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Five new trinuclear Cu—Ln—Cu cluster complexes have been prepared by a one-pot reaction using Hsben (tris-
N,N',N’-(2-hydroxybenzyl)-1,4,7-triazacyclononane) and Ln = La(lll), Nd(lll), Gd(lll), Dy(lll), and Yb(lll) where the
d- and f-block metal ions are in close proximity desirable for magnetic studies. The [LnCua(bcn),]ClO4 - nH20 complexes
possess the same stoichiometry as the previously reported [LnNiy(bcn)2]CIO4 - nH,O and [LnZna(ben),]CIO, - nH,0
systems. Additionally, the solid state structures of the LnCu, complexes appear to be isostructural to the LnNi, and
LnZn, species as determined by their nearly superimposable IR spectra. The similarities in the structures of the
[LnTMz(ben)2]CIO, - nH20 series, where TM = Zn(ll), Ni(ll), and Cu(ll), allow for direct comparison of their magnetic
exchange. An empirical approach, removing first-order anisotropic contributions determined from the analogous
[LnZny(ben),]ClO4 - nH,O was used to study the d/f/d spin interactions in the [LnCu,(bcn),]CIO, - nH.O complexes.
A ferromagnetic exchange was determined where Ln = Gd(lll), Dy(lll), or Yb(1ll) and an antiferromagnetic exchange
for Ln = Nd(lll), identical to the magnetic exchange observed for the [LnNix(bcn).JCIO4- nH2O complexes. An
exchange integral of 3.67 cm~" for the trimetallic [GdCux(bcn),]CIO, - 3H20 species was determined using a modified
spin Hamiltonian. The [Cu(Hbcn)] and the [Cus(Hbcn),](ClO), building blocks of the larger coaggregated d/f/d
species were also synthesized, and their structures are reported.

Introduction Most magnetic studies completed on heterometallic d/f
complexes have been confined to Gd—Cu systems first
introduced by Gatteschi in 1985.12 Gd(10), a 357, ion, has
no first-order orbital momentum in its single-ion ground state.
Thus, a rather simple analysis based on the traditional spin-

only Hamiltonian exchange model can be amended to

With the increased interest in new molecular-based
magnetic materials, the elucidation of the magnetic interac-
tion between d and f metal ions has become a popular
research topic.'? Unfortunately, many obstacles including

weak d/f interactions and large anisotropic effects of lan-
thanide ions (excluding La(IIl), Gd(III), and Lu(IIl)) have
slowed the progress of research conducted on the magnetic
exchange between transition metal (TM) and lanthanide (Ln)
ions. Thus, few systematic studies on the structure and
magnetic properties of d/f systems have been completed.®'!
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quantify the magnetic exchange between the Cu(Il) and
Gd(IIT) metal ions.

Several dinuclear Cu—Gd complexes using salen type
ligands,'®'"!372! in addition to a handful of other isolated
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Cu—Gd species displaying a variety of geometric demands,
have since been synthesized.'"**7** The coordination sphere
of Cu(Il) in these complexes ranges from four-coordinate
almost planar, to distorted tetrahedral, to five- or six-
coordinate, with a range of intermetallic TM—Ln distances
(3.198'3—3.649%° A). Regardless of the geometry around the
Cu(II) ion or the proximity of the d/f metal ions, the Cu—Gd
complexes exhibited a ferromagnetic exchange'!:17:18.2021
on the order of 2-7 cm™! in all but one case.'®'® The
ferromagnetic exchange is rationalized by either spin polar-
ization effects by Gatteschi et al.*' or an interaction between
the 4f—3d ground-state and the 3d¢, — 5dgq charge-transfer
configuration suggested by Goodenough®? and hypothesized
by Kahn and Gillon.*?

Unfortunately, the large first-order orbital contributions of
the Ln(IlIl) have complicated the understanding of the
magnetic exchange in many Cu—Ln compounds, where Ln
= La(Ill), Gd(III), or Lu(IIl).*82228:34-38 Cogtes et al.
synthesized a Ni—Ln system isostructural to the Cu—Ln
species of interest in order to simplify the elucidation of the
magnetic exchange between the d/f metal ions.® Ni(IT) was
held in a square planar environment giving rise to a low-
spin, diamagnetic state used to determine the non-Curie
behavior associated with the f electrons of the Ln(III).
Assuming identical crystal-field effects for the two com-
plexes, the magnetic behavior between the d/f metal ions
for the Cu—Ln species could be unmasked by removing the
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first-order orbital contributions of the Ln(II). A similar
method was used by Matsumoto whose group synthesized
Ni,Ln, systems in order to determine the magnetic exchange
in the cyclic cylindrical Cu,Gd, complex.”® Kahn analyzed
the magnetic exchange in the Ln,Nis and Ln,Cujs polymeric
ladder-type compounds by using the analogous Ln,Zn;*°
where the Zn(Il) is d'° diamagnetic and, thus, has no
magnetic contributions. Okawa and co-workers elucidated
the magnetic coupling of their 2,6-di(acetoacetyl)pyridine
TM—Ln—TM systems, where TM = Cu(Il) and Ni(II),
utilizing an equivalent Zn—Ln—Zn species.®’

