Inorg. Chem. 2002, 41, 4266—4274

Inorganic:Chemistry

* Article

Competing Interactions in the Tetranuclear Spin Cluster
{Ni[(OH),Cr(bispictn)]s} Is-5H,0. An Inelastic Neutron Scattering and
Magnetic Study

Ralph Schenker,™" Hagni Weihe,* Hanspeter Andres,’ Reto Basler," Grégory Chaboussant,!
Kirsten Michelsen,* Michael Aebersold,! Herma Buttner,® and Hans U. Gudel*!

Departement fuChemie und Biochemie, Urersitd Bern, Freiestrasse 3, CH-3000 Bern 9,
Switzerland, H. C. @rsted Institutet, Kgbemhas Universitet, Unversitetsparken 5, DK-2100
Kgbenhan @, Denmark, and Institute Laue Lange, Avenue des Martyrs, B. P. 156, F-38042
Grenoble, France

Received October 23, 2001

The properties of the spin state manifold of the tetranuclear cluster Ni[(OH).Cr(bispictn)]s} Is-5H,0 (bispictn =
N,N'-bis(2-pyridylmethyl)-1,3-propanediamine) are investigated by combining magnetic susceptibility and magnetization
measurements with an inelastic neutron scattering (INS) study on an undeuterated sample of Ni[(OH),Cr(bispictn)]s} -
ls*5H,0. The temperature dependence of the magnetic susceptibility indicates an S = 1/, ground state, which
requires antiferromagnetic interactions both between Cr¥* and Ni?* ions and among the Cr3* ions. INS reveals
potential single-ion anisotropies to be negligibly small and enables an accurate determination of the exchange
parameters. The best fit to the experimental energy level diagram is obtained by an isotropic spin Hamiltonian H
= \]CrNi(Sl'S4 + S,:Sy + 53'84) + JCrCr(Sl'SZ +S°S3 + Sz'Sg) with Jeni = 1.47 cm~tand Jorer = 1.25 cm~L. With
this model, the experimental intensities of the observed INS transitions as well as the temperature dependence of
the magnetic data are reproduced. The resulting overall antiferromagnetic exchange is rationalized in terms of
orbital exchange pathways and compared to the situation in oxalato-bridged clusters.

1. Introduction which was rationalized on the basis of the strict orthogonality
of the &y and g magnetic orbitals on G and NP,
respectively’. In corresponding compounds forming net-
works of oxalatd®” and cyanide-bridgédCr3t and NF' ions,

this leads to ferromagnetic ordering. The design and con-

Compounds containing simple, isolated clusters of transi-
tion and rare earth metal ions with unpaired electrons serve
as ideal molecular models to study exchange interactions.
C_ompllcatlons_ arising from coo_pe_ratlve eﬁeCt.S n syste_ms struction of such molecule-based ferromagnets has become
with ex_tended Interactions are ellmlnat_ed, allowing a detailed a very active area of research in recent years. In contrast, in
analy_3|s of the nature and mec.hamsm-s of Fhe exchange, ; o104nq hydroxo-bridge'd complexes, antiferromagnetic
coupling. Therefore, exchange interactions in molecular

. . . interactions are dominant.
dimer complexes have been studied extensively. However,

i o "
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{NIi[(OH) oCr(bispictn)}z} | 5-5H,0

a ground state properties and thus unambiguously determine
the nature of both the exchange and anisotropy interactions

in this cluster.

Our approach to the energy splittings of th€rsNi}5"
cluster is a more direct one. In addition to magnetic
techniques, we use the complementary technique of inelastic
neutron scattering (INS), which has proven to be extremely
powerful to directly access the energies and eigenfunctions
of the low-lying cluster spin statég For safety reasons, we
used{{Ni[(OH).Cr(bispictn)}}5-5H,O (abbreviated Crs-
Ni}Is) instead of CrNi} (ClOy)s reported originallyt?4We
b find that both the net interactions between thé"Gmnd N7+
as well as among the &rions are antiferromagnetic, with
comparable exchange parameter values. They are rationalized
in terms of the orbital exchange pathways and compared with
those in the oxalato-bridged clusters. Single-ion anisotropies
are found to be negligibly small.

