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Three-dimensional single-crystal X-ray data show the tetrameric clusters of tetrakis[us-methoxo-2,4-pentanedionatometh-
anolcobalt(1I)] to have the “cubane”’ type molecular structure. The compound crystallizes as red needles (¢ = 21.79 (4) A,
b=1091(2) 4 ¢ = 2021 @) A, and 8 = 121.7 (1)°) of monoclinic space group C2/¢ with 4 tetramer units per unit cell;
the calculated density of 1.43 g/cm?® agrees well with the experimental value of 1,40 (2) g/cm? A total of 1557 unique non-
zero reflections were visually estimated from precession camera photographs; least-squares refinement resulted in a conven-
tional R value of 0.10. The Ni complex Nis(OCHj)(acac){CH;OH ), is isostructural (a = 21.55 (4) /f&, b = 10.88 (2) A,
¢ =20.00(4)A and 8 = 1214 (1)°). The magnetic susceptibility of the Ni complex has been meastired from 296 down to
1.63°K, and the field dependence of the susceptibility has been examined to 15.3 kOe at several temperatures below 20°K,
The results demonstrate that the eight e; electrons centered on the tetrad of nickel atoms are ferromagnetically coupled, the
ground molecular spin state for the tetramer being S’ = 4 (i.e., eight spins parallel) and being fully populated by 21°K. The
magnitude of the intramolecular Ni~Ni coupling constant is / = +10° (=7 cm™!). The tetramer molecules in their ground
state exhibit an additional intermolecular ferromagnetic coupling which gives rise to a Weiss constant 8§ = +0.8°, This
compound provides the second example of a polynuclear ferromagnet in which the level of maximum spin multiplicity has
been fully populated by taking it to very low temperatures. It is the first example of a cluster complex found to exhibit
both intra- and intermolecular ferromagnetic spin coupling.

Introduction

- If potassium-hydroxide in methanol is added to a
solution of either -cobalt(II) or nickel(IT) acetylace-
tonate in boiling methanol, the tetrameric clusters M,-
(OCH;),(acac)(CH;OH), with M = Co or Ni separate
from solution as large deep red or green crystals, re-
spectively.®? An X-ray single-crystal study? of the
cobalt(I1) tetramer, tetrakis[u;-methoxo-2,4-pentane-
dionatomethanolcobalt(II)]; the details of which are
reported in the present paper, shows that the cobalt and
methoxy oxygen atoms occupy the alternate corners of
a rather distorted cube—the so-called ‘‘cubane’’ ar-
rangement (see Figure 3). Each methoxide group
bridges three Co atoms with Co-O-Co angles of 94.6—
98.6 (5)°. One acetylacetone chelate and one methanol
ligand complete a distorted octahedron of oxygen atoms
around each Co atom,

The nickel(II) tetramer, tetrakis [us-methoxo-2,4-pen-
tanedionatomethanolnickel(IT)], is isostructural with
the cobalt complex and has a room-temperature mag-
netic moment persr = 3.3 BM per Ni atom, a value
consistent with octahedrally coordinated divalent
nickel. Since all the nickel atoms appear to be in an
orbitally nondegenerate ground state, the tetrameric
cluster provides an interesting opportunity to study
spin-spin interactions in a crystal lattice composed of
Ni, tetrahedra which are magnetically isolated from
neighboring clusters by the peripheral ligands. The
presence of Ni-O-Ni angles near 90° leads to the ex-
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pectation that the unpaired e, electrons will couple fer-

romagnetically, in which event the ground state of the

tetramer should be associated with a ‘‘spin-only”
magnetic moment of et = 4/20 BM per Ni atom.*

The first observation of ferromagnetic exchange in a
discrete, polynuclear cluster was reported by Ginsberg,
Martin, and Sherwood!®?® in trimeric nickel(II) acetyl-
acetonate. Andrew and Blake,’7 soon after, concluded
that intramolecular ferromagnetic exchange was oc-
curring in Schrauzer and Xohnle's® “cubane”-type
tetramer Ni;(OCHy)s(salicyladehyde),(CH;OH);, al-
though they were unable to extend their magnetic mea-
surements below 80°K and so could not fully populate
the level of maximum spin multiplicity. We report
here susceptibility data as a function of temperature
down to 1.6°K and as a function of field to 15.3 kQOe for
the present nickel “cubane” tetramer which confirms
that the intramolecular Ni-Ni spin coupling is ferro-
magnetic. The susceptibility measurements also dem-
onstrate the existence of an additional, much weaker,
lattice ferromagnetism. Niy(OCHjs)s(acac),(CH;OH),
thus becomes the first example of a cluster complex
found to exhibit bot# intra- and intermolecular ferro-
magnetic spin coupling.

Theory

The magnetic properties of tetranuclear clusters
have been reviewed elsewhere.? For such compounds
the spin-spin Hamiltonian

H = _22]1']'3'['3] (1>
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has eigenvalues which can be obtained by making use of
the vector model.® The effects of nearest neighbor
isotropic spin-spin interaction may be obtained by ex-
panding the Hamiltonian to

H=—27[5%+ S8+ 3-8 +
34-31 + S2'~§4 + SI'SB] (2)

where the spin-spin interaction constant is J for any
Ni; pair in the Ni, tetrad. The expectation values of
the spin angular momentum operators S, (i = 1-4) are
the same and we write it S. Then the characteristic
value of (S;-S,) = S(S + 1). By taking S =5 +
S, 4+ S5 + S, we have

(8.8 = 4S(S + 1) + 2(5-8) + 2(5:- 8 +
2(85-S) + 2(84- 81) + 2(51- S9) + 2(52- S0)
so that the Hamiltonian can be rewritten
H=~J[(§8) - 455 + 1] @)
The energy levels under this Hamiltonian are simply
E(§) = —JS'"(S"+1) —45(S+ D] &)

where the allowed values of 8’ are obtained by the addi-
tion rule for the spin vectors.

The tetranuclear cluster has a total spin degeneracy
of (2S5 4+ 1)4 = 81. This degeneracy is partially lifted
by the isotropic Ni-Ni interactions to give the spin
manifold shown in Figure 1 for positive (ferromagnetic)
J. When the system is exposed to an external mag-
netic field (along the Z axis), the energy levels E(S’) are
split further into (25" + 1) levels; 4.e., the first-order
Zeeman term gMgBH must be added to the energy,
where g is the Lande splitting factor and M s takes the
values S/, (8’ — 1), ..., (=8 + 1), —S’. The mag-
netic susceptibility of the tetranuclear cluster is obtained
as the mean of the susceptibilities, x(S’), of the levels
comprising the spin manifold, each weighted by its
degeneracy and by the appropriate Boltzmann factor.
After dividing by 4 to obtain the susceptibility, x’a,
per gram-atom of N1, the result is

X/A =
?i([ 507 - 7el2% 4 5% 4 27
1 L3207 4 7e'?® 4 10e™ + 6e?* - 1

}-{—Na (5)

where x = J/kT, K = g*Np?/3k, and N« is a correction
added to take account of the temperature-independent
paramagnetism.