In all the above examples, a ferromagnetic coupling
between the Cu(Il) and Ln(III), where Ln = Gd(III), Tb(III),
and Dy(IIl) and an antiferromagnetic exchange for Ln =
Ce(III), Pr(IIT), Nd(III), and Sm(III) has been determined.
These results follow the theoretical model of Kahn and co-
workers predicting that Ln(Ill) with <7 f electrons will
exhibit an antiferromagnetic exchange and with >7 f
electrons a ferromagnetic exchange.*'** Species with Ho(III),
Er(Ill), and Yb(III) have been shown to exhibit both
antiferromagnetic and ferromagnetic interactions, attributed
to the differences in the bridging ligand structure between
the TM(II) and the Ln(III) (phenolato vs oxamato vs enolate
oxygen atoms).

The limited magnetic studies reported for the published
d/f complexes, mostly using Cu—Gd systems with very
similar Schiff base ligands of similar geometric demands,
have kept the field widely unexplored and thus poorly
understood. Therefore, it was deemed desirable to design
new ligands with different geometric constraints that can
afford discrete d/f mixed-metal complexes where the TM(II)
and Ln(IIT) can be varied while maintaining the same core
structure.

Utilizing amine phenol ligands previously reported by the
Orvig and Wieghardt groups,*~*! in particular in this study
Hsben (tris-N,N’,N”’-(2-hydroxybenzyl)-1,4,7-triazacy-
clononane),41 we have synthesized a series of trimetallic
Cu—Ln—Cu complexes analogous to the [LnZn,(bcn),]JClO4°
nH,0 and [LnNiy(bcn);]Cl104+nH,0 systems reported in the
preceding publication® (Scheme 1). An empirical determi-
nation of the magnetic interactions of the [LnCuy(bcn),]-
ClO4+nH,O species was completed using the previously
synthesized diamagnetic [LnZn,(bcn),;]JCl104-nH,O com-
plexes, similar to the analysis by Costes,® Kahn,** Okawa,®’
and Matsumoto and co-workers®® and outlined for the
[LnNiy(ben),]Cl104+nH,O (:omplexes.3 The synthesis and
characterization of these unique trimetallic d/f/d systems
where the TM(I) is varied from Ni(Il) (studied in the
preceding publication)® to Cu(II) (investigated herein) will
increase the understanding of the necessary requirements to
produce desired magnetic properties.
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Scheme 1. Synthesis of [LnCua(bcn),]™, Ln = La(IIT), Nd(IIT), Gd(IIT), Dy(III), and Yb(TII).
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Experimental Section

Materials. Reagents were purchased from commercial sources
and used without purification unless otherwise stated. Hydrated
Ln(III) perchlorate salts were obtained from Alfa Aesar as 50%
(w/w) solutions in water and evaporated to dryness. Methanol and
ethanol were dried over activated 4 A molecular sieves prior to
use. Water was deionized (Barnstead D8902 and D8904 Cartridges)
and distilled (Hytrex II GX50-9-7/8 and GX100-9-7/8) before use.
Yields for the analytically pure compounds were calculated based
on the respective metal ion starting material. 1,4,7-Triazacy-
clononane was synthesized using our literature preparation® (adapted
from the published** procedure).

Caution! Perchlorate salts are potentially explosive, should be
handled with extreme care, and used only in small quantities.

Physical Measurements. Infrared spectra were recorded as nujol
mulls (KBr windows) in the range 4000-500 cm™! on a Mattson
Galaxy Series FTIR-5000 spectrophotometer and were referenced
to polystyrene (1601 cm™!). Elemental analyses of C, H, and N
were performed by Mr. M. Lakha at the University of British
Columbia. UV-visible spectra were recorded in methanol using a
Hewlett-Packard 8543 diode array spectrophotometer in a 1 cm
cuvette. Mass spectra were obtained on a Bruker Esquire lon Trap
(electrospray ionization mass spectrometry, ESI-MS) spectropho-
tometer. Approximately 1 mg of sample was dissolved in 1 mL of
methanol or acetonitrile for +ESI-MS analysis. Room temperature
magnetic susceptibilities on the powdered samples of the
[Cus(Hben),](Cl04),2*H,O and [Cu(Hben)]*H,O complexes were
measured on a Johnson Matthey MSB-1 balance (solid state)
standardized with CoCl,*6H,0 and CuSO,*5H,0. Variable-tem-
perature and applied field magnetic susceptibility measurements on
all other LnTM, complexes were performed on a Quantum Design
MPMS XL SQUID magnetometer over the temperature range
2—300 K at 10 000 and 500 G at UBC. Diamagnetic corrections
for the constituent atoms used Pascal’s constants*® (6.10 x 104
cm? mol ™! per mole of complex, plus 3.89 x 107> ¢m? mol™! per
water). A specially designed sample holder, as described previ-
ously,** was used to minimize the background signal. Magnetic
susceptibilities were corrected for the background signal generated
by the holder.