2. Experimental Section
Figure 1. (a) Central core of the Ni[(OHEr(bispictn)}k} X5-5H,0 (X =
1=, ClO47) (bispictn = N,N'-bis(2-pyridylmethyl)-1,3-propanediamine) 2.1. SynthesisAll the chemicals used were at least of reagent
cluster, abbreviatefiCrsNi} Xs, viewed along the pseud®s axis. The C¥" grade and used without further purification
ions are shown in black, and the centrafNion and the nitrogen atoms, . L. ) .
in darker gray, with larger spheres for the latter. The oxygen bridging atoms  Cis-[Cr(bispictn)(H 20)(OH)]I 2-2H,0 was prepared as described
are shown in light gray. (b) Schematic representation of the exchange previously*? Its purity was checked by X-ray powder diffraction
coupling in the{ CrsNi}5* clusters with the exchange parametéss; and using the structural data given in ref 15.
1 —Nij2+ +_ + i i
Jerer denoting the G —Ni2*t and CB+—Cr3* interactions, respectively. {NI[(OH) ,Cr(bispictn)] 3} 15-5H;0. A 1.80 g (3 mmol) portion
Several years ago, the synthesis {fNi[(OH).Cr- of cis[Cr(bispictn)(HO)(OH)]l,-2H,O was suspended in,@ (7.5.
(bispictn)k} (ClO4)s+6H:0 (bispictn = N,N'-bis(2-pyridyl- mL), 2 M NaQH (15mL, 3 mmol) was _added, and the solu_tlon
methyl)-1,3-propanediamine) (abbreviafe@irsNi} (ClO4)s) was _flltered into a beaker with 4 cm dl_ameter. A 0.1 M NiCl
was reported? In this tetranuclear cluster, three 3rions solution (10 mL, 1 mmol) was placed in a glass tbe (15 mm
are each linked by two hvdroxo bridges té) the centralNi diameter) sealed with a dialytical membrane at the lower end. At
. f . t'y | y d g. ted in Fi 10 the same moment, the tube was dipped by 3 mm into tie Cr
ltcr)]n,borr.nlngf; a rlantg_u ar Coret'z'sl't eglc; ed n 'tguéeK .b trf: solution. After several hours, polycrystalline aggregates started
e aiIS olzinagne |c+susg$p ibility data down to » PO growing. After 3 days, they were filtered off and dried in air. The
the CP —Ni*" and C? —Cr"interactions were postulated  crystals crumbled upon drying. Yield: 60% of a red powder. Anal.
to be antiferromagnetic with exchange parameter values of calcd for CENiC4eN1.H76011ls: Cr, 8.62%: Ni, 3.24%: C, 29.86%;
Jorni = 4.87 et andJerer = 1.06 cn1l, respectivelyt? The N, 9.28%; H, 4.23%. Found: Cr, 8.70%; Ni, 3.18%; C, 29.85%;
resulting exchange splittings were found to be in the same N, 8.50%; H, 4.24%.
order of magnitude as a potential zero-field splitting (ZFS)  The diffusion technique allowed us to obtain ill-shaped but
on the NF* ion. However, the two effects could not be transparent crystals ¢Ni[(OH).Cr(bispictn)h} Is-xH20 (x > 5) up
unraveled on the basis of magnetic susceptibility data, andto 5 mm in size, which crumble to powder in air, indicating loss of
therefore, the anisotropy interaction was neglected in the solvent water. Elemental analyqs and thermograylmetrlc measure-
analysis. We are here confronted with a typical problem of Ments indicate that the resulting compound {ii[(OH).Cr-
magnetic susceptibility measurements: This thermodynamic (2ISPICtEHs*5H;O (abbreviated CraNi} Is). Except for slight line
technique requires the construction of a microscopic model shifts, its X-ray powder diffractogram is essentially identical to that
with a subsequent fit of the parameters to the experimental of {NI[(OH)2Cr(bispictn)i} Is:xH,0 (x > 5) which, together with

s S : . “"the results of the elemental analysis, indicates{tGajNi} s consists
data. The danger in this procedure lies in the low information ¢ 4 single, pure phase. Examination of the intact crystalé\bf

content of the susceptibility data, which often does not allow [(OH),Cr(bispictn)}} IsxH.O (x > 5) under a polarizing microscope
an unambiguous discrimination between physically different revealed that they belong to one of the biaxial crystal systems and
models. As will be shown in the present study, {Hers- thus do not offer a crystallographically imposed trigonal site for
Ni}>" cluster is an illustrative example in this respect. In the N?* ions. We can assume the same to be true for the crumbled
our situation of competing interactions, magnetic measure- Product{ CrsNi}Is. This is in contrast t§ CrsNi} (ClOg)s, for which
ments are clearly not sufficient to completely explore the both the crystal and cluster symmetries are exactly trigbhal.

(9) Blake, A. B.; Yavari, A.; Hatfield, W. E.; Sethulekshmi, C. N.Chem. (13) Gidel, H. U. InMolecular Magnetism: From Molecular Assemblies

Soc., Dalton Trans1985 2509. to Devices Coronado, E., Delhas, P., Gatteschi, D., Miller, J. S., Eds.;

(10) Blake, A. B.; Sinn, E.; Yavari, A.; Murray, K. S.; Moubaraki, B. NATO ASI Series E 321; Kluwer Academic Publishers: Dordrecht,
Chem. Soc., Dalton Tran4998 45. The Netherlands, 1996; pp 22242.

(11) Corbin, K. M.; Glerup, J.; Hodgson, D. J.; Lynn, M. H.; Michelsen, (14) INS experiments require sample amounts of several grams, a serious
K.; Nielsen, K. M.Inorg. Chem.1993 32, 18. risk in view of the explosive character of perchlorates.

(12) Hodgson, D. J.; Michelsen, K.; Pedersen, E.; Towle, DIrtrg. (15) Ardon, M.; Bino, A.; Michelsen, K.; Pedersen, E.Am. Chem. Soc.
Chem.1991, 30, 815. 1987, 109, 5855.
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{Zn[(OH) ,Cr(bispictn)] 3} 15:5H,0. The preparation was analo-
gous to that of Ni[(OH),Cr(bispictn)}}15-5H,0, using a 0.1 M
solution of Zn(NQ),:6H,0. Yield: 45%. Anal. Calcd for Gr
ZnCysN1oH76011ls: Cr, 8.56%; Zn, 3.59%; C, 29.66%; N, 9.22%;
H, 4.20%. Found: Cr, 8.85%; Ni, 3.98%; C, 30.08%; N, 9.17%;
H, 4.23%.

The behavior of Zn[(OH),Cr(bispictn)k} Is-xH,0 (X > 5) upon
drying was exactly analogous to the corresponding nickel complex,
and the final produdtZn[(OH).Cr(bispictn)}} I1s:5H,0 (abbreviated
{CrsZn}1s) was found to be isomorphous wiflCrsNi} Is.