Figure 2 shows a plot of eq 5 in the form of uer =
(3kx’sT/NB%)'* us. the reduced temperature kT/|J‘
for positive and negative J with Na = 0. When J/kT
— 0, peti = V/'2g; 1.e., the spin-only value of peyr =
/8 BM per Ni atom is obtained. If /2T — o, only
the S’ = 4 level is populated and uer; = /Bg corre-
sponding to the spin-only value of ue: = V20 BM per
Ni atom. At sufficiently high temperatures (7 > J),
eq 5 reduces approximately to the Curie-Weiss law

(9) K. Kambe, J., Phys. Soc. Jap., B, 48 (1950),
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Figure 1.—Energy level scheme for a tetrahedron of weakly
interacting Ni?*t ions (tgfe,2): (a) total spin degeneracy of
ground state; (b)effect of spin—spin interaction of form _2.,57;'5_7'
with J positive; (c) energy of spin levels E(S’)/J; (d) values of
N
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Figure 2.—Theoretical dependence of ues; (BM) per Ni atom
for a tetrahedral Ni, cluster upon the reduced temperature k7/|J|
for g = 2.00.

x'a(T — ©) = constant, with the Weiss constant being
givenby O =~ 4(J/k).

Andrew and Blake®” have also derived the suscepti-
bility expression (eq 5) for a cluster with four Ni%+ ions
at the corners of a tetrahedron but the numerator of
their equation is too small by a factor of 3 due to a mis-
print. Their data listed in Table V are derived from the
correct susceptibility expression (private communica-
tion from A. B. B.).

Experimental Section

Preparations.—The complex Ni,(OCHj)s(acac)s(CH;OH), was
synthesized by dissolving nickel(II) acetylacetonate (0.007 mol)
in 350 ml of refluxing methanol. Potassium hydroxide (0.007
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TABLE 1

FINAL POSITIONAL AND THERMAL PARAMETERS FOR
CO4(OCH3)4(aCaC)4(CHaOH)4

Atom x y z B, Az

Col 0.0852 (1)% 0.0237 (3) 0.2992 (2) 3.08 (6)

Co2 0.0023 (1) 0.2219 (3) 0.1729 (2) 3.04 (6)

o1 —0.0008 (5) 0.0299 (12) 0.1822 (7) %.53 (23)
02 0.0733 (6) 0.2118(12) 0.2897 (7) 2.65 (24)
03 0.1586 (8) 0.0489 (17) 0.4219 (9) 5.44 (37)
04 0.0962 (7) 0.2046 (17) 0.1600 (8) 4.30 (32)
R101? 0.1628 (6) 0.0281 (14) 0.2708 (7) 3.48 (27)
R102 0.0985 (7) ~0.1581 (15) 0.3152 (9) 4.27 (33)
R201 0.0065 (7) 0.4038 (15) 0.1618 (9) 4.41 (35)
R202 —0.0747 (7) 0.2095 (15) 0.0569 (8) 4.15 (31)
C1 0.0015 (9) —0.0494 (24) 0.1284 (12) 4.11 (45)
Cc2 0.1343 (9) 0.2958 (20) 0.3268 (12) 3.45 (38)
C3 —0.2170 (19) -0.0138 (37) 0.0200 (23) 9.03 (92)
C4 0.0952 (12) 0.1874 (29) 0.0864 (14) 5.46 (57)
RiIC1 0.2040 (11) —0.0624 (23) 0.2760 (13) 4.35 (46)
RIC2 0.1471 (10) —0.2251 (24) 0.3139 (12) 4.30 (44)
RiIC3 0.2601 (12) —0.0382 (27) 0.2557 (15) 5.34 (52)
RIC4 0.1985 (11) ~0.1821 (25) 0.2953 (14) 4.85 (50)
RICS 0.1472 (14) —0.3613 (29) 0.3343 (17) 6.52 (89)
R2C1 —0.0237 (11) 0.4658 (26) 0.1002 (14) 4.46 (45)
R2C2 —0.0069 (11) 0.3010 (23) 0.0087 (14) 4.42 (46)
R2C3 —0.0023 (13) 0.6044 (30) 0.1100 (17) 6.30 (68)
R2C4 —0.0746 0.4194 (26) 0.0241 (15) 5.47 (56)
R2C5 —0.1550 (14) 0.2639 (31) —0.0754 (17) 7.45(73)

¢ Numbers in parentheses here and elsewhere in this paper
indicate the estimated standard deviation in the least significant
digits. ® RIand R2 refer to the chelate rings.

mol) was added dropwise to the refluxing solution over a period
of 1 hr. After 2 hr at reflux, the solution was filtered while hot.
Large green crystals of the complex separated as the filtrate cooled
Anal. Caled for NiC;H;:04: C, 38.0; H, 6.3. Found: C,
38.8; H, 5.8. The molecular weight and association values were
determined in chloroform at 37° using a Mechrolab Model 301A
vapor pressure osniometer. Molecular weights of 975 (0.025 M),
840 (0.050 M), and 789 (0.100 M) correspond to association num-
bers of 4.5, 3.8, and 3.6, respectivcly.

Crystals of Cos(OCHs)s(acac),(CH3OH )4 were prepared by the
addition of potassium hydroxide (0.01 mol), dissolved in 25 ml of
methanol, to a refluxing methanolic solution of cobalt(I1) acetyl-
acetonate (0.01 mol in 50 ml); the red crystals which separated
from the refluxing solution were filtered and dried. Amnal.
Caled for CoC/H1:04: C, 38.0; H, 6.3. TFound: C, 38.0; H,
5.7.

Preliminary Crystal Studies.-—A needlelike crystal of Cos
(OCHj)e(acac)s(CH3OH ) with approximate dimensions 0.10 X
0.20 X 0.80 mm was sealed inside a Lindemann glass capillary.
The crystal was mounted on a precession camera with the long
dimension {¢) of the crystal parallel to the spindle axis (the short-
est dimension of the crystal corresponds to the b axis). The unit
cell dimensions at room temperature, obtained from zero-level
precession photographs using zirconium-filtered molybdenum
radiation (A 0.7107 A), area = 21.79 (4) A, b = 10.91 )4, ¢ =
20.21 (4) A, and 8 = 121.7 (1)°. The calculated density of 1.43
g/em?, based on 4 tetramers per cell, agrees well with the experi-
mental value of 1.40 (2} g/em? obtained by the flotation method
in a mixture of carbon tetrachloride and hexane.

From zero and upper level precession photographs, systematic
absences were noted; for all reflections, # + & = 2n 4 1 were
absent, and for the 0/ level, I = 2n 4 1 were also absent. Al-
though space groups C2/c and Cc are both consistent with these
absernces, C2/¢ was assumed and the successful refinement of the
structure has confirmed that choice.

A crystal of the nickel compound was mounted on a glass rod
and precession photographs were taken; the unit cell dimsenions
obtained from those photographs are = 21.55 (4) &, b = 10.88
() A, ¢ = 20,00 (4) A, and 8 = 121.4 (1)°. All of the photo-
graphs showed the same systematic absences as the cobalt crystal
and all reflections on the k&0, 20/, hk1, and 217 levels had the same
relative intensities as the corresponding reflections from the co-
balt crystal.