Synthesis of Complexes. See Table 1 for a list of the
[LnCusy(ben),]ClO4+nH,0O complexes prepared and their charac-
terization.

[Cu(Hben)]-H0. To a solution of Hiben (27.8 mg, 0.062
mmol) in 20 mL methanol was added Cu(ClO,),*6H,0 (22.8 mg,
0.062 mmol). The pale yellow solution became greenish-brown
immediately after the addition. The solution was stirred for one
hour at RT. The solvent was evaporated to ca. 2 mL. Green crystals
formed after slow evaporation of the solvent and were filtered off,
washed with cold water, and air-dried to yield 19.5 mg, 62%. MS
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Table 1. Analytical Data for [LnCuy(bcn);]Cl04°nH>O Complexes
% C % H % N

+ESI-MS
found caled found caled found calcd (mlz)

complex

[LaCux(bcn)y]  50.65 5026 5.06 5.00 7.06 651 1155
Cl04-2H,0

[NdCus(ben),]  50.04 5005 5.12 498 6.72
Cl04+2H,0

[GdCuy(ben),] 48.19 48.10 520 501 618 633 1173
Cl04+3H,0

[DyCua(ben),] 48.15 4826 487 508 643 622 1179
Cl04-H,0

[YbCux(ben)y] 49.11 4929 505 4.87 661 634 1188
Cl04+2H,0

6.48 1160

(+ ES-MS): m/z 509 [TM(HL) + H]". ptesr = 1.79ug. Anal. Calcd.
(found) for C»;H33CuN304: C, 61.52 (61.80); H, 6.31 (6.34); N,
6.34 (6.31).

[Cuz(Hben),](ClOy4),2+H,0. To a solution of Hszben (27.9 mg,
0.062 mmol) in methanol was added Cu(ClO4),*6H,0 (22.9 mg,
0.062 mmol). The pale yellow solution turned greenish-brown
immediately following the addition. The solution was refluxed for
1 h and allowed to cool before the addition of a third equivalent of
Cu(ClOy),*6H,0 (11.5 mg, 0.03 mmol). The solution was allowed
to stir at RT for 30 min before NEt; (18.8 mg, 0.186 mmol) was
added dropwise. The solvent was evaporated to ca. 2 mL affording
a light brown precipitate after the additional solvent was slowly
evaporated. The powder was filtered off, washed with cold water
and air-dried to yield 16.1 mg, 24%. MS (+ESI): m/z 1080
[TM3L,+H]". ey = 2.86 up. Anal. Caled. (found) for
Cs54HesClLCusNeOys: C, 49.94 (50.28); H, 4.97 (5.08); N 6.47 (6.58).

General Procedure for [LnCuy(ben);]Cl04-rH,0, Ln(III)
= La, Nd, Gd, Dy, and Yb. To a solution of Cu(ClOy4),+6H,0O
(92.6 mg, 0.25 mmol) in methanol was added Hiben (111.9 mg,
0.25 mmol); the clear solution immediately turned brown. The
solution was allowed to reflux while being stirred for 1 h. After
the solution was cooled to RT, 1/2 equiv of hydrated
Ln(ClO4)3°6H,0O (68.2-72.4 mg, 0.125 mmol) was added. The
brown solution was stirred for an additional 30 min at RT and NEt;
(75.6 mg, 0.75 mmol) diluted in 5 mL of methanol was added
dropwise. After 5 min of stirring, the solution turned green and
was immediately filtered through a cotton plug. A pale green powder
deposited upon slow evaporation of the solvent. The precipitate
was filtered, washed with cold ethanol, and dried in air yielding
40-70%. The 'H NMR spectra (300 MHz, RT, CD;0OD) was
uninformative.

General Procedure for [LnZn,(bcen);]ClO4-nH,0, Ln(III)
= La, Nd, Gd, Dy, and Yb. The [LnZn;(bcn),]ClO4+nH,O
complexes were prepared by the previously described method.?

X-ray Structure Determination. The green crystal of the
perchlorate salt, isolated by slow evaporation of the solvent from
the [Cus(Hbcn),](ClOy), solution, was mounted on a glass fiber
and measurements were taken on a Rigaku/ADSC CCD area
detector with graphite monochromated Mo Ka radiation. The
structure was processed and corrected for Lorentz and polarization
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Table 2. Sclected Bond Lengths (A), Intermetallic Distances (A), and
Angles (deg) in [Cu3(Hbcn),](Cl04),+2CH30H