T [cm’ K mol ]

2.2. Magnetic MeasurementsVariable temperature magnetic 0 T
susceptibility measurements on polycrystalline sample§Git- 0 50 100 150 200 250 300
Ni}ls and{CrsZn} 5 were carried out in the temperature range-1.8 TIK]

300 K at a magnetic field of 0.1 T using a Quantum Design MPMS- 7

XL-5 magnetometer equipped with a SQUID (superconduction
quantum interference device) sensordaa 5 T magnet. For

P
magnetization measurements at higher magnetic fields up to 5 T, e

the sample was pressed to a pellet to avoid reorientation of the g b)
crystallites in the magnetic field. The data were corrected for the M

diamagnetic contributions of the atoms, which were estimated from kil

Pascal’s constants. % {CrsZn}l

2.3. Inelastic Neutron Scattering. An amount ¢ 7 g of a
polycrystalline, completely undeuterated sampl¢ ©f;Ni} Is was

prepared and sealed under helium in an aluminum container of 15 0 4t T

diameter and 55 mm height suitable for INS experiments. These ! ! ! : : I !
mm - 9 . pe : 0 50 100 150 200 250 300
were performed with cold neutrons on the time-of-flight spectrom- T[K]

eter IN5 at the Institut Laue Langevin (ILL) in Grenoble, France. Figure 2. Temperature dependences of the molar magnetic susceptibility
Spectra were recorded at temperatures of 1.8, 7.0, and 17.0 K andplotted as producgT versusT between 1.8 and 300 K. Experimental data
with incident neutron wavelengthisof 4.2, 5.9, and 8.0 A. The  for {CrNi}ls and{CrsZn}Is are shown as open circle®) in the upper

data treatment involved the subtraction of a background spectrumand lower panels, respectively. The solid lines represent the best fits using
. . . . the second term in eq 1 and the appropriate Zeeman term with the parameter

using an empty aluminum container of the same size and the valuesJerer = 1.12 entt andge; = 1.97 for{ CrsZn}ls, as well asgey =

calibration of the detectors with a spectrum of vanadium metal. 1.97 gy = 2.26 and the fixed parametelsyi = 1.47 cnt?, Jorer = 1.25

The time-of-flight to energy conversion and the data reduction were cm™ for {CrsNi}ls.
done with the standard program INX at the ILL.

6
3. Results 5_:
3.1. Magnetic MeasurementsThe temperature depend- .
ences of the magnetic susceptibility of polycrystalline 47
samples of Cr3Ni}ls and{CrsZn} s in the range 1.8300 £ 7
K are shown in the upper and lower panels of Figure 2, £ 3‘:
respectively, as plots of the prodyct versusT. For { Crs- =
Ni}ls, T slightly decreases from 6.58 & mol~* at 300 27
K to a value of 6 cri K mol™t at 60 K, before steeply 3
dropping to 2.08 cihK mol~* at 1.8 K. Similarly, for{ Crs- ]
Zn}ls, T decreases from 5.46 énK mol~! at 300 K to T L —

-1
1.4$ cni K mol~* at 1.8 K. o 00 05 10 15 20 25
Figure 3 shows plots of the reduced magnetizakitiNug H/T [T/K]
versusH/T for { CrsNi}Is between 1.8 and 40 K at various  Figure 3. Plots of the reduced magnetizatibtiNug versusH/T for { Crs-
magnetic fields between 0.5 @érb T asindicated. The Ni}Is between 1.8 and 40 K. Data were collected at six magnetic fields
magnetization curves are strongly field dependent. The between O_.5 ah5 T asmdncatec_i. The solid Ilne_s represent the calcu_lated
. . : curves using eq 1 together with the appropriate Zeeman term using the
magnetic moment per cluster in units of Bohr magnetons at parameter valuedoni = 1.47 cnt?, Jorer = 1.25 cnr?, ge, = 1.97, and
1.8 K is increasing with increasing magnetic field up to a gni = 2.26.
value of 6 &5 T and 1.8 K, where it is still not saturated.

3.2. Inelastic Neutron Scattering.In Figure 4, we show  observed at 1.65 and 2.21 chon the neutron-energy loss

the INS spectra of a polycrystalline sample{ &frsNi} I with side, labeled | and Il, respectively. The corresponding energy-
an incident neutron wavelengihof 8.0 A at 1.8 and 7.0 K. gain transitions, labeled &nd II', respectively, are observed
The energy-transfer range betweeid and +5 cm?! is as weak but distinct bands at this temperature. Increasing

depicted with positive values for neutron-energy loss. The the temperature to 7.0 K results in a decrease of the scattering
instrumental resolution is 0.22 crhat the elastic peak intensity of bands | and Il and an increase'ddrd II. There
position. At 1.8 K, two prominent, nicely resolved peaks are is a shoulder below 0.8 cmy, which does not show a
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Figure 6. Neutron-energy loss and gain spectra of the polycrystalline
sample{CrsNi} s measured on IN5 with an incident neutron wavelength
of 42 Aat 1.8 and 17 K.
or I1I A Energy
L B N L L N L L LB B L [cm‘l]
-4 -2 0 2 4 7
energy transfer [cm-l]
Figure 4. Neutron-energy loss and gain spectra of the polycrystalline 5 $ i
sample{ CrsNi}Is measured on IN5 with an incident neutron wavelength
of 8.0 A at 1.8 and 7.0 K. The observed bands are labeled with Roman
letters. The dashed lines represent a convolution of the experimental
background and the elastic peak. The solid lines represent the calculated
spectra using the program ANIMASwith the parameter valuekni = 221 7y
1.47 cnt! and Jerer = 1.25 cnTl, 1.65 I
Yy
0
70K §§ I O IrIr T
[} Figure 7. Empirical energy level diagram derived from the INS spectra
. . in Figures 4 and 5. The arrows correspond to the observed baiits |
mr Il The unresolved band system IIl between 3 and 5%im represented by
the gray band.

temperature independent and consists of several unresolved
transitions between 3 and 5 ¢t The 7.0 K spectrum
exhibits its counterpart labeled 'lles a shoulder on the
neutron-energy gain side. In Figure 6, we show INS spectra
at an incident neutron wavelength df= 4.2 A. A broad,
unresolved inelastic feature is observed between 10 and 20
cm L. It is predominantly cold and has its counterpart on
the neutron-energy gain side at 17 K. As will be shown in
section 4.3, we ascribe it to phonon scattering.