Collection of Intensity Data.—Intensity data were collected
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on the precession camera, using the cobalt crystal used for the
space group determination; zirconium-filtered Mo K« radiation
was again used. A total of 1557 nonzero, unique reflections from
the hkl (! = 0 to —3) and hkl (k = 0-3) levels were visually esti-
mated from exposures of 0.5, 5, and 50 hr. Lorentz—polarization
corrections were computed; no corrections for absorption were
made (u = 13 ecm ™!, maximum error in F estimated as 5%,).

Magnetic Measurements.—Susceptibility measurements were
made on polycrystalline samples of Niy(OCHj)(acac)y(CH;OH,)
between 1.6°K (pumped helium) and room temperature, with a
null-coil pendulum magnetometer,® using the techniques de-
scribed previously.!s The field dependence of the susceptibility
was determined to 15.3 kOe at several temperatures from 1.6 to
20°K.

Results

Solution of the Structure.—Computations were
carried out on a Burroughs B-5500 computer and on a
Univac 1108 computer; programs employed included
Zalkin's FORDAP Fourier summation program, the Bus-
ing—Martin—Levy ORFLS and ORFFE least-squares and
function and error programs, and various locally written
programs.

Figure 3 —Molecular structurcof Cos(OCHj)s(acac)s(CH;OH )4

RI1 and R2 on the figure denote chelate rings 1 and 2; the RZ and
R2 designations are not repeated at the atoms of the rings.

A three-dimensional Patterson function was com-
puted; due to the superposition of Co-O vectors, the
Co—Co vectors were not easily chosen. However, since
the tetramer was required to occupy a site of twofold
symmetry and since a cubane-type structure was ex-
pected, it was possible to assign, from the Patterson
function, coordinates for the cobalt and oxygens of the
cubane portion of the structure; successive cycles of
structure-factor and electron density calculations were
used to obtain coordinates for the remaining nonhydro-
gen atoms. Full-matrix least-squares refinement (each

(10) R. M. Bozorth, H. J. Williams, and D, E. Walsh, Phys. Rev., 108, 372
(1956).
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TABLE 11

