamiltonian parameters are calculat&l= +5.3162
cmt, g, = 1.9527,g7 = 1.8591.
~[0:£1) 4.2. Effect of Jahn—Teller Coupling on the Ground-
— ~]0.0) Sta_\te Spin-Hamiltonian Parameter_s.ln a series of seminal
Figure 1. (a) Spinor-levels of théTyy (On) term as a function ofp, .amCIeS.’ Ham showed that dym.imlcal Jafireller coupling .
calculated by diagonalization of the Hamiltonian matrix in Table 1, with 1S Mmanifested by the attenuation of the effect of certain
A set to 100 cml. (b) Spinor levels of théTy4 (On) ground term in the electronic operators such as spurbit coupling, orbital
limit where A > AL. The arrows designate the allowédly — 3Eg (S) angular momentum, and the diagonal trigonal fi8Rf:58The
electronic Raman transitions, based on s = 0 selectlon rule. .
phenomenon may be described very elegantly by the

400 — e

Energy / cm

orbit coupling, with the two degenerate states for whighl incorporation of vibronic reduction factors (Ham factors),
~ =+ 1 raised in energy above the state for whisi~ 0, and Ham went on to evaluate the reduction factors using
by an amount perturbation theory, in the limit where Jahiieller coupling
, , is large compared to the perturbing operators. For the systems
(AM)(A-A) (M) we are considering, the strength of the Jafeller couplin
D~ (1/2)&— S, — M)~ o (19) o ; iy

A(A + AX) is small compared to the trigonal field, in which case the
zeroth-order functions should be constructed from the
degenerate eigenstates of the trigonal field operator.

In the complex trigonal basis, the trigonal field is diagonal
and is counter to the JahiTeller interaction which is entirely
goff-diagonal. The effect of JahfTeller coupling on the
electronic properties of the nondegenerate ground term of
0. — kAY? ) the [V(OH,)g]®" cation in theS-alums is, in part, quenched
9=—""T3 ~2-(2+tkAo by the large trigonal field. The degree of influence is not
1+9 negligible, however, and the way in which the ground state
0 T 20€ KA + ¢) ~ 2 — 2kAS — 67 (16) spin-Hamiltonian parameters are modified may be demon-
{(@+ 291+ 0H)}2 strated using perturbation theory. In order to keep the
problem tractable, we consider only the effect of the mixing-
in of the first vibrational excitations of thi&, term into the
S - A S—A—AL ground®A4 term. Using standard methods of perturbation
o= IV AN e= — ALUA theory, with the zeroth-order wave functions corresponding
to those o1Ho = HLF+ER + Hyr, and the perturbation defined
The theory predicts a first-order deviation from the spin- asH; = Hso + Hyr, the zero-field-splitting of the ground

where
S ={(A+ AL)?+8AYAY? 5 = (A*+ 4A%H)12

On evaluating the Zeeman energy as a perturbation, we fin

o=

only value forgn, and a second-order deviation fgr. For term is found to be
the [V(OH,)e]®* cation in theB-alums,A = 1918 cnt* and
A = 1.414 based on electronic Ramarand UV-vis A izhwEJT (AVA — A AV hoEy
absorption spectr&.Setting to 76 cnt?, the ground-state D~ Dy — A+F A(A + AL) - 3

. Lo (A + Aw)® (A + hw)
spin-Hamiltonian parameters are evaluate®as + 5.3375 (17)

cmt, g = 1.9922,g7 = 1.8650.
Figure 1b shows the splitting of the trigonal components  The parametem, is reduced in proportion tB;r. This is
of the 3T14(Op) term to first-order by spirorbit coupling. because the JahiTeller matrix elements are proportional
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to »/2AwE;,;, and the ground term energies are modified to A
second-order in the JakiTeller interaction. Even whenthe [ )

trigonal field is large, a significant reduction Bcan occur N N 1
when the strength of dynamical Jafkfeller coupling is | N\ = e &
modest, as can be ascertained from Figure 2, wbers -
plotted as a function oEjr. The levels of the’Ag-ground 5
term are mixed with state§ + Aw higher in energy. Adw e
appears in both the numerator and the denominator of the
second-order correction to the energy, a complicated depend- ,, |
ence ofD on this parameter is obtained. The valueDofs
predicted to converge to the ligand field value upon decreas-