From the experimental data presented in Figures 4 and 5,
the energy level diagram shown in Figure 7 is derived. The
cold transitions | and Il are shown as full arrows. The
unresolved magnetic intensity between 3 and 5'cis

UL A I indicated as a gray band. Its virtual temperature independence

6 4 2 0 2 4 6 suggests that it is due to transitions not starting from the

energy transfer [em ] lowest level but presumably from those at 1.65 and 2.21'cm
Figure 5. Neutron-energy loss and gain spectra of the polycrystalline defined by bands | and Il, respectively. In contrast to the
sample{ CrsNi}Is measured on IN5 with an incident neutron wavelength . L LT L

of 5.9 A at 1.8 and 7.0 K. The observed peaks are labeled with Roman EN€rgies, determination of exact relative intensities is more

letters. The solid lines represent the calculated spectra using the programdifficult. In both the 8.0 and 5.9 A spectra, the inelastic
ANIMAG #! with the parameter valuelsi = 1.47 cm andJeir = 1.25 fegtures are close to the elastic peak, and their intensity may
’ therefore be obscured by quasielastic features. The back-
counterpart on the neutron energy gain side upon heating.ground of the 8.0 A spectrum seems to change upon heating

Thus, it is at least partly due to an experimental artifact. from 1.8 to 7.0 K, see Figure 4. The unresolved band I,

INS spectra withh = 5.9 A are shown in Figure 5 at 1.8  which is clearly recognized in the 5.9 A spectrum at 1.8 K,
and 7.0 K. According to the decreased instrumental resolutionis barely seen in the 8.0 A spectrum. This suggests that the
of 0.54 cnt! at the elastic peak position compared to the intensity of weaker bands is not resolved but hidden in the
8.0 A spectra, the bands | and Il are only partly resolved. background. We are therefore left with bands | and Il, whose
Furthermore, they seem to be superimposed by artificial intensities were determined by least-squares fitting with two
features. An additional, broad band is observed centered atGaussians and the backgrounds depicted in Figure 4. The
about 4 cm?, labeled Ill in Figure 5. It is essentially result is shown in Table 1. It reveals that bands | and I

intensity [arb.units]

Inorganic Chemistry, Vol. 41, No. 16, 2002 4269
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Table 1. Experimentally Determined Energies, Linewidths (fwhm), and Relative Intensities with Estimated Errors of the INS Bands | and Il Derived
from the 8.0 A Spectra for Neutron-Energy L#ss

normalized intensity [arb.units]

energy [cnm] 1.8K 7.0K

expt calcd fwhm [cm?] expt calcd expt calcd assignment
| 1.65 1.65 0.30 1.00(8) 1.00 0.3(1) 0.33
la 1.65 0.73 0.23 [[0—=3] 3> Y0~ [1—3] % 3/,0
Ib 1.87 0.27 0.10 I[1,2] Y, Y0 |[0—3] 3> 3,0
I 221 221 0.25 0.90(9) 0.98 0.3(1) 0.31
lla 2.21 0.68 0.20 [[0—3] 3/, Y0 |[0—3] ¥/2 3,0
IIb 2.21 0.30 0.11 1[1,2] %2 Y20 |[1,2] Y2 3,0

@ The intensities were normalized to a value of 1.0 for band | at 1.8 K. Calculated energies and intensities of the transitions la, Ib and lla, Ik, using th
parameter valuedeni = 1.47 cnt! and Jerer = 1.25 cnt?, are given for comparison. The last column gives their assignment in terri$gfS; 2330
wavefunctions.

essentially have equal relative intensities and temperature” = Jeni(S1'Sa + S8, + S5°S) +

dependences. Both | and Il do not exhibit a pronoun@ed .S +S-S.+5.5) + D[ 1 ss + 1
dependence, which we ascribe to the fact that the sample oSSt SS + S8 [ w35 ))] (@)

was completely undeuterated and eependence got lost With S, = S, = S = ¥, for the C* ions andS, = 1 for the

by multiple scattering. A fraction of these processes are NiZ* ion. T tivelv Jew: and J re the exchan
incoherent because of the large number of hydrogen atoms on, Tespectively.’eni and Jercr are the exchange

— — Nj2+ +__ 3+ i
in the sample. Thus, thevectors of both the incoming and parameters for the €r—Ni*" and CF"—Cr" interactions,

scatred neutrons and ence e resuimpctrare o SRS, e st o corespons o anter
longer well defined, which leads to an averaging of the 9 P

scattered intensity as a function Qf6 We use the following coupling scheme:
4. Analysis S;2= S+ S5 S123= S+ S5, andS= S53+ S, (2)