OBSERVED AND CALCULATED STRUCTURE FacTors (ELECTRONS
L0 1% 3778 78 117 16 20 -3 7 30 38 e3 T 20 12 .28 12 27 27
MoK FO FE m15 7 2% 4k 11 9 36 A8 =1 9 52 51 ~% 9 80 32 -20 14 15 9
D w351 394 <15 9 200 17 1111 a3 a3 -1l 3 28 =9 11 30 26 28 16 18 22
010 23 T30 -le 2 18 32 12 2 K3 &0 0 2 56 63 “8 4 23 26 -~26 18 4l £0
012 6v 82 -lé & &> by “ 26 18 0 4 182 184 “8 & 62 &6 -~28 20 27" 35
303 48 35 <16 6 35 43 6115 131 o & 36. 88 -8 & 16 5 =26 1a 11 10
1 5413 368 =le & 32 27 19 8l 72 0 8 26 23 “8 19 31 29 -26 16 2V 26
107 76 15 <16 0 4B 38 1110 102 012 36 25 771 31 3% -ze 18 32 22
109 89 0 =13 1 114 126 $ 120 120 3 165 162 -7 & 20 21 -26.20 19 17
11 60 70 -13 3 42 39 7 731 82 3 212 224 =7 7 15 13 26 8 40 4
113 12 9 =13 5 712 73 2 9 48 a3 7 28 22 -4 2 2% 19 -4 B 55 4k
2 22014 =13 9 16 1L 311 46 &7 9 38 48 -5 & 24 23 -6 10 23 1%
2 4 des s =13 11 34 33 “ 2 el e 11 47 &t =5 1 4% 4D w24 32 26 15
2 5 52 47 =12 2 61103 4 6 12 89 2 88 93 -5 3 50 49 =26 & 11 3
2 08 23 19 ~12 4 238 43 410 34 54 4 178 182 ~5 5 40 50 ~24 22 23 25
210 28 24 ~12 6 160 185 187 78 & a5 51 3 7 51 52 -24 26 30 28
212 32 1 -1210 8 713 3 10 60 8 80 a7 -5 9 58 59 -2z & 63 52
3 3115111 -1l 1179178 5 31 35 12 30 23 311 25 25 =22 & 107 116
3 5130132 =11 3 2y &1 T 16 10 1 BV 23 -4 2 20 2% ~22 8 79 73
37 es 72 11 '8 152 134 a 43 61 9 78 8B -4 4116 113 ~22 10 20 19
39 86 7% -~ T 26 gx 6 B 46 43 3 81 48 -4 & 48 49 <22 12 31 3%
311 &9 53 =11 9 50 35 6 12 28 21 11 a3 38 =6 8 &5 4T =22 14 53 61
313 21 26 -1 1) 55 %2 71 8t 68 2 a4l e -4 10 3% 34 -2z 16 41 42
&« 2 80 83 =13 2 32 23 73 5% 58 o 4 88 78 -5 12 37 39 ~2218 20 6
« 29 18 ~12 4 35 4b 7 05 1% 3 € ng 98 “3 1128140 -2222 20 3
6 131 126 =10 6 152°157 71 32 31 1112 108 -3 8,67 715 ~20 4 103 108
3 135 713 -=lv @8 2 21 709 16 20 3 145 130 -3 7765 35 -20 & 321 122
5 3 27 29 ~-1010 89 91 2 16 17 3 12 18 =3 9 85 72 -20 8 26 3%
s 8 28 17 =9 111 128 4 39 AL 7.%3 88 =3 11 43 &1 20 10 52 49
5 7 1 -9 3 &5 90 6 18 18 9 51 26 -2 2 38 63 =2¢ 12 152 150
3 9 25 19 ~9° 5 68 76 8 38 4T 1 22 1 -2 4 7 89 -20 14 117 120
511 4b 43 ~9 7 23 90 1 20 22 0 49 S -2 6 56 62 -20 16 83 51
S 13 24 23 -9 9 15 7 9 3 40 39 6 2 187 161 -2 8 25 28 20 20 42 4%
& 0 16 69 -9 11 33 23 9 7 30 26 5 & 81 78 -2 12 18 25 w20 22 36 33
6 2 81 T3 -8 2 43 43 0 4 23 28 6 8 25 29 U 4129 99«18 & 97 103
6 & 12 3 8 4 62 87 0 8 25 24 §10 .18 17 § 70 s6 18 8 T2 T
6 6138 163 <€ 6 33 28 103 16 19 7 1320 128 ¢ %5 85 ~18 & 1l 18
7 1195 110 ‘8 B 5350 21 3 18 15 7 3 94 92 10 &6 37 -18 10 100 98
71 % 19 -8 30 35 38 22 & 15 18 7 7 85 83 12 38 22 ~18 12 147 148
7 9 19 18 -8 12 31 27 23 ‘1 18 21 7T 9 42 30 3 75 66 =18 14 15 77
71l Bl kb -8 14 19 13 23 5 22 21 e 2 s6 37 5122 127 15 18 103 99
713 26 24 71 61 86 24 & 24 24 e 2 131123 7 46 a3 =18 20 108 103
3 0 a6 151 ~7 3 45 88 86 7571 9 79 82 © ~18 22 49 3V
e 2 98 101 -7 5 20 17 Lesz 6 8 16 23 1169 37 16 @ 86 Bu
8 4 26 34 -1 7 w52 H K FO £C 9 1 22 85 4239 226 16 10 96 103
4 b b5 87 =7 9 2v 33 =24 0 35 &0 9 3 84 94 6 133 123 =16 12 3b 32
3 3 22 13 -5 2 10 7 =23 1 25 28 9 5 27 1% 2131 92 -6 36 1y 3D
9 3 50 51 -6 & 25 25 -23 5 22 3 9 7 80 %8 10 70 66 -i6 16 43 4&
2 5% 51 92 «6 & 38 31 -22 0 4B 3% 911 19 12 212 31 1 -18 18 123 128
9 7 28 4l -6 12 37 52 22 4 27 5 0 0 83 66 3 3 114104 -16 22 83 87
9 9 31 31 -5 1 23 23 -21 5 24 30 2 26 31 3 5118 95 ~16 26 27 18
811 82 36 -5 3 81 77 20 0 42 49 1105 206 3 7 47 b1 -16 26 en 36
913 23 19 =5 7103 93 =20 & 19 22 5 80 58 3 9 36 60 <la & 29 36
10 0 275 287 -3 9 23 11 ~19 § 19 19 n 1w 8 311 30 30 <16 8 49 35
16 2 4w &) =5 11 26 21 =19 7 24 1% 0 110 110 4 & 17 13 =14 12 a2 38
v & 8% 88 =513 26 23 18 2 24 35 2 122 122 6 & 78 BT -l 1% 36 26
11 1 13 166 % 2 9 2 =18 6 26 24 4 103 106 410 20 16 -4 16 45 55
15181 186 -6 & 154 157 -17 ) 32 38 6 36 53 53 28 39 ~-la 18 56 67
17 39 32 -4 8116 300 17 3 30 39 2 31 ab 5 5 28 23 ~14 20 44 39
18 37 43 - 12 62 52 «17 T 19 28 1109 108 8 7 21 16 -le22 32 23
111 62 w2 =3 1170186 16 2 86 73 3718 77 & 2 13 7 -1a 24 a0 50
2 0 366 343 -3 31643150 -16 & 19 13 3 73 49 & 4 57 T2 -1628 238 47
2 2 23 23 =3 T 64 75 ~16 & 39 30 93 s & 8 23 2¢ 12 &4 22 49