. . . . . 0 100 200 300 T T T
ing hw; i.e. when the vibrational frequency is low, the strong e 0 100 200 300
trigonal field effectively decouples thég ® 3Ay) ® e Jahn- " B /o’

Teller interaction into :tEg ®e)d (3Ag ® e) components. Figure 2. Dependencies of the ground-state spin-Hamiltonian parameters
This is because the validity of the Bor®ppenheimer  of an octahedrally coordinated domplex on the JahriTeller stabilization

approximation rests on the energy separation of electronicenergy. The value_s displayed With the t_)roke_n line marked “pert_urbation"
were calculated using the expressions given in egslB7 Those indicated

1.990 —

......... perturbation

. 1.989 =
—— numerical 989

1"

1.872
1.870 —
egs- T e
18664 " e
——T——T——T— 1864~ .

—— numerical

e perturbation

states t_’eing Iarge comp_ared tO. the vibrational e_”g’f@ﬁon . by the solid line were calculated by numerical diagonalization of the vibronic
evaluating the Zeeman interaction as a sequential perturbatiorHamiltonian. Both sets of calculations employ #fig(F, P) electronic basis
to the first-order corrected wave functionsi@bj + |C|1, the given in_ Table 1 with the flollowing parallmeters common to both slets of
d-stata values are calculated as calculations:A = 1918 cm!, 1 = 76 cnTt, A= 1.414,Aw = 900 cn1?,
grouna-statey andk = 0.88.
_ %~ kAa® + 2a%(g, — kA) + 20%(g, + kA) N The way in which the electronic properties are modified
G 14+ 024 2224 212 can be understood in the spirit of the theory of H&m.
222 KAAE Ao Defining three reduction factom, p;, andpx which multiply
Oe — (9 T KAY— — J 5| (18) A, 1, andk, respectively, and equating the spin-Hamiltonian
A (A + ho) parameters calculated using eqs 15 and 16 with those
where calculated numerically yields the relations plotted in Figure
3. The expressiong; and px both multiply orbital angular
Al Al (1/2)\/AwE,; momentum operators and have approximately the same
=N VTAx A a:m value, which we shall designafe. pn multiplies the term
for the trigonal field splitting and reflects the mixing-in of
b (12)/hoEyr  (U2)\/hwEy vibronic states from the higher lyintE, term, through the
TAtRo+AM T T AT o Jahn-Teller interaction. WherE;r = 350 cnt, pa ~ 3/5,
_ _ p. ~ 3/4, betokening a significant quenching of the effects
9, = [9e — kAy + gaay — kAo + 4ac+ 4bg ~ of the orbital operators. In the limit where> 4, and A +
{(L+ 2y%+ 41 + o® + 2a% + 2b%)} 2 hw) > A, we obtain
0. — 2Aka(1 — 4c?) — a?(1 + 20c%) ~ 02
D~ D, — (20)
k[,  Exto |\ a2 | 5Eqho " Pa
N e Bel ey
( ) ( ) where
2k Exho
— 1- (19) 2 AE Ao
AT (A+ho) B 1—J—Th3 (21)
Pa (A + ho)

Plots of the principad) values versug,r are shown in Figure
2. The anisotropy of thg-matrix is predicted to decrease as When the perturbation calculation is taken to higher-order,
a linear function ofg;r, although the modification from the  the expressions corresponding to the vibronic reduction of
values obtained from ligand field theory is slight. both D, and the orbital contribution tgm, should converge,
Also shown in Figure 2 are the same quantities calculated as both these quantities are reducedMpy?/p, in the limit
numerically, using the sarfigg(F, P) electronic basis. The A > 4.
numerical calculations provide confirmation that the expres-  Numerical calculations employing all 45 states of tle d
sions for the spin-Hamiltonian parameters, formulated using configuration yield results similar to those presented in Figure
perturbation theory, are qualitatively correct. A larger basis 2. Using the parameters given at the end of section 4.1 as
set is employed, and hence, the deviation of the spin- input, D decreases linearly from 5.3162 to 4.7913¢mn
Hamiltonian parameters from the values arising from ligand increasingg;r from 0 to 350 cm?. Likewise, the principal
field theory is more pronounced. The variationxfg,, and g-values converge, with, decreasing linearly from 1.9527
oo with Ejr remains linear, and the attenuation of the zero- to 1.9509, andy; increasing from 1.8591 to 1.8669. The
field-splitting is significant. spin-Hamiltonian parameters tend toward the ligand field
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Figure 3. Variation of the Ham factors, describing the effect of dynamical
Jahn-Teller coupling on the magnetic response ofthg (Ss) ground term,
as a function oE;r. The vibrational frequency and ligand field parameters
are identical to those given in the caption of Figure 2.
1 | 1 I I |
values, as the phonon frequency is decreased. In the 1400 1600 1800 2000 2200 2400

