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Structural, magnetic, and EPR studies of diaquatetrakis(u-
acetato)dicopper{Il) have provided important insight into the
magnetic interaction phenomenon in polynuclear species involv-
ing 3d ions.'”3 This compound may be considered as the
archetype of the exchange-coupled copper(Il) dimers. Until
now, no compound of the same nature involving lanthanide(IT)
ions had been reported, and the factors determiming the sign
and the magnitude of the magnetic interaction between lan-
thanide(I1T) ions are far from being well understood.>* Herein
we report on the synthesis, the structure and the magnetic
properties of two lanthanide(TIT) dimers, namely [Lay(CH3CO»)s-
(phen),] with phen = o-phepanthroline and Ln = Ce (1) and
Gd (2).

The molecular structure of 1 is shown in Figure 1. The
molecular unit is dimeric with an inversion center. The Ce(III)
ions are linked by four acetato groups. Two of them bridge in
the classical n':7':4; fashion, and the other two bridge in the
less common 7%:n':x; fashion; these latter have an oxygen atom
(0(2), O(2*)) bound terminally to one cerium atom, and the
other oxygen atom (O(1), O(1*)) bound in a z,-bridging manner
to both cerium atoms, forming a monoatomic bridge. One
terminal phen molecule and one bidentate chelating acetato
group complete a nine-coordination at each meta). Due to the
inversion center, the CeO(1)Ce*O(1*) network is perfectly
planar. The [Lny(n':7':12-RCO)x(%% 0" 1»-RCO)s] network is
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Figure 1. Molecular structure of 1. Selected hond lengths ¢(A) are as
follows: Ce—0O(1) = 2.726(3). Ce—O(1*) = 2.441(4), Ce—0(2) =
2.552(3), Ce~0(3) = 2.433(3), Ce—0O(4) = 2.419(3), Ce—0O(5) =
2.588(4), Ce—0O(6) = 2.546(4), Ce—N(1) = 2.681(3). and Ce—N(2)
= 2.677(4). Sclected bond angles (deg) are as follows: O(1)—Ce—
O(1*) = 77.5(1). O(1) ~Ce—0(2) = 48.8(1), and Ce—O(1)-Ce* =
102.5(1). The Ce- - -Ce separation ts equal to 4.035(3) A. Unstarred
and starred atoms are related by the inversion center,
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Figure 2. yuT vs T curves for 1: (A) experimental data; (—) calculated
curve below 30 K.

unique for Ce(lIT) and rare for other lanthanide(IIT) ions;$ the
majority of known lanthanide(IIl) species which display the
same arrangement of four bridging carboxylato groups are
polymers.®’

The coordination sphere of the cenum atom is best described
as a distorted monocapped square antiprism with O(1) as the
capping atorn and atoms O(1*), O(3), O(2), O(4) and N(1), N(2).
O(6), O(5) as the capped and noncapped faces, respectively.

Both molar magnetic susceptibilitics, i, and EPR spectra
for 1 and 2 have been measured. The ywuT vs T plot for 1
continucusly decreases as the temperature 7 js lowered, and
reaches 0.57 em® K mol™ at 1.7 K (see Figure 2). In the
absence of interaction, the *Fs; free-ion ground state of Ce(III)
is split into three Kramers doublets by the higand field, and yuT
is expected to reach a plateau n the low-temperature range
where only the ground Kramers doublet is thermally populated.
The continuous decrease of XuT as T approaches absolute zero
indicates that the two local Kramers doublets interact to give a
nonmangetic (at the first order) ground state and a pseudotriplet
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Figure 3. X-band powder EPR spectrum at 4.2 K for 1.
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Figure 4. ymT vs T curves for 2: (A) experimental data; (—) calculated

curve.

excited state. The ymT vs T data below ca. 20 K may be well
interpreted with the equation

2N
= + TIP 1
M7 XT3 + exp(—J/kT)] L
where J = —0.75 cm™' is the energy gap between those two

states, and TIP = 660 x 107® ¢cm® mol™' is a temperature
independent paramagnetism. This TIP contribution accounts
for the coupling between ground and excited local Kramers
doublets arising from the 2Fs, free-ion state through the Zeeman
perturbation. The X-band powder EPR spectrum for 1 agrees
with such a view. This spectrum at 4.2 K, shown in Figure 3,
looks like the spectrum of a triplet state with an axial zero-
field splitting parameter, |D| = 0.21 cm™', smaller than the
incident quantum.? The spectrum vanishes above ca. 12 K.

The situation is much simpler for 2. The ymT vs T curve is
shown in Figure 4. ymT is constant and equal to 15.80(6) cm?
K mol~! down to ca. 25 K, and then decreases more and more
rapidly as T is lowered further. These magnetic susceptibility
data very closely follow the equation deduced from the isotropic

(8) Wasserman, E.; Snyder, L. C.; Yager, W. A. J. Chem. Phys. 1964,
41, 1763.
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Table 1. Crystallographic Data for Compound
[Cez(CH3CO,)e(phen)s] (1)

chem formula C3sH14N4O12Ce; fw 994.84
a(A) 9.883(1) space group P1
b(A) 9.875(1) T (°C) . 23

e A) 10.119(1) AMoKa)(A) 07107
a (deg) 99.96(1) u(cm™) 235

B (deg) 108.69(1) Ocatc (g cm™?) 1.80

v (deg) 89.91(1) Re 0.0276
V(A% 920.0(1) Ryt 0.0320
z 1

“R = Z(|Fo| = F/ZIFo|. ® Ry = [Zw(IFo| — |FDYE(F)AM.