Cu(2)—0(1) 1.939(3) Cu()—0(3) 1.939(3)
Cu(2)—0(3) 1.945(3) Cu()—N(@3) 2.007(4)
Cu(2)—Cu(1) 29641(5)  Cu(1)=N(1) 2.035(4)
Cu(1)—0(1) 1.931(3) Cu(1)—N(2) 2.274(3)
O(H—Cu()-0@3)  77.56(11)  N(3)—Cu(1)-N(2)  83.46(14)
N@3)—Cu()-N(1)  88.37(16)  N(1)—Cu(1)-N(2)  83.20(13)
O()—Cu()-N@3)  167.31(14)  Cu(1)=O(1)—Cu(2)  100.00(12)
0(3)—Cu()-N@3) 95.71(13)  Cu(1)=0(3)—Cu(2)  99.50(12)
O()—Cu(1)=N(1)  94.43(15)  O(1)—Cu(2)—O(la)  102.77(11)
0(3)—Cu(l)-N(1)  159.84(14) O(1)—Cu(2)-0(3)  77.23(11)
N@2)—Cu(1)-0(1)  109.14(13)

effects, and absorption using the d*TREK program.* The structure
was solved by direct methods*® and expanded using Fourier
techniques.*” All calculations were performed using the teXsan*®
crystallographic software package of the Molecular Structure
Corporation, and SHELXL-97.*° The nonhydrogen atoms were
refined anisotropically. Hydrogen atoms were fixed in calculated
positions, but not refined. Selected distances and angles are shown
in Table 2, and complete crystallographic data are found in the
Supporting Information.

Results and Discussion

[Cu(Hbcn)] - H,O. The Cu(Il) building blocks were readily
synthesized using one equivalent of Cu(ClO4),*6H,0 and
Hsben in methanol. The EA solved for a stoichiometry of
[Cu(Hben)]-H,O, confirming the formation of a neutral
encapsulated product. A parent peak with 100% relative
intensity corresponding to the proton adduct of [Cu(Hbcn)]
was also observed in the +ESI-MS spectrum.

A green crystal of [Cu(Hbcn)] was obtained by slow
evaporation of the solvent. The crystal structure was found
to be analogous to the previously solved [Cu(Hbcn)] spe-
cies,*! where three amine nitrogens and two phenolate
oxygen atoms from the trisubstituted tacn ligand chelated
the Cu(Il) ion in a distorted square-based-pyramidal geom-
etry.

[Cuz(Hbcen),](ClOy),-H,0. Addition of 1 equiv of
Cu(ClO4),°6H,0 to 2 equiv of deprotonated [Cu(bcn)]™
resulted in a trimetallic transition metal species with the
stoichiometry of [Cus(Hbcn),](ClO,),*H,O confirmed by EA.
Similar to the previously reported [Zns(bcn),] and
[Nis(bcn),]<2H,O species,” only a product peak of 10%
relative intensity in the +ESI-MS was observed, suggesting
that the stability of the [Cus(Hbcn),]*" complexes was
significantly reduced compared to [Cu(Hbcn)] (the parent
peak with 100% relative intensity corresponded to the proton
adduct of [Cu(Hbcn)]). In addition, the only significant
difference observed in the IR spectra of the monometallic
and the trimetallic Cu(Il) species was the slightly larger

(45) D*TREK Area Detector Software, version 7.11; Molecular Structure
Corporation: The Woodlands, TX, 2001.
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J. Appl. Crystallogr. 1999, 32, 115.

(47) DIRDIF94 The DIRDIF-94 program system;, Technical Report of the
Crystallography Laboratory, University of Nijmegen: The Netherlands,
1994.

(48) teXsan Crystal Structure Analysis Package; Molecular Structure
Corporation: The Woodlands, TX, 1985, 1992.

(49) SHELXL-97; University of Gottingen: Germany, 1997.

Figure 1. ORTEP diagram of the cation in [Cus(Hbcn),](C104),*2CH30H.
Solvent molecules and anions are omitted for clarity, and thermal ellipsoids
are drawn at 50% probability.

bathochromic shifts of the vc—o bands attributed to decreased
strength in the phenolate oxygen O—TM dative bond from
the oxygens bridging an additional Cu(Il) ion.

The crystal structure of [Cuz(Hbcn),](ClO4),*2CH;0H
indicates three chelated Cu(Il) ions, each 2.96 A apart (Figure
1). The two terminal Cu(Il) centers, related by an inversion
center at the bridging Cu(Il) ion, are arranged in a distorted
square-based-pyramidal environment chelated by three amine
nitrogens and two phenolate oxygen atoms. The central
Cu(II) is chelated in a square planar geometry by four
bridging phenolate donors all in the same plane with an
appropriate average bond distance of 1.94 A.

The O—Cu—O0 bond angles around the central Cu(Il) ion
for the two bridging phenolates of the same [Cu(Hbcn)]
moiety are appreciably compressed at 77.23°. Alternatively,
bond angles between the two capping units are significantly
expanded (102.77°), forming a cluster where the alternate
bridging O atoms are exactly 180° from each other.