. . . . -1
preceding paper, it was shown that the ground-state spin- Raman Shift / cm
Figure 4. Electronic Raman spectra of hydrogenous and deuterated

Hamlltqnlan parameters (_)f _the [V_(Q)d]3+ Cathn change Rb[V(OH>)e](SO4)2:6H20, reproduced from ref 16. The broad band centered
dramatically upon deuteriation, with decreasing and at~1930 cnt?! has been assigned to the transitions depicted in Figure 1b.
increasing. These calculations show that the isotope effectThe band at~2200 cm? in the deuterated salt has been assigned as an
cannot be due to dynamical Jakieller coupling, although ~ ©~D stretching vibration.
the effect must be included if a rigorous definition of the account of JahaTeller coupling, is always predicté8.
electronic structure is sought. When the calculation is taken to second order, terms appear
4.3. Effect of Jahn-Teller Coupling on the *Ag — °E4 linking the spinor levels of thég, term with overtones of
Electronic Raman Profile. When the’Eq term is perturbed the®Aq ground-term. Thus, overtones of Jatifeller active
sequentially by JahnTeller and spir-orbit coupling, the  vibrations, as well as higher harmonics, may obtain signifi-
energy spacing between the three sets of spinor levels iscant intensity when occurring in the proximity of the
given by ptAl where p- diminishes from unity as an  electronic Raman band.
exponential function ofE;/hw.2*% Recently, we com- The effect of JahrTeller coupling on the profile of the
municated the 15 K electronic Raman spectrum arising from electronic Raman transition is aptly illustrated by numerical
the [V(OH)e]*" cation in GuVSH, in which the transitions  calculations. As before, parameters are chosen that roughly
to the higher-lying®E; term were highly resolve#. The describe the [V(Ok)g]** cation in thes-alums. The variation
energy range spanned by the spinor levels was found to beof the energies of the low-lying vibronic states wir is
significantly lower than any reasonable estimateA&f.2The shown in Figure 5 by means of solid lines£€ 0 atE;r =
spectrum affords an archetypal example of Ham quenching,0) or broken linesr{= 0 atE;r = 0). An energy frame is
and further details shall be presented in a future publication. shown that encompasses the nine states offteelectronic
The electronic Raman spectra of [V(@F°** in hydrogenous  ground term i = 0), and the first two vibrational excitations
and deuterated samples of the rubidium vanadium sulfate(n = 1, 2) of theA, ground term, witthw set to 900 cm?;
p-alums are shown in Figure 4. The spectra are reproducedthe energy of the ground state is set to zero.
from an earlier publication in which an attempt was made  In the vibronic subspace, the six spinor levels of iBg
to model the electronic Raman profiles within the confines term transform the same way as the six states comprising
of ligand field theory:® A pronounced reduction in the the first vibrational excitations of th#\ ground term. The
bandwidth of theé’A; — 3E, transition is seen to occur upon  mixing that then occurs upon increasing Jaffeller cou-
deuteriation. The data are perplexing, in that the electronic pling strength leads to a depression of the vibrational
Raman profile of the protonated and deuterated salts spansxcitations, and contributes to an increase in the energies of
an energy range which is, respectively, greater and less tharthe states approximating to the zero-phonon levels of the
that expected from ligand field theory. It is unlikely lifetime 3, term, relative to the ground term, as shown in Figure 5.
broadening is the determining factor, as the profiles exhibit The energies of the second- and third-harmonics are similarly
extensive structure, and the bandwidths change little in the depressed. WittE;r = 350 cnt?, the spacing of the levels
temperature range 8200 K. A vibronic coupling mecha-  of the 3E, term is ca. 70% of &1, in accordance with the
nism involving the librational modes of water coordinated theory of Hanm?®
to vanadium(lll) is implicated, as the energies of these In Figure 6 is shown the calculated electronic Raman
vibrations diminish byv(1/«/§) upon deuteriation, but the  cross-section as a function &fr, between 1400 and 2400
anomalously large bandwidth of the hydrogenous salt cannotcm™. The vibronic sidebands that occur in this spectral
be explained with the first-order perturbation theory of Ham, region are due to the second term in the Jaheller
as a reduction in the energy spacing of the spinor levels, onHamiltonian, given in eq 5, that mixes the levels of #g
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Figure 5. Variation of the energies of the low-lying vibronic states of an