4.1. Exchange Coupling Model for{ Cr3Ni}>*. Accord- which gives rise to 34 basis functions of the ty|p8i2] Si23
ing to the exchange coupling scheme in Figure 1b, both SM According to Hamiltonian (eq 1), their energies are
nearest-neighbor interactions between each of thé iGns independent ofS;,, and therefore, they are up to 4-fold
and the central Ni ion, and next-nearest neighbor interac- degenerate with respect 8, Using the procedures de-
tions between the €r ions, are considered. On the other scribed in refs 19 and 20, we have derived the irreducible
hand, intercluster interactions can safely be neglected becauseepresentations of all the 34 individual levels in @cluster
the magnetic centers of the clusters are well shielded by thesymmetry, see Table 2. The 4-fold degenetpie 3] ¥/, ¥/,0
bulky ligands. Because the site symmetry at th& Nite in state, for example, consists of three levels that transform as
{CrsNi}ls is not exactly trigonal, see section 2.1, there exist A, 2A, and?E. Adding higher-order terms such as biquadratic
two or even three crystallographically inequivalent sites for exchange in the Hamiltonian (eq 1) would lift theSe
the CP" ions. With reference to Figure 1b, this may result degeneracies. However, as will be shown in section 4.3, any
in slightly different exchange parameters between CGr(1) such splittings are smaller than our instrumental resolution
Ni(4), Cr(2)—Ni(4), and Cr(3)-Ni(4). However, as will be  of 0.25 cnt! in Figure 4. Therefore, we can neglect higher-
shown from the analysis of the INS data in section 4.3, this order exchange terms {CrsNi}5*.
effect is negligibly small in{ Cr;Ni}ls. Because both Cf The ZFS term in eq 1 mixes thdS;,]S2:SMbasis
(“A,) and NP* (%A,) have orbitally nondegenerate ground functions, giving rise to functions of the form
states in an octahedral environment, isotropic exchange
interactions can be expected. However, the singleSienl Y= ; a(Siz Siz3 S M)I[S;2l Sp5M 3)
state of Nf" may be considerably split by second-order
spin—orbit coupling in zero field." In [Ni4(H,0)(PWOs)] ", where a(Si2, Sizs S M) are the eigenvector coefficients
for example, an axial single-ion anisotropy paraméler obtained by diagonalizing the energy matrix given by the
4.9 cn* was derived from analysis of INS spectfave operator in eq 1. The correct wave functions as well as their
parametr!ze t_hl_s by an axial zero-field splitting (ZFS) term. eigenvalues were calculated using the program ANIMAG,
For the simplicity of our model, we neglect the ZFS of the \hich makes use of a formalism based on the successive
single-ionS= %/, state of C", which usually is very smaff use of irreducible tensor operator techniques and is of general

Thus, the appropriate effective spin Hamiltonian at zero validity. Neglecting the ZFS term in eq 1, th:5] SisSM
magnetic field is given by

(19) Griffith, J. S.Struct. Bonding (Berlin}l972 10, 87.

(16) Andres, H. P.; Basler, R.; @el, H. U.; Aromi, G.; Christou, G.; (20) Tsukerblat, B. S.; Belinskii, M. |.; Fainzilberg, V. E. Magnetochemistry
Bittner, H.; Ruffle B. J. Am. Chem. So00Q 122, 124609. and Spectroscopy. IBajiet Scientific Reiews B, Chemistry Reiews

(17) Carlin, R. L.MagnetochemistrySpringer-Verlag: Berlin, 1986; p 63. Vol'pin, M. E., Ed.; Harwood Academic Publishers: Amsterdam,

(18) Clemente-Juan, J. M.; Andres, H.; B@v&lmenar J. J.; Coronado, 1987; Vol. 9, p 337.
E.; Gldel, H. U.; Aebersold, M.; Kearly, G.; Btner, H.; Zolliker, (21) Borras-Almenar, J. J.; Clemente-Juan, J. M.; Coronado, E.; Tsukerblat,
M. J. Am. Chem. Sod.999 121, 10021. B. S.Inorg. Chem.1999 38, 6081.
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Table 2. Irreducible Representations of All the 34 Spin States of Furthermore, the magnetization data for different fields do
{CrsNi}*" in Cs Symmetry not superimpose, which reveals the existence of excited states
[St2] Si23 S0 irrep I[St2] Si23 S irrep at energies in the order of the Zeeman splitting. The highest
I[3] ¥ Y0 125 [[1—3] 5 520 6E, 6A magnetization value d?/Nug = 6 measured at 1.8 K and
I[2, 3] /2 %200 E I[2, 3] 712 °10 °E 5 T clearly indicates the participation ¥ = —5/, or =7/,
(31 %2 %20) o I[L.21%:%:0 & z ts. If only ti&= Y, andS = ¥, clust
[1—3] 52 /-0 8E, 8A [0—3] 3230 4E 47 4A eeman components. IT only 12 ands= 72 CIUS er
12, 317/ "0 8 [[1—3] 5 3,0 E, %A states were populated, the saturation magnetizations would
1[31°/2 71200 °A I[L, 2] 2 /200 ’E beM/Nug = gd2 ~ 1 andM/Nug = 3g4/2 ~ 3, respectivel
[0—3]%,5,0  ©E,5A, 6A 0-3]% %0  2E,2A, 2A s = gdf s = 399 » Fesp Y,

wheregs are theg values of the respective cluster spin states.
basis functions are proper eigenfunctions, and the corre-We conclude that within a few wavenumbers from 8
sponding eigenvalues are derived in a simple way using the'/> ground state there are excited states V@italues of*/;

Kambe vector coupling methda: or higher. From the arithmetic of eq 4, it follows that this
can only be achieved if botben andJccr are positive and

E(S5 9 = on the order of £2 cnmX. A more accurate determination

Jemi Jerer of the exchange parameters from the magnetic data is not

5[5+ 1) = SpSpps + D+~ [Si2dSizs + 1 (4) possible. But having successfully narrowed the possible

] ] ) ] exchange parameter range, we are now in a position to
There are in total 14 spin states with total spin quantum quantitatively analyze the INS spectra.

numbers ranging frors = %/, tp.ll/Z- Which one.of these is 4.3. Analysis of the INS SpectraWith the restrictions
the ground state depends critically on the rakig/Jercr derived from the magnetic data, we can now tentatively
In the Hamiltonian (eq 1), we have 3 adjustable param- agsign the energy levels derived from INS in Figure 7: The
eters, namelci, Jerer, @ndD. In the case of an applied  4qund state iS = Y, the two levels at 1.65 and 2.21 cin
magnetic field, the appropriate Zeeman terms with additional 5, likely S = ¥, levels, and the band between 4.5 and 6
g parameters for Gt and NF* have to be added. Obviously, <1 must be due to transitions ® = 5/, and/orS = 7/,
the magnetic data do not contain enough information for an |eyels. The relative INS intensities of bands I and Il is the
unambiguous determm_an_on of all these parameters. How- key to a more detailed analysis. Therefore, we compute
ever, they allow us to limit the exchange parameter space, re|ative INS intensities and compare them with experiment.
which turned out to be essential for an analysis of the INS g, 4 transition between the levéis,Cand| [ the intensity

data. _ is given by the partial differential neutron cross secfidn:
4.2. Rough Estimate of Exchange Parameters from