2 & 166157 313 26 17 16 8 19 7 4 0131127 612 18 17 -12 & 16 155
212 30 30 -2 2150155  -15 1 29 32 4 2 23 87 71129104 -12 8 13 131
317119 107 -2 4 188 187 -1 3 37 & .« & 7 T 3 23 &6 -1222 38 4a
303 W1 a7 =2 6185 183  ~15 7 39 39 4 6 2 7 05 62 75 -1224 30 3¢
3 5152 150 -2 885 78 =13 % 19 8 “ 8 o 707 45 33 -1228 19 17
307737 e “210 76 61 =14 0 44 a9 1 2 T 9 31 59 -lu 4 194 151
3 9 51 sl -1 73100 90 <i& 2 86 92 3 1 T AL &% 36 =10 & 590 451
311 50 4u -1 5166 165 -1 & 22 27 ] 3 8 4 78 83 ~iy 8 230 230
4 0173 184 -1 7753 60 -l & 30 30 7 18 28 8 & 75 76  -10 10 148 131
4 2 ud a2 -1 9740 38 «l4 10 28 18 9 23 18 & e 31 2 =1012 6 2%
16 4 102 87 ~111 78 76 -13 1 29 33 6 0 &5 &8 810 73 59  ~10 14 135 lé
16 8 33 39 113 20 3 -3 5 TP 6 2 4b 48 812 35 32 ~l0ls 62 19
14 8 26 9 0 2 81 68 =13 7 29 38 8 & 43 38 9 1 21 22 ~i02¢ 17T 5
12 17 2l 0 4 34 a2 - ? 51 34 71 8% a7 ? % a2 32 -8 4 2368 371
15 3 32 23 © 6 189 222  -13 11 24 22 7 3 41 a7 ? 7 2 17 -8 & 468 480
5 5 62 858 010 139 340 ~12 0 157 174 17 1 9 9 &5 57 -8 8 12 T4
3 7 s 55 914 33 38 =12 4 118 108 79 H 711 25 2 -8 10 25 30
5 9 34 28 3106 7% ~12 8 26 23 e 0 & 02«5 w2 -6 12 321 309
11 21 31 5310 306 =iz 10 15 13 8 2 s 3 6 23 26 -8 14 317 303
6 2 82 79 7703 90 =1l 1 149 184 8 4 8 11 81w ~8 16 118 120
6 & 8% 52 9 57 45 -1l 3 a2 51 9 1 s 13 46 44 -8 18 a2 3%
7 1 a1 a3 11 287 101 - 5 155 150 9 3 53 52 5 42 33 =8 20 48 55
T3 53 W 2 65 66 11 7 20 29 9 T 27 20 716 2 -8 22 us 47
71 37 s 6182 399 -1l § 50 42 0 2 27 29 9 27 30 -6 "4 647 412
79 28 18 8 18 10 =11 11 34 32 0 4 15 12 2 14 10 -6 6 6 56
711 36 23 10 107 110 ~10 0 199 204 0 & 26 19 “ 72 68 -6 8 15 87
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29 2 83 s0 &4 2 96 9  ~9 5 89102 . 2 7 125 23 -6 20 114 129
20 241 4s “ 4213206 -9 T 17 12 PR s 3 15 77 -6 22 44 50
21 5 22 28 4 6 29 2% -9 9 18 23 s 1 27 30 5 15 78 -4 4 117122
21 T 25 12 4 6 106 104 =9 11 29 28 25 3 30 27 T 80 5% -6 6 b4 57
22 0 87 s3 410 4B 44 w8 0109106 26 O 19 19 9 69 &3 ~4 8 145 140
22 & 21 32 412 43 40 -8 2 30 a8 o0 27 -4 19 119 115
2y 1 38 36 3 1 27 &7 =8 & 35 48 L3 72 31 38 -4 12 26 19
23 3 28 22 5 3 21 74 =3 & 34 27 H K PO FC & 4 51 58 -4 16 10
23 5 3. 32 5 7 o7 8¢ ~7 1 81 30 o1& & 3T a4 4 & 48 33 -4 16 8k 67
2% 0 85 83 $11 22 17 T 5 33 29 17 7 16 20 4 8 a3 48 -4 18 82 97
8 & 28 3% 513 26 20 -7 7 20 3 -16 & 33 3 “ 10 23 28 -4 20 68 &6
6 2 15 14 =7 9 31 30 -1610 18 18 « 12 27 28 4 26 11 21
Lray 6 4116118 =711 38 33 -15 1 25 3l 5 1 16 13 -2 4 2% 3%
H R FO KC 6 6 15 10 -6 0 3% 35 15 3 28 34 3 16 28 -2 & 25 86
=28 2 15 16 6 8 63 Ta -8 2143155 =i 5 22 22 3 21 22 -2 8 91 89
- T 29 3% 612 62 53 -8 & 27 30 - 7 32 8 T 30 43 -2 10 15 2%
-21 5 29 28 Tl o8t el -6 s 73 71 ~-15 9 30 28 9 29 27 .22 13 21
=22 2 16 16 7 3 3% 42 -5 1101 101 -1 & 31 38 o1 21 =216 32 30
-22 & 33 38 T s 19 19 -3 3 85 57 14 & 26 22 1 21 32 -218 w1 39
-21 1 20 32 T 7 a1 37 5 8 31 22 ~13 1 52 &3 8 2 18 @ -2.20 21 24
“21 3 16 18 79 &5 N -5 7 85 86 ~13 3 27 23 8 4 18 18 -2 24 20 26
21 5 30 23 711 032 28 -4 11 30 20 -l12 2 20 35 8 810 16 0 6 250 288
“23 & 19 17 T13 26 24 40 "9 9 .12 & 33 &2 e 8 15 18 ¢ 8 333 319
-19 1 16 18 8 2 53 58 -6 2165133 -12 8 18 22 10 1% 20 G 10 Y4t 130
=19 3 28 38 8 & 86 88 -6 4 37 41 w12 30 27 22 3 180 22 01z &7 3¢
-19 7 23 23 8 8 &1 3 4 6120 108 i1 ‘1 29 37 5 29 27 o le 81 a8
-19 9 18 3 812 40 37 4 8 38 46 -ll 3 186 22 T o2 e 2 4 485 640
-18 & 23 27 ? 1 99 95 -3 1 26 ay -l 3 83 57 2 18 18 2 6 360 5%
-18 & 16 il 9 3 87106 -3 3 93 87 =il 7 232 39 & 19 20 2 8221210
-18 8 39 31 9 5 39 43 3 T°T2 76 11 9 35 33 & 21 30 210 5 72
-17 1 27 al ? 7T 1a 26 ~3 § 26 22 ~111} 33 31 20 8 23 21 212 a5 89
17 3 39 b 911 18 §  ~311 23 20 =10 2 36 20 2010 19 18 2 16 124 120
=17 1 3 &) 10 6 4l &6 =2 2135139 =10 & 39 &9 21 1 23 2w 216 30 33
-17 9 19 15 1 8 70 68 “2 4 61 58 <10 6 A3 a3 21 3 13 10 4 6138150
-16 & &8 48 10 8 50 48 -2 6 .49 48 10 8 233 30 23 3 1% 20 4 6237 214
-16 6 18 4 10 10 64 52 -2 & 25 31 -10 10 82 35 4« 8 30 18
=16 8 50 33 n.immn =210 20 16 -7 1 14 9 xe 0 410 &7 48
-16 10 16 3 113 a8 e -1 3 29 27 -9 3 &5 a8 W L FO FC & 12 308 221
“15 1 31 5p 1509 92 -1 5153140 =3 5 7T 72 ~20 10 21 26 4 14 138 Jés