octahedrally coordinatec?gystem as a function d&: A = 1918 cn1?,
A=76cnTl, A= 1.414,hw = 900 cnTl. The axis labels are common to

2200 —
2000 —
1800 —
1600 —
g
Q
3. 1400 -
g
&
1200 —
",
4.85 o,
1000 — 4.84 —
4.83 =
4.82 —
800 — T T 1T
f:22;900 850 800 750 700 650
RRRRLLL PN
6m_ ---:3!323!!!82:3"...
I | I I
900 850 800 750 700 650
Phonon Energy / em’!

Figure 7. Variation of the energies of the low-lying vibronic states of an

octahedrally coordinatec?éystem as a function dfw: E;r= 350 cn1?,
A =1918 cnTl, A = 76 cnTl, andA = 1.414. The axis labels are common

both the main figure and the insert. The symmetry labels relate to the makeupto both the main figure and the insert.

of the states witle;t = 0. Solid lines denote the ground vibrational states
of the trigonal components of ti&14 ground term {A4(0), 3E4(0)); broken
lines denote the first and second vibrational excitations ofgqeground
term GAg(1), 2Aq4(2)).
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£ | hv=900cm’
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Figure 6. Theoretical electronic Raman profiles as a functionEgf
calculated using the parameters given in the caption of Figure 5.

and?3Eg trigonal terms. Figure 7 demonstrates the effect on
the vibronic energy levels of decreasing the vibrational
energy for a constant value d&;r. As the vibrational
frequency is decreased while holdiigr constant at 350
cmL, there occurs an avoided level crossing of vibronic
states, as the third vibrational excitations of #g ground

—a -1
EJT =350 cm

hv =900 cm!

_a -1
EJT =350 cm

2
g hv =800 cm’!
2
g
—2 -1
EJT =350 cm
hv =650 cm’”
T I I I I T
1400 1600 1800 2000 2200 2400
Raman Shift / cm™

Figure 8. Theoretical electronic Raman profiles as a functionhof
calculated using the parameters given in the caption of Figure 5.

term approach the levels of tH&, term. WithAw set to
800 cn'%, the calculated electronic Raman band in Figure 8
is broad and structured and bears little resemblance to the
profile calculated using ligand field theory, shown in Figure
6; as hw is reduced further, the familiaPE,; pattern
re-emerges.

These theoretical profiles are calculated from a single-
mode model, when in reality the librational modes of water
coordinated to vanadium(lll) are strongly coupled in the
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Figure 9. Plot of uett vs temperature for a vanadium(lll) cation subjectto  Figure 10. Theoretical values afef vs temperature. The curve designated
a cubic field, and dynamical JahiTeller coupling. The parameters are the  “Calc. 1" was computed with the parameteks= 845 cntl, 1 = —130
same as those given in the caption of Figure 2, with the trigonal field set cm=1, A = 1.5, andk = 0.55. The following parameters are common to
to zero, and for various values &fr shown on the figure. calculations 2 and 3A =0 cnr'l, L = —252 cn!, A= 1.5, andk = 0.8.
For Calc. 2, the JahnTeller interaction was set to zero. For Calc/&