Magnetic Data. We start with the analysis of the magnetic ~ d?s Qs
susceptibility curve of théCrsZn} I cluster shown in Figure -~ == AaQ,T) Z Oap =, X
2. The producy T gradually decreases with temperature from & Q

a value of 5.46 cfhK mol~* at 300 K, corresponding to the Z{giFi(Q)}{ngj(Q)} exp(Q(R — R)) x
spin-only value for three uncouplesi= %/, spins, to 1.48 Kl ) R
cm? K mol~ at 1.8 K. The experimental data are perfectly 30l S 19 ol § 11,0 (5)

reproduced by the parameter valukg, = 1.12 cntt and

Ocr = 1.97 using the second term of the Hamiltonian (eq 1)
and the appropriate Zeeman term, see Figure 2. The value IN[ v K

Jorer = 1.12 cnt gives rise to arS = Y/, ground state and  6(Q, T) = ﬁ[_Z]F exp(=2W(Q, T)) x
is very similar to the valugg,c; = 1.06 cnt reported for M

{CrsZn} (ClO,)s.12 —Eyn
The magnetic susceptibility curve f€r3Ni}Is shown in ex KsT Ohw + By + By

Figure 2 starts at a valyel = 6.58 cn¥ K mol~* at 300 K, | 5 k andk h b fthe i . d
which agrees with the expected value for three uncoupled sr:::t(tqeré d?’lneutr:r% isetav:\éig?tg]rir?ggsvgctore g‘;;g/\'/?g an
spinsS = ¥/, with g = 1.97, the value found i CrsZn}- i : ' y

b 2 9 RCrsZn} T) is the Debye-Waller factor,g; is the Landefactor, Fi(Q)

ClOy)s, and one spirS = 1 with g = 2.26.T decreases . : . .
\(Nith i)esmperature d?)wn to 2.08 @?K mol-1 a)'i 1.8 K. with is the magnetic form factoR, is the space vector of théh
‘ 8 K, o .
a clear tendency toward smaller values at lower temperature.metal lon; y is the gyromagne'tlc constgnt of the neutron,
and a and 3 stand for the spatial coordinatesy, z. The

This is indicative of ar§= Y/, ground state, requiring both L bols h thei I . Th

Jemii @nd Jerer to be antiferromagnetic. The decreasey®of remaining symbols have their usual meaning. 1he Cross
below 50 K is very steep, from which we estimate a total section was calcula_ted W'th the program ANIMAG using
exchange splitting of the manifold of all the spin states in the formalism described in ref 21. Becau;e our expenments
the order of 26-30 cnT . were performed on a powdered sample with random orienta-

tion of the cluster with respect to the scattering ved@or

where

The magnetization in Figure 3 increases with the field up
to M/Nug =6 at 5 T and 1.8 K, where it is still not saturated.

(23) Marshall, W.; Lovesey, S. WLheory of thermal neutron scattering
Claredon Press: Oxford, 1971.

(22) Boudreaux, E. A.; Mulay, E. NLheory and Applications of Molecular (24) Because of the lack of structural dataf@rsNi} s, the space vectors
ParamagnetismWiley-Interscience: New York, 1976; p 377. are based on the crystal structure{@rsNi}(ClOg)s from ref. 12.
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the cross section had to be summed over@hspace. For A Energy
INS transitions between the basis functions, the following fem'] 512} S123 5)
selection rules apply: V) 31 11/2972)
AS,=0,£1 b
AS;;=0,+1 20 sl
AS=0,+1 ¥
AM =0, +1 (6) i [2317297)
) . . R 319/29/2
With reference to Figures 4 and 5, the INS spectra in the 715 é:f: ' I3 )
energy range between 0 and 5 ¢nare governed by the R
intense, cold bands | and II. R
An S= 1/, cluster ground state is firmly established from R
the magnetic measurements. According to the selection rule SR [1-3] 5/2712)
_ . . - 1 Y Y S
AS= 0, £1 in eq 6, INS transitions t& = %/, states are 10 'V VR 2,31 7/2 7/2)
allowed, and we assign the bands | and IBte= ¥/, —~ S= fu L 31972 772)
%/, transitions. Using the parameter values R
e T AT o= r2oem D R g
15 i ALY )
the experimentally determined transition energies of 1.65 and ' A [2.317/2 5/2)
2.21 cnr! for bands | and Il, respectively, as well as their [1.2] 172 3/2)
intensities, are well reproduced, see Table 1. This is also 221 —pphk ' [[0-3] 3/2 3/2)
shown in Figure 4, where the calculated spectra are plotted A N [1-315123/2)
as solid lines. 0 = £ [1.2] 12 172)
T [0-3] 3/2 1/2)

In Figure 8, we show the complete energy level diagram il
calculated with the exchange parameter values from eq 7.Figure 8. Complete energy level diagram of theCrsNi}ls cluster

Because there is no anisotropy (vide infra), the levels are calculated with the parameter valugsn = 1.47 cnt* andJorer = 1.25
cm derived from the INS spectra. Experimentally observed INS transitions

denoted with their baSiS_ Tunaionﬁl?] 3123.33 '_:u” arrows are shown as solid arrows. Dashed arrows indicate unresolved transitions
represent the INS transitions observed in Figures 4 and 5.at 7.0 K. The levels are denoted {S;2] 1255

Both bands | and Il are each a superposition of two

transitions, see Table 1 and Figure 8. For band I, theseare not resolved and simply add to the background in the
transitions areé[0—3] 3/, Y/,0— |[1—3] 5 3/,0and|[1,2] Y- experimental spectra above 4 tinThe total splitting of all
1,00~ |[0—3] %, ¥/,[labeled as la and Ib, respectively. Band Spin states due to exchange interactions is 23.4'cm