reflection assigned unit weight) of individual layer

scale factors, individual isotropic temperature factors,
and atomic coordinates for the 24 atoms of the asym-
metric unit (80 parameters) converged to a conventional
R value (EHFOI — ]FOH/E Fo|) of 0.10. Final atomic
parameters are given in Table I and the final F, and
F, values are compared in Table II; selected intramo-
lecular distances and angles are given in Table III and
the molecular structure is indicated in Figure 3. The
complex N14(OCH3)4(0-0C6H4CHO)4(CHaOH)4 has re-
cently been found” to have a similar structure.
Magnetic Measurements.—Our measurements of the
field-independent susceptibility of Ni;{OCHj).(acac)-

X 10) For Cos(OCHj)s(acac)s(CH;0H ),

418 31 ua 13 11 60 84 18 80 47 a4 18 010
420 19 =13 12 70 84 19 28 14 e 19 § ﬁ 19 {z : ::
6 4 128 124 -13 13 35 34 4 8% 10 ois 20 38 38 10 14 33 3%
& 6 62 =13 Y6 74 88 $ 192 180 <12 4123120 22 4 17 &
6 8 19 38 ~1317 27 48 40 48 w12 8 19 15 12 & 25 1A
610 31 &2 ~13.18 22 2% T 94116 al2 & 82 83 12 9 26 29
612 100 93 =12 19 45 43 8 82 T0O .12 7 66 85 12 16 27 27
614 54 69 =13 20 23 20 9 28 34 w12 ¢ 83 B4 1212 43 39
618 25 36 =13 24 30 30 0 85 89 w12 10 146 13 12 18 28 23
8 & 2y 37 ~132% 25 3% 1 43 &8 =12 12 150 14 16 & 2 1
B 19 -1l 75 187 132 2 59 80 1214 &1 & 1 5 22 22
818 51 53 -1t & 95 93 3 86 60 w12 16 43 5 14 7 s
812 58 S8 ~11 7 218 250 4 48 49 ~12 18 76 9 s
814 26 19 11 8231 202 3 51 81 -1220 54 8 16 4 26 32
816 23 11 -1l 9 38 29 0 24 28 a)32 22 36 2 16 8 28 23
8 18 27 34 =1112 92 o1 a2 22 - 4 82 7 18 & 39 38
12 4 46 23 =11 11 72 4R 4 31 43 -10 5 43 56 18 &8 34 37
10 6 &1 37 -1l 12 61 43 5 1 74 el0 & 38 1% 20 & 34 37
10 8 26 44 =113 a5 72 & 80 a3 <10 7 82 9
1010 26 25 =11 15 29 1@ 7 81 82 ~10 8 sa & e 3
1016 10 12 -1l 18 59 84, & 81 86 =10 9 41 & H L OFQ mC
12 6 65 74 -1 17 25 22 0 82 50 -1010 103 89 24 4 25 26
12 8 99188 -11 14 48 32 42 49 ~1012 137132 ~25 5 2} 27
12 10 83 43 -1119 8 3 60 5 =10 13 22 5 =25 6 36 133
1214 19 20 =1120 16 20 25 1 ~10 14 31 31 =25 7 1
14 4 33 48 -1125 22 26 26 2 =10 1% 56 5 «25 19 7
16 & 313 117 =% 4 255 188 18 1 ~10 16 §3 76 25 12 34 28
36 8 52 a7 =9 5 248 232 9 4101 9 -1018 75 18 25 1a 28 26
112 1% 22 -3 6 295 278 9 5 45 s ~10 20 29 & -25 15 28 25
16 4 63 63 =9 7169 172 9 6 28 2 ~310 26 238 a3  -23 15 20 20
16 6 86 77 -9 8 185 170 9 1T 127 =8 & 148 188 =25 25 20 10
l6 & 37 33 =9 9 31 39 9 8 31 2 -8 §108 97 =23 5 20 28
20 & 16 ke =9 10 54 &) ? 18 13 ~8 7 &4 58 2 8 I3 7
26 0 54 53 -9 11 107 200 11 &1 &7 8 138 137 =23 9 1% 1%
-2 12 32 49 12 29 29 9 31 29 -2310 38 53
Ke L ~9 13 172 1267 13 45 4l 10 23 22 ~23 11 33 34
H L FO FC =9 14 113 136 19 27 20 11 22 28 ~23 12 38 48
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=20 19y 24 29 =9 18 76 88 N 2 3106 99 =23 16 27 32
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-23 12 38 32 -7 14 11912 5 3% 34 619 38 31 =21 19 ab 48
-23 13 38 48 =715 68 ¢ 5 ¢ 37 32 “6 21 18 19 21 21 19 19
=23 16 27 21 -1 16 a5 54 5 7 &7 60 “b 26 27 36 2] 24 20 24
-23 18 30 29 ~717 &2 M s 8 21 21 5 86 71 -19 5 18
~23 19 24 28 =7 19 4E AS 2 9 24 28 8120110 {9 & 31
~23 20 35 2% =729 57 &1 7 a4 239 37 2108 98 «19 8 3%
=21 & 49 4B =721 48 38 75 26 27 473 89 ~lp 10 30 - 65 44
“21 5 89 76 =722 4 30 77 39 &t 6 21 38 9 16 30 ~11s 26 24
-2l & 5% 61 =5 & 228 20 713 20 18 8 26 21 917 35 34 -1 15 42 42
21 7 &% 48 -3 5 101 10 9 % 1T 23 9 43 41 =19 19 2% 2 =118 25 33
-21 8 48 55 -8 & 32 & 9 7 21 28 0 31 13 19 22 27 28 119 45 %)
-2l 10 20 29 =% 7125 1% 3 0 33 236 1 26 17 =19 23 23 23 12l 19 28
~21 11 58 65 =5 @& 15 7 5 0 29 26 8128 117 9 26 28 33 6 28 45
“2112 21 26 =510 8% ¢ T 29 34 s 31 30 729 19
~21 13 74 82 -5 11 119126 ke 2 e 141 127 5 51 a8 17 20
=21 14 70 74 ~5 12 27 37 H L FQ FC ¥ 61 &7 ' 7 T 91 20
~21 16 62 5 =513 88 99 .30 22 27 21 0 93 a9 7 37 32 37 el
-21 17 37 28 =515 56 50 =28 11 19 17 2 121 121 8 32 2 83 69
~21 18 43 42 =5 17 34 78 =28 16 24 1% & 42 4B [IRTERT] 27 0
~21 19 29 34 =518 '50 S8 =26 12 27 28 6 38 33 2 22 26 4 51 50
-21 25 21 23 =B 19 &5 60 =26 14 33 3k 8 3 32 3 31 30 s 26 17
“19 4 53 46 =520 87 72 .26 18 19 18 9 18 17 s 28 13 6 95 27
“19 5 44 51 ~521 38 3 24 4 a2 39 ~2 20 &9 49 5 45 37 7 40 39
“19 6 28 29 =522 30 31 w26 6 19 28 0 4174 102 $ 17 23 8 26 17
-19 7 23 21 . =3 4 131 150 26 10 47 a9 0 1 16 18 2 26 27 38 4«0
=19 10 39 31 -3 5 22 41 w26 12 54 &4 0 8 122 104 4 4 [ 26 23
=19 11 37 &7 =3 7 14l 137 .24 16 a6 S2 o 9 87 710 5 0 50 50
-19 12 95 92 -3 8. 70 6& w26 18 27 31 0 10 93 102 s 0 34 23
-1 13" 76 77 =3 9 30 17 24 20 27 28 UL 23 18 7 .3 3 17 18
~139 14 90 57 -3 10 22. 1% =22 5 27 23 U 12 14l 132 8 83 3 38 24
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-15 18 38 38 & 242 208 16 16 28 20 616 27 24 =11 14 37 &2 u 7?25 2
-15 15 &b 68 S 169 177 <18 19 38 40 8 & 1234121 <1l 15 38 37 U 8 26 2
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(CH;0H), between 1.6 and 300°K are given in Table IV
as x’a, the susceptibility expressed per Niatom. A dia-
magnetic correction!* (xa = —88.8 X 107% cm? g-
atom™!) is included. Above 13°K, these measure-
ments were made at a fleld strength of 15.3 kOe. Be-
low 13°K, the susceptibilities at 15.3 kOe were field
dependent, and the values reported in Table IV were
determined at lower field strengths (less than 5kOe),
at which no field dependence could be detected. The
results are shown in Figure 4 as plots of (x’a)~' and
ot = 2.8273 [x'aT 1 vs. T

(11) P. W. Selwood, ‘‘Magnetochemistry,” 2nd ed, Interscience, New
York, N. Y., 1956, pp 78, 92.
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SELECTED INTRAMOLECULAR DISTANCES AND ANGLES IN
Cos(OCH;)s(acac)s(CH;0H ),

Atoms Distance, A Atoms Distance, A
Col-Col’ 3.16 (1) 01-C1 1.41(8)
Col-Co2 3.10 (1) 02-C2 1.46 (2)
Col-Co2’ 3.12(1) 03-C3’ 1.38 (4)
Co2-Co2’ 3.17 (1) 04-C4 1.49 (3)
Col-01 2.11 (1) RIO1-RIC1  1.30(3)
Co1-01’ 2.06 (1) RIC1-RIC4 1.39(3)
Col-02 2.06 (1) RIC2~RIC4 1.43(3)
Co2-02 2.04 (1) R102-RIC2  1.80 (2)
Co2-02' 2.14 (1) RIC1-RIC3 1.50(3)
Co2-01 2.11 (1) RIC2-RICH 1.54(4)
Co1-03 2.15 (2) R201-R2C1  1.26 (3)
Co2-04 2.20 (2) R2C1-R2C4  1.43(3)
Col-R101 2.05 (1) R2C2-R2C4  1.86 (8)
Col-R102 2.01 (2) R202-R2C2  1.30(3)
Co2-R201 2.00 (2) R2C1-R2C3  1.56 (4)
Co2-R202 2.05 (2) R2C2~R2C5  1.55(3)

Atoms Angle, deg Atoms Angle, deg
Col1-01-Col’ 98.4 (6) 0C02-R202 96.5 (6)
Co02-02-Co2’ 98.6 (5) R201-Co02-R202 89.8(7)
Col1-01-Co2 94.6 (5) .

Chelate Ring 1

2-01-Col’ 7.