B-alums, with energies spanning’50-950 cnt?; itis found ~ andEsr were set to 300 and 1000 cfy respectively.
that the energy of no single librational mode is depressed 900 cntl.
by as much as predicted from these calculatf@i®gnificant

coupling to a low-energy lattice mode is also to be

5 L
e?:)pecFec.f. Ther.efore, tge parametersh pfertammg ftp the In the majority of the crystal systems of which the authors
vibronic interaction, used to generate the foregoing figures, o aware, the vanadium(lll) cation is subject to a strong

should not be overemphasized. Ir_' th? hydrogen(_)us sa_lt, therQrigonal field, resulting in &Aq (S) ground term. It seems
are a host of overtone and combination bands, involving the an inexplicable quirk of nature that the nondegenerate

I|brat|qnal .modes of _vva_lter coordinated tp vanadium(lll), trigonal component is always found lower lying. In instances
occurring in the proximity of the electronic Raman band. whereA > ksT, it is common to model the data using the
The enhancement of the, @omponents of these bands, spin-Hamiltonian given in eq 11, adding®B? to the terms

throlugh _the fJahETeIIer mtleractéon,dpr%v;]de? 2 pIa|1u3|bIe. along the diagonal, wheA/? is the second-order Zeeman
explanation for the anomalous bandwidth of the electronic . ¢ficient Erom ligand field theory, we obtai,® = 0,

Raman profile. . g
. . W5 @~ — K2A%Z/A, in the limit A > 1. As a consequence of
4.4. Effect of Dynamical Jahn-Teller C(_)upllng on _th_e_ the Jahn-Teller effect, W@ is reduced by~p ?/ps. When
Te_mperature Dependence of t_he Magnetic Susc_ept|b|l|ty A > kgT, the difference between susceptibility curves
Afrlsr:ng_lfrom 3T1dTerms. n cutl)_lcbsymr_nettr))_/, the nll_ne I_evels calculated using th8 = 1 spin-Hamiltonian and those using
of the*T1, ground term are split by Spiforbit coupling into the full vibronic Hamiltonian is very slight. If, however, the
three sets of levels that may be specified by the total angmarground-state spin-Hamiltonian parameters are interpreted

i 2
mom?ntum ﬂléaituzm numbelzl. Forl _hexacpﬁrﬂgaield without due regard to dynamical Jahieller coupling, then
cor&wjpféels, tl ZA_A Séa;'ﬁ. ?\We.r ying, with the = | the values ofA andA so inferred could be quite misleading.
andJ= UIevels v an 'gher in energy, respective y. Susceptibility curves relevant to tetrahedral nickel(ll)
The variation of the effective magnetic moment with complexes may be generated by reversing the siga. of

: L 3t e
temperature is shown in Figure 9 fpr the [V(.@H cation, Though not the advertised topic of this paper, the reader will
employing the same parameters given previously, but Settlngforgive the digression. Theg orbitals now participate in

Ato Zero. The moment d_ecreases gradually with temlOerature’a—bonding, and hence, the Jahfeller interaction is stronger.
reflecting the depopulation of the= 1 state. Also shown

in Fi 9 I T ¢ . In addition, the splitting of the states of ti&;4 term by
llljh \gure = are p ots O.’t‘eﬁ vferﬁus » as a3+unct_|on OEg' spin—orbit coupling is commonly comparable to that by low
e.magnetlc properue; of the [V(Q) catllon, under symmetry ligand fields, in which case an analysis of the
the influence of dynamical Jakreller coupl|3ng, are in magnetism in the formalism of tf@= 1 spin-Hamiltonian
. . " :

(rjr?any Wzyg ka hto thqse §0f48tgeh[T'_f_Ql)ﬁ] catllqn, is not appropriate. Susceptibility data for a range of

Iscussed In depth previou y. _vann-iefler couping tetrahedral nickel(ll) complexes have been obtained in the
gives rise to an effective quenching OT Sﬁ'@rb't coupling range 86-300 K and modeled using the ligand field
and orb|ta_l angular moment_u?ﬁ,resultmg in a shallower Hamiltonian matrix, given in Table %. The values of the
decrease ;_r'?‘f l:)plganr? crelasmg temperature, and a glreaterspin—orbit coupling parameter derived are typically 6.4
moment aff = - hee e.ctrgmc properties are npt OSL, 6 of the free ion value, implying significant delocalization
however, but are simply redistributed to other vibronic states of the unpaired electron density onto the ligand. We have
and recovered when these states are thermally occupied '

Theref h h 4 | found that these data can be satisfactorily reproduced
erefore, uen approaches the same asymptotic values, choosing much higher values of when dynamical Jahn

irrespective of the coupling strength. The theoretical curves Teller coupling is included. As an example, consider Figure
were calculated with the rather large vibrational energy of ;5"\ v theoretical plots afy versusT are presented
’ e .