The two terminal Cu(Il) ions have characteristic basal
Cu—O and Cu—N bond lengths of 1.93 and 2.02 A,
respectively. The basal N—Cu—N, O—Cu—0, and N—Cu—0O
bond angles are representative of a distorted square-planar
system. Deviating from 90° and 180° for regular square
planar geometry, the N¢js—Cu—Ngjs and Ogs—Cu—O,;s angles
exhibit an averaged value of 80.51° while an averaged value
of 163.58° was observed for the trans N—Cu—O bond. The
significantly longer apical Cu—N bond distances of 2.27 A,
similarly seen in the [Cu(Hbcn)] crystal structure, are also
characteristic of square-based-pyramidal Cu(II) complexes.*!
An averaged value of 98.46° was observed for the angles
between the apical Cu—N bond and the CuN,O, square-
planar base with the angles between the Nyusa—Cu—Nypica
significantly compressed due to the geometric constraints of
the ligand (averaged value of 83.33°). The third phenolic
pendant arm, not coordinated to the Cu(Il) ion, is bent away
from the CuN30, coordination sphere.

[LnCuy(ben);]C104-nH,0. Air-stable complexes of the
trinuclear [LnCu,(bcn),]Cl1O04+nH,O unit (abbreviated as
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LnCu,) were prepared using protocols adopted from the
synthesis of the similar [LnNi,(tam),]* and [LnNiy(trn),]™
cationic species (Ln = La(III), Nd(IIl), Gd(III), Dy(III), and
Yb(IIT))**** and the analogous [LnNi,(ben),]Cl0,+nH,0 and
[LnZny(bcn),]ClO4* nH,O systems.3 Spontaneous, self-as-
sembled bicapped structures, where Ln(IIl) is bridged
between the three deprotonated phenolate oxygens from two
[Cu(bcn)]™ preorganized ligands, were readily formed upon
addition of exactly 6 equiv of triethylamine. The desired d/f/d
complexes could not be isolated if a slight excess or shortage
of the base was used. The LnCu, complexes precipitated from
their respective reaction mixtures as green powders. Unfor-
tunately, crystals of the desired LnCu, species were never
successfully isolated; however, washing the precipitated solid
thoroughly with cold solvents to remove unreacted ligand
as well as additional Ln(ClOy); and Cu(ClQOy,), salts, or other
side products, yielded complexes pure by EA. All charac-
terization data, including EA, +ESI-MS, and IR are con-
sistent with the formation of the cationic [LnCuy(bcn),]™
species shown in Table 1.

The elemental analyses for all the lanthanide complexes
agreed with the empirical formula [LnCu,(bcn),]Cl104°nH,0.
The hydrated species observed with other previously syn-
thesized d/f-containing systems are commonly associated
with Ln(IIT) metal ions in order to fulfill their high coordina-
tion number preference. +ESI-MS, the primary diagnostic
tool for the detection of the cationic d/f/d clusters, gave
diagnostic mass spectra with the expected isotopic patterns.
The mass spectra were devoid of any other significant peaks
besides the parent ion peak for the cationic complex,
[LHCU2(bCH)2]+.

The coordination geometry around the Cu(Il) center
appears to change upon coordination to the Ln(IIl), as
monitored by UV—vis. The K-band due to the benzene ring
is shifted toward longer wavelengths and a large ligand-to-
metal charge transfer band is blue-shifted from 429 to 414
nm upon accommodation of the Ln(III). The d—d transition
is significantly red-shifted from 523 nm, as observed in other
distorted square planar d° Cu(Il) ions,*® to ~670 nm
corresponding to an octahedral geometry. The nearly identical
weak, broad v transition at ~670 nm from the 2E, — 2T,
in the visible spectra for Cu(Il) suggests that the two Cu(II)
centers in the bicapped clusters are indistinguishable.””

Regardless of the Ln(IIl) used, the IR spectra for the
[LnCuy(bcn),]C104+nH,0 were nearly superimposable in the
400-3500 cm! range. In addition, the IR spectra for the
LnCu, species were almost identical to the IR spectra of the
previous [LnNiy(ben);]Cl04+nH,O and [LnZny(ben)s]-
ClO4+nH,O species suggesting strongly the formation of
isostructural complexes in the solid state. The small <10
cm ! variations in the IR peak frequencies of the various
species are attributed to mass differences among the Ln(III)
and TM(I) metal ions (Figure 2).

Vibrations for coordinated reaction solvents, specifically
methanol (vcy and voy stretches between 2800 and 2700 and
3700-3600 cm™!, respectively) and acetonitrile (v, for CN,

(50) Rafat, F.; Siddiqi, K.; Lutfullah, S. Synth. React. Inorg. Met.-Org.
Chem. 2004, 34, 763.
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Figure 2. IR spectra of selected [LnTMy(bcn);]Cl104+nH>0.