Co2-01-Co 97.006)  co1-R101-RICT 127 (1)
Co1-02-Co2 08.3 (5)
, RIO1-RIC1-RIC3 118(2)
Co1-02-Co2 95.8 (5)
p R101-RIC1-RI1C4 125(2)
01-Col-01 81.5(6)
- RIC3-RICI1-RIC4 117 (2)
01-Col-02 82.5 (5)

/ . RIC1-RIC4-R1C2 125(2)
01’-Co1-02 84.5 (5)

R1C4~R1C2-RIC5 120 (2)
01-Col1~R101 93.5 (6)

R1C4-R1C2-R102 125(2)
01-Col-R102  100.4 (8)

, RIC5-RIC2-R102 115(2)
O1™Col-03 8.96)  RiCo-RI02-Col 127 (1
03-Col-R101 95.5 (6) ~R102-Co 1)
03-Col-R102 89.1(7) Chelate Ring 2
R101-Col-R102  89.9(6) Co2-R201-R2C1  128(2)
02-Co2-02' 81.0 (5) R201-R2C1-R2C3 115 (2)
02-Co2-01 83.3 (5) R201-R2C1-R2C4 125 (3)
02'-Co2-01 81.5 (5) R2C8-R2C1-R2C4 119 (2)
02'-Co2-R201  100.3 (6) R2C1-R2C4-R2C2 124 (3)
02-Co2-R201 97.6 (6) R2C4~R2C2-R2C5 119 (3)
02-Co2-04 86.9 (5) R2C4-R2C2-R202 128 (2)
04-Co2-R201 88.4 (6) R2C5-R2C2-R202 113 (2)

R2C2-R202-Co2 124 (1)
TaBLE IV

EXPERIMENTAL VALUES OF THE FIELD-INDEPENDENT
SUSCEPTIBILITY PER Ni AToM oF Nis(OCHj)s(acac)y(CH;OH )4
BETWEBN 1.6 AND 296°K WHERE per; = 2.8273(x'aT)'/?

108xA,% 108x 4 ¢

T,°K cm?g-atom™! puefs, BM T,°K cmdg-atom™! peff, BM

1.63 2,582,000 5.80 123.5 12,800 3.56

4.25 832,800 5.32 136.5 11,000 3.46

7.4 427,900 5.03 158.5 9,160 3.41
13.3 228,000 4.92 187.0 7,580 3.37
21.0 141,000 4.86 206.5 6,790 3.35
24 .6 116,000 4.78 221.5 6,300 3.34
32.2 83,100 4.62 228.0 6,080 3.33
43.5 55,700 4.40 241.5 5,680 3.31
52.5 42,500 4.22 258.0 5,270 3.30
64.0 32,000 4.04 272.0 4,950 3.28
84.0 20,600 3.72 296.0 4,630 3.31
105.5 15,500 3.61

¢ Diamagnetic correction —88.8 X 107 ¢m? g-atom ™1,

Figure 5 shows the magnetization curve determined
at 1.63°K. The ordinate in this plot, {u) per tetramer,
is the component along the field direction of the mag-
netic moment per tetramer molecule.
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Figure 4 —Temperature dependence of uerr (BM) per Ni atom
and 1/x’a for Nig(OCH; )i(acac)(CH;O0H ).
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Figure 5.-—Magnetization curves for Nii(OCH;)lacac)s

(CH;0H)s. Full curves are calculated Brillouin functions, The

circles are experimental data taken at 1.63°K.

Discussion

At 296°K, wers = 3.31 BM per Ni atom, a value in the
range observed for octahedrally coordinated nickel(I1)
complexes with a %A, ground state arising from the con-
figuration ty%e,?  This suggests that the spin coupling
between the four nickel atoms is extremely weak and
that all the levels of the Ni, spin manifold have been
populated in accord with the Boltzmann distribution at
room temperature. As the temperature is lowered,
pets inicreases steadily showing an inflection between 10
and 25°K and having the value 4.86 BM at 21°K.
At lower temperatures u.st continues to increase, reach-
ing 5.80 BM at 1.63°K.

Comparison with the theoretical curves in Figure 2
indicates that J must be positive; 7.e., the unpaired e,
electrons of the four Ni atoms are ferromagnetically
coupled. However, rather than showing a low-temper-
ature plateau when uesr has reached the range for the
spin-aligned state (an S = 4 state of the tetramer, in
which all eight e, spins are coupled parallel, corresponds
to a wesr Oof 4.70-4.92 BM for g = 2.1-2.2), the experi-
mental curve merely exhibits an inflection and then
continues rising with decreasing temperature. We
attribute the low-temperature increase in uess to a weak
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TaBLE V
COMPARISON OF MAGNETIC PARAMETERS FOR FERROMAGNETIC POLYNUCLEAR NICKEL(II) CLUSTERS

9 for intercluster

Temp interaction,
Compd Structure type range studied, °K g J,em™1  Jg, em™1 deg Ref

Niz(acac)s Linear trimer 0.365-296 2.06 26 —7 —0.2 1a, §
Niy(OCH3)s(acac)y(CH;OH )4 ‘“‘Cubane’’ tetramer 1.63-296 2.14 7 Cen +0.8 This work
N14(OCH3)4(sal)¢(CHaOH )4“ “Cubane" tetramer 80-300 221 4 e b 6, 7
Niy(OCHj)4(sal)s( CoHOH )¢ “Cubane’ tetramer 80-300 2.17 7 C b 6,7
Ni(OCH;)Cl1 Interconnected ‘‘cubane’

tetramer 80-300 2.22 3 - b 13
Ni(OCH;)C1(CH;0H) Interconnected ‘“‘cubane’”’

tetramer 80-300 2,23 11 - b 13
Ni(OCH;)CI(CH;0H ). “Cubane” tetramer 80-300 2.25 8 . b 13
Ni(OCH;)Br(CH;COCH;). “Cubane” tetramer 80-300 2.15 4 co b 13

* Sal = 0-0C5H4CHO.

lattice ferromagnetic interaction between the tetramer
molecules in the S’ = 4 state. In support of this hy-
pothesis we note that the susceptibility data from 1.63
to 21.0°K follow a Curie-Weiss law with a Weiss con-
stant © = +40.8° and a slope which gives an effective
magnetic moment of 4.78 BM per Ni atom; the latter
corresponds to an S’ = 4 state of the tetramer molecules
with g = 2.14.

The magnetization data in Figure 5 provide further
support for the existence of a weak ferromagnetic inter-
action between the tetramer molecules in their spin-
aligned ground state. Thesolid curves in Figure 5 are
plots of the Brillouin function

() = gS'Bg(x) =

28 + 1 (2s'+1> 1 x:l
gS [ o5/ coth o5 T 5y coth 957 (6)

where x = (H/7T)(JgB8/k). Curves 1 and 2 were calcu-
lated, respectively, for g = 2.00 and 2.14 with H in eq 6
taken as the applied external magnetic field Hext. Evi-
dently, Nis(OCHjs)s(acac)s(CH;OH), is more easily
magnetized than a paramagnetic (7.6, H = Het)
tetramer with g = 2.00 or 2.14. It is also clear from
Figure 5 that simply increasing g will not enable eq 6 to
fit the magnetization data. In curve 3, the effect of
interaction between the tetramer molecules was intro-
duced by setting!? H = Hexw + Hn where H,, is the
molecular field. In the classical molecular field theory!?
H, is assumed to be proportional to the magnetization
M, so that

Hm = NwM = NWNB<“> (7)

The molecular field constant N, is related to the Weiss
constant by the equation

__ 3k
Ng232S'(S" + 1)

w

(8)
For © = +0.8° and g = 2.14, eq 7 and 8 give Hy, =
390{u). This relation was used in calculating curve 3,
which is in excellent agreement with the experimental
results.