Il consists of the transition§0—3] 3/, Y, |[0—3] ¥/ 3/,0 The experimentally observed selective intensity distribu-
and |[1,2] ¥, Y,0— |[1,2] > ¥,0denoted as Ila and llb, tion and the narrow width of the bands in Figure 4 are very
respectively. Transition la occurs at an energy of 1.65%cm  strong indications that deviations from the trigonal cluster
and is about 3 times more intense than transition |b at 1.87 symmetry are negligibly small, because otherwise the ener-
cm !, see Table 1. Because la dominates, the experimentallygies would depend o8, (see eq 2). This would result in
observed band | peaks at the same energy, but the differentadditional splittings of spin states, giving rise to a multitude
energies of la and Ib lead to a significant broadening and an of observable transitions with comparable intensity. Further-
asymmetric shape of band I, see Figure 4 and Table 1. Itsmore, these observations clearly indicate that any interactions
line width (fwhm) of 0.30 cm? is substantially larger than  such as local anisotropy and biquadratic exchange (see
the instrumental resolution. The latter has a value of 0.22 section 4.1) that lead to further splittings of spin states are
cm ! at the elastic peak position and slightly increases with negligibly small. As EPR spectra §€r:Ni} Is exhibited only

the neutron energy loss. In contrast, the two transitions lla broad, uncharacteristic features, we are left with the informa-
and Ilb occur at exactly the same energy value of 2.21'cm tion from the INS spectra that allows for setting upper limits
Therefore, band Il is sharper; its line width of 0.25¢m  to the magnitudes of these interactions. Thus, the ZFS of
essentially corresponds to the instrumental resolution. Transi-the S = 3/, states has to be smaller than 0.25 &nthe
tions between|[S;7]Si2sSIstates with the same total spin  observed width of band Il in Figure 4. This value translates
quantum numbeBare shown on the right of Figure 8. They to a ZFS parameter ¢D| < 1 cmtin eq 1. Similarly, the
occur at energies below 0.7 ctnand may therefore form  fine splittings due to biquadratic exchange interactions have
part of the shoulder near the elastic peak on the energy gainto be smaller than 0.25 crh We have performed test
side of the 8.0 A spectra in Figure 4. Band Il is a calculations with biquadratic term&sq = —jcil(Si-Ss)?
superposition of several unresolv&l= 3/, — S = 5, + (S2S)? + (S'S9)F — jered(S1° )2 + (S10S8)? + (S S:)
transitionsS= %, — S= 7/, andS= 7/, — S= 9, transitions added to the Hamiltonian (eq 1). The largest parameter values
shown as dashed arrows in Figure 8 arise at 7.0 K, but theythat do not significantly broaden bands | and Il @i =
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+0.01 cmt andjcrer = —0.01 cmt. They are less than 1%
of Jemi @andJercr in magnitude. The rati@/J is typically on
the order of 1/10G° In conclusion, because splittings or line
broadenings due to local anisotropy or biquadratic exchange
interactions are not observed in the INS spectra, we can
safely neglect these interactions in our analysis.

According to Figure 8, there are no allowed transitions in
the energy range between 10 and 20 tthat could explain
the broad inelastic band in Figure 6. Cold magnetic transi-
tions in this energy range could only get intensity upon a
strong mixing of thd[S;2] S12sSMs[basis functions due to a Ni2+ Cr3+
large ZFS, and this we have ruled out on the basis of the Figure 9. Schematic representation of the relevant antiferromagnetic orbital
8.0 A spectra, vide supra. Therefore, the origin of the broad g(cggf’lﬁi 352”&“??5&&?{&5??(%1(&'2;")(5"?5";{ ?;32‘2!151611“?1 ég{)ﬂirr]lettl’rl]el
band in Figure 6 has to be nonmagnetic. We ascribe it to 1,4'8’11_tetraazacyclotetradgcaha)‘: ;’ 2 (i _ ’1,’2) andX. Y, Z denotg
phonon modes. The density of vibrational states with a the local and pair coordinate systems, respectively. Only the half-filled
cubstantialydogen contribution appears tobe large cnouglgias o, €, &, 7, IO S 21U SOOI
in this energy range to lead to observable phonon l:")(Citations'o)r,1 the oxryygen ligator aFt)oms. The orbi’talsgon the carbon atoms ofF;he oxalate
The fact that we used a nondeuterated sample in this studyare omitted for clarity.
may also lead to the relatively high background in the 8.0
and 5.9 A spectra of Figures 4 and 5, respectively. responsible for the slightly higher experimenjal curve

With the exchange parameter values in eq 7 derived from compared to the calculated one below 5 K, see Figure 2.
the INS spectra and thg values as adjustable parameters,  Nevertheless, with our simple isotropic exchange model
we can now calculate the magnetic susceptibility and and the parameter valudsyi = 1.47 cnr! andJerer = 1.25
magnetization curves using the numerical procedure devel-cm™, the experimental data are generally well reproduced,
oped in ref 21. For both G and NF*, we use isotropig and we can therefore be confident that both the model and
values.gc, was fixed to 1.97, the value found foCrsZn} - the parameter values are physically meaningful.
Is, see section 4.1gy; was then varied to reproduce th& _ _
value at 300 K, obtainingy; = 2.26, a reasonable value for - Discussion
Ni2*. With these parameters, the susceptibility curve for-

o f I he full line th h Our analysis provided three major results: (i) the exchange
Ni} s is generally we reproduced,_see_ the full fline throug parameterscrcr andJeni @are both antiferromagnetic, (i) they
the data in Figure 2. The magnetization curves calculated gpq of gimjlar magnitude, and (iii) single-ion anisotropies are

with the same parameter set are shown as solid lines in Figur%egligibly small with an upper value for the ZFS parameter
3. The experimentally observed dependence of the magne-g, N2+ of ID| < 1 cnr™. The second point is astonishing at