v3 for HCN, and vy for CC from 2280 to 2320 cm™!) are not
observed in the IR.>" Instead, a broad band at ~3450 cm™!
and a narrow band at 600 cm™! attributed to the O—H
stretching vibrations suggest the presence of coordinated
water molecules used to satisfy the intrinsically large
coordination sphere of Ln(IIT) ions.’>>* The broadband at
~3150 cm™! is correlated to hydrogen bonded OH groups
either between the hydrogen atoms of the coordinated water
and/or the oxygen atoms of the ligand chelate, as previously
observed in other hydrated Ln(IIT) complexes.”* The broad-
band for the voy group is hidden by the coordinated water;
however, the absence of voy vibrations at 1400 cm™! seen
for the [LnTM,(bcn),]C104nH,0 species suggest that all
phenol groups are deprotonated. The sharp absorption peaks
near 1280 and 1100 cm™! for the vc_o vibration and 1450
cm™! for vc—n stretching bands are shifted 20-50 cm™! to
lower energy with respect to the proligands, evincing normal
coordination of the metal ion via the amines and deprotonated
phenol oxygens. The vc—¢ is slightly more bathochromically
shifted due to the phenol oxygen bridging two metals
compared to the amine nitrogen coordinated to only one
metal ion. In addition, the appearance of new peaks at ~622
cm™~! and between 400 and 500 cm™! for vrm_o and vi,—o
stretching frequencies, respectively, confirm the complexation
of ben3~ to the metal ions.>~>® The bands at 3000-2860 and
1550 cm™! for the CH and aromatic ring C=C stretching
vibrations did not significantly shift upon coordination of
the metal ions. In addition, the presence of v; of ClO4~ at
1068 cm™! for all the complexes suggests the formation of
cationic complexes.

Magnetic Properties. The nearly identical structures of
the previously synthesized [LnTMx(bcn),]Cl1O,nH,0, where

(51) Biinzli, J.-C. G.; Milicic-Tang, A. Inorg. Chim. Acta 1996, 252, 221.
(52) Guoxin, T.; Yongjun, Z.; Jingming, X.; Ping, Z. Inorg. Chem. 2003,

42, 735.

(53) Kameta, N.; Imura, H.; Ohashi, K.; Aoyama, T. Polyhedron 2002,
21, 805.

(54) Yang, L.; Xu, Y.; Gao, X.; Zhang, S.; Wu, J. Carbohydr. Res. 2004,
339, 1679.

(55) Comba, P.; Hambley, T. W.; Hitchman, M. A.; Stratemeier, H. Inorg.
Chem. 1995, 34, 3903.

(56) Guillon, H.; Hubert-Pfalzgraf, L. G.; Vaissermann, J. Eur. J. Inorg.
Chem. 2000, 1243.

(57) Alyea, E. C.; Malek, A.; Vougioukas, A. E. Can. J. Chem. 1981, 60,
667.

(58) Brown, L. M.; Mazdiyasni, K. S. Inorg. Chem. 1970, 9, 2783.
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Figure 3. ymT vs T plot of [LaCuy(bcn),]C104+2H,0.

TM = Zn(II) and Ni(II), and the [LnCu,(bcn),]C104nH,O
species herein allow for the direct comparison of the
magnetic properties between the varied d/f/d metal ions, Ln
= La(Ill), Nd{I), Gd(II), Dy{I), and Yb{I). The
magnetic susceptibilities of the [LnCu,(bcn),]C104nH,O
species were collected on powdered samples using a SQUID
magnetometer over a temperature range of 300—2 K.
Unfortunately, regression values at high temperatures (> 100
K) are only adequate for data taken at the higher magnetic
field (10 000 G). Thus, all yuT values reported at RT will
be those measured at a magnetic field of 10 000 G. In order
to minimize effects from magnetic saturation, yu7 values
reported herein at <100 K were those obtained using the
magnetic field of 500 G. All measurements were corrected
for diamagnetism using Pascal’s constants.** The magnetic
susceptibilities of the [LnZny(bcn),]Cl104-nH,0 were previ-
ously collected using the same parameters.’

The experimental yuT values are compared to the calcu-
lated ymT values using eq 1 for two magnetically isolated
Cu(Il) ions and one Ln(III) ion.

T = [28¢, Scu(Scu + 1) + 8+ 1)1/8 (1)

g is the Landé factor fixed at 2.00, g; = 3/2 + [S(S + 1) —
L(L + 1]2J(J + 1))7!, L is the total orbital angular momen-
tum quantum number, S is the total spin angular momentum
quantum number, and J is the total angular momentum quantum
number.

The ywmT plot for [LaCu,(ben),]C104+2H,0 corresponds
well to the expected curve for isolated Cu(Il) ions (Figure
3). The experimental ymT of 0.95 cm?® K mol™! at 300 K is
attributed to the two Cu(Il) ions with g per Cu(Il) = 1.95u5
and g = 2.26. Below 10 K, the yuT curve for LaCu, dips
rapidly reaching a minimum of 0.74 cm?® mol ! K attributed
to weak intra- and/or intermolecular antiferromagnetic
interactions and/or second order orbital contributions. None-
theless, the ym7 values determined for the two noninteracting
Cu(II) ions are in the range of previously reported literature
values.”’

(59) Earnshaw, A. Introduction to Magnetochemistry; Academic Press: New
York, 1968.
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Figure 4. Temperature dependence of ym7 for [LnCuz(ben),]C104+1nH,O
complexes at 500 G: (a) LaCuy; (O) NdCuy; (A) GdCuy; (<) DyCuy; (O)
YbCUQ.