(12) See, for example, A. H, Morrish. “The Physical Principles of.Mag-

netism,” Wiley, New York, N. Y., 1965, Chapter 6.
(13) A. G. Kriiger and G. Winter, Aust. J. Chem., in press.

b Not studied at low enough temperature to detect intercluster interaction.

In order to permit eq 5 to take account of the inter-
action between the tetramer molecules, T in the coeffi-
cient 3K /T wasreplaced by 7" — 0.8. Theleast-squares
best fit of this modification of eq 5 to the experimental
susceptibilities is found for g = 2.14, J = 10° (=7
cem™Y), and Na = 50 X 107° cm?® g-atom™!. Figure 4
shows the comparison between experiment and theory;
the agreement is good. The use of Na as an adjustable
parameter in the fitting procedure does not materially
affect the values obtained for g and J. Thus, if Na is
fixed at 230 X 107% (the value we used for Nij(acac)s!®)
the best fit is obtained for g = 2.13 and J = 10°.

In summary, we consider that our magnetic measure-
ments strongly support the following conclusions. (1)
The spins on the four Niatoms in the Ni,(OCHs),(acac),-
(CH;OH), tetramer interact ferromagnetically with an
exchange integral of 7em ™!, (2) The molecular ground
state of the tetramer is fully populated by 21°K and has
total spin S’ = 4 corresponding to eight electrons with
their spins parallel. (3) The tetramer molecules in

their ground state interact ferromagnetically with a

paramagnetic Curie point (Weiss constant) of +0.8°.
Nis(acac)s, the only other ferromagnetic cluster so far
studied at low enough temperatures to fully populate
the molecular ground state, also showed interactions
between the cluster units, but in this case the interaction
was antiferromagnetic.

Table V shows a comparison of the magnetic param-
eters that have been determined for ferromagnetic Ni
clusters. Except for Niz(acac)s and Nis(OCHjs)s(acac),-
(CH;0H),, measurements have been restricted to the
range 80-300°K, so that intercluster interactions were
not detected. Itis of interest that all of the “‘cubane’’-
type clusters have similar exchange integrals (3-11
cm~!) while the exchange integral for adjacent Ni atoms
in Nis(acac)s is considerably larger. Andrew and
Blake” have commented on this point.

The major contribution to J in these ‘‘cubane’-type
tetramers is certainly that due to superexchange wia
methoxide bridging groups rather than to the direct
overlap of Ni-Ni orbitals. The Ni-Ni distance along
the side of the Ni4 tetrahedron is considerably longer
(3.1 A) than the Ni-Ni distance in nickel metal (2.44
A); in addition, it is the t,, subset which is oriented
correctly for direct Ni-Ni bonding in the cubane struc-
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Figure 6.—(a) Orientation of ty, (say, dzy) orbitals along the
edges of an Ni; tetrad. (b) Orientation of e, orbitals of three Ni
atoms with respect to a 2p, orbital of the bridging methoxide
group. (c) Orientation of a 2p, orbital of a bridging methoxide
group with respect to the e, orbital of one Niatom and ts, orbitals
of two other Niatoms.

ture, but this subset has no unpaired electrons for
participation in metal-metal bonding (see Figure 6a).

Following the more recent viewpoint of Anderson,!* 18
the ferromagnetic sign of the spin interaction constant
J can be qualitatively rationalized from the symmetry
relationships between the e, and ts, orbitals of the four
nickel and the s and p orbitals of the four bridging
methoxide groups. We assume here an idealized geom-
etry with Ni-O-Ni angles of 90° with p,, p,, and p,
orbitals lying along the edges of the Ni,O, cube (..,
true T, symmetry). The predominant contributions
to J are as follows.

(i) d2(Nip)-2p,(0)-e,(Niyr, Nigm) Pathway
(Figure 6b).—Unpaired spin density (say «) initially
in dgsye on Nipis transferred into a 2p, orbital of oxygen.
Since the 2p, orbital is orthogonal both to dgsy:(Nipg)
and d,.(Nimr), the interatomic direct exchange term is
ferromagnetic so that the e, electrons of Niyr and Niyg
will also have « spin.

() d;e—(Nip)—2p,(0)-ty(Nir, Niyp) Pathway
(Figure 6¢).—Since the 2p, orbital is not orthogonal to
either d,,(Nir) or to dy.(Nirr1), @ spin can be transferred
to these tp, orbitals via the superexchange pathway.
The intraatomic direct exchange term between the t,,
and e, subsets centered on each of the nickel atoms 11

(14) P. W. Anderson, Phys. Rev., 115, 2 (1959).
(15) P. W, Anderson in “Magnetism,” Vol, 1, G. T. Rado and H. Suhl,

Ed., Academic Press, New York, N. Y., 1963, Chapter 2.
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and IIT then ensures that the e, orbitals of both have «
spin.

(iii) e,(Nif)-2s(0)-e,(Nir;, Niy;) Pathway.—Since
the e, orbitals all mutually overlap with the spherically
symmetrical 2s orbital of the bridging oxygen atom,
this superexchange pathway will lead to antiferromag-
netic coupling; i.e., if Nir has o spin then 8 spin will
reside on Nipr and Niprr. Taken over the whole NiOy
unit, J is negative and a ground state with .S/ = 0
would be favored. ’

(iv) ey(Ni;)—28(0)~ty(Niyr, Nijrr) Pathway.—Since
the 2s orbital is orthogonal to the ts, subset on the
nickel atoms, this pathway also leads to a direct inter-
atomic exchange term which is ferromagnetic.

The resultant magnitude and sign of J will be the
sum of terms of the kinds (i) to (iv). The contribution
by each pathway will be determined by the magnitude
of the relevant overlap integrals, the Ni-O distance, the
Ni-O-Ni angle, and the relative energies of the nickel
and oxygen orbitals. In the present case, the combined
effect of the ferromagnetic terms (i), (ii), and (iv) pre-
dominates over the single antiferromagnetic term (iii).

It is interesting that all of the polynuclear nickel
ferromagnets whose crystal structures are known in-
volve Ni—-O-Ni angles which deviate considerably from
the ideal value of 90°. In Nis(acac)s the bridge angles
fallin the range 76-89°; in Ni,(OCH;)4(salicylaldehyde)-
(CoH;0H), the range is 96.7-98.7°; in Ni,(OCHj)s
(acac)s(CH;OH): the range is 94.6-98.6°, This con-
firms that deviations from 90° of at least =+ 14° can be
tolerated before the direct ferromagnetic exchange
terms will cease to be dominant. Finally, we note from
the limited information available {(¢f. Table V), the
magnitude of J (3—-26 cm™!) is quite small; the marked
temperature dependence of the effective magnetic mo-
ment arises because the total width of the spin manifold,
207, is comparable with k7 at room temperature (~200
cm™),
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