(70) Best, S. P.; Armstrong, R. S.; Beattie, J. X.Chem. Soc., Dalton The C_urve deS|gnat6d “Calc. 1" was computed using the
Trans.1992 299. following parametersA = 845 cm?, A = —-130 cmt, A=

The effect of JahnTeller coupling intensifies
approximately in proportion to the rat/hw, to the point
wherehw ~ 1.46
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1.5, andk = 0.55. For “Calc. 2", we have set the trigonal
field to zero, and increasddandA to 0.8 and—252 cn1?,
respectively, giving rise to a very different curvewgf versus
temperature. When dynamical Jahfeller coupling is
included, curve “Calc. 3" is generated, which closely

rather significant decrease is observed. This result leads us
to conclude that the quantitaf)¥A decreases in magnitude
upon deuteriation. Pronounced changes in the structure and
bonding of transition metal hydrates upon deuteriation are
not uncommon but are poorly understoddiVe hope that

resembles “Calc. 1”. On the basis of these results, thethe observed isotope effect stimulates further theoretical work
parameters derived from ligand field analyses are of doubtful in this area.

significance, when not accompanied by spectroscopic mea-

Though the calculations were undertaken with the

surements. Calc. 1 uses parameters orginally employed tgV(OH,)e)®t cation in mind, the methodology is equally

model susceptibility data for the (F#)NiCl, complex. Since

applicable to any transition metal complex with an orbital

then, magnetic data have been obtained over a widertriplet ground term, subject to an axial distortion, common
temperature range and interpreted along with optical andexamples being hexacoordinate iron(ll) and tetrahedral

HFEPR data, in the framework of the AOM.For this
system, the axial field is in fact4000 cn1?. The effect of
dynamic JahnaTeller coupling on the ground-state spin-
Hamiltonian parameters is then negligible.

5. Summary and Conclusions

The zero-field-splitting of théA (S) ground term of the
[V(OHy)g]®" cation is reduced significantly by dynamical
Jahnr-Teller coupling. In the3-alums, where the trigonal
field is large, the reduction in the paramek2is estimated
to be ~10%. The quenching is predicted to be most
pronounced in complexes where the trigonal field is moder-
ate, the metatligand z-bonding is anisotropic, and the
energies of the JahtTeller active vibrations are of the order
of the trigonal field. In ignoring dynamical JahiTeller
coupling, the ligand field analysis of the [V(Q}|®* cation,

nickel(ll) complexes. The use of angular overlap model
matrices to construct the vibronic Hamiltonian affords an
“inorganic-chemist” friendly approach to conducting vibronic
coupling calculations, incorporating all the ligand field states,
with minimal parametrization.

The common perception of Jahiteller coupling is that
it is a symmetry lowering mechanism and is of consideration
only for transition metal complexes with orbital doublet
ground terms. However, as we have shown, the magnetic
properties of complexes with orbital triplet ground terms may
be modified substantially when Jahfeller and spir-orbit
coupling are of comparable magnitudes. Though the degree
of Jahn-Teller coupling is not strong enough to bring about
a pronounced distortion, and though the orbital degeneracy
may be lifted by an axial field, the phenomenon must still
be considered when a precise description of the electronic

presented in the previous paper, underestimates the true valustructure is sought.

of the spin-orbit coupling parameter, and absorbs the small
modification of theg-values into the orbital reduction factors.
The calculations presented in this work also provide a
plausible explanation for the anomalous profile of g

— 3E4 (S) electronic Raman transition electronic Raman
band in the vanadium alums, whereby overtones of Jahn
Teller active vibrations may have their intensity enhanced,
when occurring in the vicinity of the electronic transition.
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The calculations do not render an explanation for the effect IC049291T

of isotopic substitution on the ground-state spin-Hamiltonian
parameters. A slight increase D is predicted upon
deuteriation on account of vibronic coupling, when in fact a
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