Table 3. Observed and Calculated Magnetic Susceptibilities for
[LnCuz(bcn)ZJCIO4'nH20

ground AT obsa M T obsd sign of
Ln(IIT) state g7 ymTeaca®  (RT) 2K)  AQmD’  Joun(T)
La 1Sy 0.75 0.97 0.74
Nd oy 8/11 2.40 2.58 0.875 0.30
Gd 87, 2 8.64 8.80 13.94 5.98 +
Dy SHisp,  4/3 14.93 15.18 14.84 6.19 +
Yb S, 87 3.33 3.02 1.94 1.25 +

@ ymT calculated using eq 1. A(ymT) values were obtained using eq 7
at 2 K. “ The sign of Jcun(7T) was determined after removing both Ln(III)
and Cu(Il) contributions.

The Bleaney—Bowers equation was used to elucidate any
magnetic interactions between the two terminal Cu(II) metal
ions of [LaCuy(bcn),]Cl04°2H,0 that may complicate the
magnetic data for the other [LnCu,(bcn),]C104°nH,0 species.
Upon fitting the experimental data to the theoretical curve,
no significant interaction between the two Cu(Il) metal ions
was observed. This conclusion was confirmed by the absence
of any significant deviation from Curie’s Law using the yy !
vs T plot.

The temperature dependent yu7 plots of the trinuclear
[LnCuy(ben);]Cl04nH,0 complexes are shown in Figure
4. At 300 K, the ymT of the [LnCuy(ben),]Cl04+nH,0, where
Ln = NdII), Gd{1I), Dy(III), and Yb(III) complexes were
determined to be 2.58, 8.80, 15.18, and 3.02 cm?® K mol ™,
respectively, closely corresponding to the calculated values
(2.40, 8.64, 14.93, and 3.33 cm® K mol ™! using eq 1, Table
3) expected for three uncoupled metal ions (S, =1/2; J =
9/2, g; = 8/11 for Nd(IIl); J = 7/2, g, = 2 for Gd(III); J =
15/2, g, = 4/3 for Dy(Ill); J = 7/2, g; = 8/7 for Yb(II);
Table 3).

The ymT data for NdCu, marginally decrease until 20 K
where the values more rapidly decrease reaching its lowest
ymT value of 0.875 cm® K mol™! at 2 K (Figure 4). This
value is significantly lower than the calculated value of 2.40
cm?® K mol™! expected for the two Cu(Il) ions (Sc, =1/2)
and the one NA(III) ion (J = 9/2, g; = 8/11).

An opposite response was observed for GdCu, and DyCus,,
where the yu7T values increased dramatically after 50 and
22 K, respectively (Figure 4). A maximum value of 13.94
cm® K mol™!' for GdCu, was reached at 2 K, roughly

Inorganic Chemistry, Vol. 47, No. 7, 2008 2299



matching the calculated value originating from the ferro-
magnetic coupling between two Cu(Il) ions and a Gd(III)
ion (12.38 cm?® K mol™!, eq 2).

T = (glS(Sy + 1)]%72.828)° 2)

St = 28cy + Sin (Scu = 172, Sga = 7/2 for [GdCuy(ben),]-
Cl04+3H,0), and g is the Landé factor (g = 2).

The spin-exchange integral of the [GdCux(ben),]-
ClO4+3H,0 complex was analyzed using a spin-only expres-
sion described by the spin Hamiltonian in eq 3.

H= ~2Jcu6a(Scur *Sea T Scwr " Sa) 3)

Joucais theexchange integral between the adjacent Cu(II)—Gd(I1I)
ions with the two terminal Cu(Il) ions assumed to be
identical. A positive J integral suggests a ferromagnetic
interaction, whereas a negative value is indicative of an
antiferromagnetic exchange. The magnetic data of GdCu,
can be interpreted without considering orbital angular
momentum contributions and isotropic effects due to the
ground-state of Gd(IIT) (8S7,, J = 7/2, L =0, and S = 7/2)
having no first-order orbital angular momentum. The ex-
perimental data were fit using eq 4, assuming the Cu(Il) and
Gd(III) share the same Landé factor.

_ _Ngp
™M= gr—0) ¢
(165e 1K1 4 84 KD 4 846 /AD) 1 35)
Se(léJ/kT) + 46(7J/k7) +4e(9J/kT) + 3)

N is Avogadro’s number, 3 is the Bohr magneton, k is the
Boltzmann constant, N, is the temperature-independent
paramagnetism, g is the Landé factor, 6 is a correction term
for intermolecular magnetic interactions, and yy denotes the
molecular susceptibility per trinuclear complex. The agree-
ment factor, R(ym7T) defined in eq 5 was used to evaluate
how well the experimental data fit the theoretical values.

TN,

12

R(RXMT):[Z (XMTobsd - XMTcalcd)z/Z (%MTobsd)2 (5)

The theoretical expression was fitted to the experimental
ym Vs T data using nonlinear least-squares fitting from 300—2
K. The experimental data for [GdCu,(bcn),]C1O,*3H,0 best
fit the theoretical curve using J = 3.67 cm™!, g = 2.07, and
0 = —0.20 K, and N, = 12 x 107> cm?® mol™! with an
agreement factor of R(ymT) = 9.68 x 1073 (calculated using
eq 5, Figure 5). The negative value of 0 suggests a slight
antiferromagnetic interaction between the terminal Cu(Il)
ions. The positive J value corresponds to a ferromagnetic
exchange between the Cu(Il)—Gd(IIl) ions, previously
observed in other trimetallic Cu—Gd—Cu systems.