tization on the applied field for a giveR/T ratio is fairly g sight, because the ENi2* interaction occurs between
well reproduced. This rgflects the smal! energy spacings porest neighbors, whereas®*GrCr* is a next-nearest
between the cluster spin states, see Figure 8, which areqighnor interaction. The small antiferromagnetic value of
smaller than the Zeeman energies. However, the agreemenfi, " cp+_Ni2+ interaction can be rationalized on the basis
between the observed and calculated magnetization valuegy e relevant orbital exchange parameters following the

becomes rather poor at high'T ratios. Test Calcula_tlons argumentation in refs 26 and 27. The exchange parameter
ha\f? shown that_ using a small ZFS parametelyf= 1 Jemi IS composed of several orbital contributions which can
cm ", the upper limit derived from the INS spectra, as well gjher pe positive or negative. Only orbital parameters

as including parameters for biquadratic exchange, does not.eshonding to overlapping, half-filled orbitals can provide
significantly alter the magnetization curves. The same is true positive contributions talens, and the better the orbital

for a small geometric distortion from trigonal symmetry. yarjan the larger the resulting antiferromagnetic contribu-
Thus, neither this nor the neglect of ZFS and higher-order tion is. The local symmetry of the Cr(OBNi bridging

exchgnge terms accounts for the observed deviations. Ageometry is approximatel,, with the pair coordinate
possible reason for them may be a second-order Zeemar!;ystem)g Y, Z shown in Figure 9.

effect. However, a car_eful_ comparison of the experlmenj[al The half-filled orbitals on the NF (c) are denoted asad

and calculated curves in Figure 3 reveals that the magnetiza- . :

T . L and dy and transform as;and h in Cy,, respectively. The

tion is slightly overestimated by the calculation just above . : 3

about 6 K. Therefore, at least part of the deviations have to haif-filled orbitals on C¥* (d) are deys dy and g,

be due to.an im urit' in the sgm le, and from the amount transforming as by, and a, respectively” Jeq can then
an impunty in t pie, . be expressed as the sum of 6 orbital paramdfeas follows:

of overestimation, we estimate an impurity amount on the

order of 4—5%. This vglue would affect neither the result§ (26) Ginsberg, A. Pinorg. Chim. Acta, Re 1971 5, 45.

of the chemical analysis and powder X-ray data, see section(27) Kahn, OMolecular MagnetismVCH Publishers: New York, 1993;

2.1, nor the INS spectra. Such a small impurity may also be __ P 192.
P purty y (28) Note that the orbitals are denoted in the logaly;, z (i = 1, 2)
coordinate systems, while their symmetry representations refer to the
(25) McCarthy, P. J.; Gael, H. U.Coord. Chem. Re 1988 88, 69. pair X, Y, Z axes, see Figure 9.
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1 In conclusion, the title compound is an illustrative example
Jormi = g ag, + Jap, + Joa, + Jon, ¥ Jan, + Japn] (8) of the complications which ar;ise in the interpretation of 516
magnetic properties of higher-nuclear complexes in which
different interactions of similar magnitude are competing.
We can safely assume that the exchange coupling ¢fGhe
Ni}5* cluster is the same in the perchlorate and iodide salts.

Except forJ,s, all theJ;’s in eq 7 involve orbitals which
are orthogonal to each other by symmetry and are thus
necessarily negative. Thud,, corresponds to the only
antiferromagnetic exchange pathway in thé'émi?" pair, : _
for which the relevant orbitals are shown in Figure 9a for For {CrsNi} (ClO4)s, exchange parametgr va}lues.bei -
the title complex. The €.yz orbital on CF* has an-type 4.87 cnt andJeicr = 1.06 cn! were derived in ref 12 from
overlap with p orbitals centered on the oxygen atoms. These@ s.usc.ept|b|l|ty curve measured down 3 K only, where
p orbitals, in turn, undergo a-type interaction with the g xT is still 4 cn?® K mol~*. Above 5 K, however, the curve

orbital on the Ni*. Thus, the antiferromagnetit;; value is not very informative, which led to these obviously
of 1.47 cmt is the result of a fine balance between the erroneous parameter values. They correspond t8=ar/,
antiferromagnetic and ferromagnetic contributions. ground state, which could as well be achieved with a negative

The positive value fodci is in contrast to the oxalato- Jemi. Therefore’ not even the sign MrNi can unambiguous]y
bridged complexes, in which the net:Cr-Ni?* interactions  pe determined from magnetic susceptibility down to 5 K. In
are ferromagnetic. For the trigonal [CelNeluster{ Cr{(0x) the present study, the overall antiferromagnetic nature of the
NiL]3} (ClOs)s (L = 57.,7,12,14,14-hexamethyl-1,4,811- o, hange in{CrNi}5* could be derived from magnetic

R 1
tetraazacyclotetradecane), a value]@ﬁ.. 5.3 cnm has. susceptibility down to 1.8 K. However, the crucial informa-
been reported Obviously, the balance is altered when going . .
tion comes from INS, which directly accesses the lowest-

from di-u-hydroxo to oxalato-bridged complexes. The situ- ) - ) A
ation for the latter is depicted in Figure 9b. We note that the €N€rdy spin states. The high-resolution 8.0 A INS spectra

situation on the metals remains unchanged compared to théurned out to be the key to deriving the exchange and
di-u-hydroxo-bridged complex, except for the different phase anisotropy parameters.

of the dz orbital. However, the partial delocalization now

has to occur over 3 ligand atoms instead of one, leading to  Acknowledgment. This work was financially supported

a substantial weakening of the antiferromagnetic pathway. by the Swiss National Science Foundation and the European
The resultingla,s, i, therefore, not large enough to compete science Foundation.

against the numerous negatiig giving rise to a negative

value for Jemi. 1C0111031
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