Table 2. Positional (x 10%) and Equivalent Isotropic Thermal
Parameters (A? x 10% for the Non-Hydrogen Atoms of
[Cex(CH;3CO,)6(phen).] (1) with Esd’s in Parentheses

atom x y z Uey
Ce -1252.1(3) 1469.1(2) 526.8(3) 324
o) 901(4) —164(3) 1607(3) 462
0(2) 138(4) 1266(4) 3082(3) 499
03)  —2263(4) ~835(3) 311(4) 537
o) 973(4) 2439(3) 478(4) 529
O(5) —2304(4) 3159(4) —1183(4) 591
06)  —3798(4) 1618(4) —1096(4) 588
c() 953(5) 350(4) 2866(5) 381
cQ) 1998(7) ~140(7) 4069(6) 563
C3) —2061(5) —2058(5) ~130(5) 433
cw) ~3161(7) —3146(6) —258(11) 704
C(5) ~3561(5) 2664(5) —1567(5) 424
C(6) —4598(8) 3237(8) —2408(7) 805
N(1) —1066(4) 4001(4) 2068(4) 378
NQ)  —2941(4) 2008(4) 2138(4) 379
C(7) —219(5) 4990(5) 1968(5) 454
C(®) ~3(6) 6314(5) 2836(6) 497
co) —675(5) 6566(5) 3822(6) 446
C(10) —-1577(5) 5551(4) 3958(5) 375
C(11) —2293(5) 5738(5) 4998(5) 462
C(12)  —3184(6) 4752(5) 5059(6) 512
C(13) —3474(5) 3463(5) 4075(5) 412
C(14) —4460(6) 2446(6) 4051(6) 543
C(15) —-4677(6) 1244(6) 3064(6) 532
C(16) —3890(5) 1075(5) 2161(6) 468
ca7  —2742d) 3220(4) 3085(4) 326
C(18) —1769(5) 4267(4) 3015(5) 336

4 Ueq is defined as one-third of the trace of the orthogonalized Uj;
tensor. The exponential factor for Uy has the form 27Uy h%a*? +
Unk®b*? + 2Ushka*b* + 2Uyshla*c* + 2Upklb*c*).

spin Hamiltonian H = —J8g41°Sc42 with the quantum numbers
Scai = Sga2 = 7. This equation is

_ ()
XM ( kT X
( e + 5e¥ + 14e% + 30e!™ + 556! + 91e?!* + 140e** )

1+ 3e" + 5e* + 7e% + 9e!* + 11eP7 + 1362 + 152
2

with
x=JIkT 3

The isotropic interaction parameter J is found to be equal to
—0.053 cm™, and the Zeeman factor g, assumed to be isotropic,
to be equal to 2.0. The total splitting of the ground multiplet
due to the GA(III)—Gd(III) interaction is then equal to 0.42
cm~!, The EPR spectrum of 2, in contrast with that of 1, is
badly resolved; most probably, it corresponds to the envelop
of the transitions within all the low-lying states.

Our findings confirm that the intermolecular interaction
between two 4f ions can be detected. This interaction, however,
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is much smaller than that between 3d metal ions, or even
between 4f and 3d ions.>!® This sequence 4f—4f < 4f-3d <
3d—3d is important as far as the mechanism of the interaction
phenomenon is concerned. The molecules [Lny(CH3CO,)e-
(phen);] may be considered as good models to investigate the
interaction within pairs of lanthanide(IIl) ions in a thorough
manner. We are presently exploring the consequences of this
interaction on the magnetic and optical properties of all the
compounds of the series.

Experimental Section

Syntheses. 1 was synthesized as follows: Ce(NO3):7H,0 (0.34 g,
0.75 mmol) and CH3CO;Na*3H,0 (0.31 g, 2.28 mmol) were dissolved
in 20 mL of methanol. The resulting solution was stirred while a
solution of phen*H,O (0.15 g, 0.76 mmol.) in 20 mL of methanol was
added, resulting in a yellow solution. The mixture was stored at room
temperature, and compound 1 was collected by filtration as a poly-
crystalline powder, washed with ethanol, and dried in vacuo. Anal.
Calcd for C3gH3aN4O2Ceo (1): C, 43.46; H, 3.44: N, 5.63; Ce, 28.17.
Found: C, 44.00; H. 3.49; N 5.63; Ce, 27.60. Single crystals of 1
suitable for crystallographic work were grown by careful layering of
15 mL of a methanolic solution containing 0.042 g of Ce(NO):*7H;0,
0.040 g of CH:CO:Na3H,0, and 0.019 g of phen‘H,O with n-hexane
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2831,
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J. C.o J. Am. Chem. Soc. 1993, 115, 1822.
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at room temperature. The same procedures, using Gd(NO;);6H.O
instead of Ce(NO3)»7H»O afforded a microcrystalline powder and single
crystals of 2. Anal. Calcd for CieHaNs012Gd: (2): C, 42.02; H, 3.33;
N, 5.44. Found: C, 41.76; H, 3.42; N, 5.53. X-ray powder patterns
revealed that the two compounds, 1 and 2, were isostructural.

Crystallographic Data Collection and Structure Determination.
A selected crystal of compound 1 was set up on a Syntex P2, automatic
diffractometer upgraded by Crystal Logic using Zr-filtered Mo radiation.
The structure was solved and refined using SHELX76."" Hydrogen
atoms were located from a difference map, and refined isotropically.
All the other atoms were refined anisotropically. The main crystal-
lographic data are summarized in Table 1. The atomic coordinates of
the non-hydrogen atoms are listed in Table 2.
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