Okawa and co-workers used the same modified Van Vleck
equation (eq 4) to elucidate the Cu—Gd interaction for their
trimetallic Cu,Gd system with 2,6-di(acetoacetyl)pyridine as
the ligand.® They determined J = 1.44 cm™! where the Cu(II)
is sandwiched between fS-diketonate sites (Cu—Cu interme-
tallic distance = 7.298 10\) and the Gd(III) ion is chelated by
the two central 2,6-diacylpyridine sites (Gd—Cu bond length
= 3.649 A). Gatteschi and co-workers used a different
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Figure 5. ymT vs T plot for [GdCuy(ben),]C104+3H,0 at 500 G. The solid
line represents the theoretical curve calculated using eq 4.

MINB

H/T (kGIK)

Figure 6. M vs H curve for [GdCu,(bcn),]Cl04+3H,0 at 2 and 10 K (inset).
The solid line indicates the theoretical curve from the Brillouin function
with St = 9/2 (g = 2).

equation to model the magnetic susceptibility of a trimetallic
Cu,Gd tetradentate Schiff base system;14 however, their
model led to large Cu(Il)—Cu(II) antiferromagnetic interac-
tion parameters (Cu—Cu intermetallic distance = 5.41 A,
antiferromagnetic exchange J = —4.2 cm™!) that may have
skewed the Cu—Gd J value.

The magnetic response, M, at varying fields, H, was used
to confirm the ferromagnetic interaction in [GdCu,(bcn),]-
ClO4°3H,0, where all three metal ions are aligned in parallel
with a ground-state of St = 9/2 (Figure 6). As expected, the
experimental M vs H curve closely follows the Brillouin
function for § = 9/2 suggesting the ferromagnetic ground-
state of St = 9/2, where Sgq = 7/2 and Sc, = 1/2 for each
Cu(I) ion, is significantly populated at 2 K.

[DyCuy(bcn),]C104°H,O exhibits a maximum yuyT =
14.94 cm? K mol ™! at 3 K, matching the calculated value of
14.93 ¢cm® K mol™! using Sc, =1/2 for each Cu(II) ion and
J = 15/2, g; = 4/3 for the Dy (III) ion. The similar yuT
values for the experimental and calculated data of DyCu,
suggest the absence of any magnetic exchange between the
metal ions; however, the nearly identical values are probably
coincidental, arising from the considerable orbital angular
contributions of Dy(IIl) (L = 5) that may offset any observed
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Figure 7. AymT for [LnCux(ben),]Cl04+nH,0 complexes: (O) NdCuy; (A)
GdCuy; (<) DyCuy; (O) YbCus.

ferromagnetic spin exchange between the metal ions. Dy(III)
has a large orbital angular momentum with a 16-fold
degeneracy of the °®H;s, ground state. The energy gap
between the highest and lowest degenerate level is only on
the order of a few hundred wavenumbers. Thus, the highest
levels are progressively depopulated as the temperature is
lowered, leaving only the lowest J sublevel populated at 2
K. This thermal depopulation leads to an inherent decrease
of the ymT causing potential deviations from the predicted
magnetic behavior (offsetting any possible ferromagnetic
interactions between the metal ions).

A modified empirical approach, eq 6, developed by Costes
et al.,® and used by Kahn,*° Okawa,®” and Matsumoto and
co-workers®® can be used to remove intrinsic orbital angular
contributions by calculating the difference, A(ym7), between
the ymT values for the LnCu, species and the structurally
homologous LnZn, complexes that may have previously
masked any magnetic exchange between the d/f metal ions.

AQmD) = D incu, — UmDinzn, = 20mDeu T Jeua(D) (6)

Ln = La(Ill), Nd{II), Gd{II), Dy(IlI), and Yb(II), and
Jeun(T) is related to the nature of the overall exchange
interaction between Cu(Il) and Ln(III), such that a positive
or negative value indicates a ferromagnetic or antiferromag-
netic interaction, respectively. Similar crystal field effects
are assumed to be operative in both the Cu(Il) and Zn(II)
complexes due to similarities in their core structures.
Intermolecular Cu(Il)—Cu(II) magnetic interactions are as-
sumed to be negligible for the d/f/d systems.

After removing the orbital contributions utilizing eq 6, it
was found that the A(ymT) values for GdCu, and DyCu,
increase with decreasing temperatures. In addition, the
A(ymT) values at low temperatures (5.98 cm?® K mol™! at 2
K and 6.19 cm?® K mol™'at 3 K for GdCu, and DyCu,,
respectively) are significantly higher than the magnetic
contribution of 0.75 cm? K mol ™! for the two isolated Cu(II)
ions, indicating a ferromagnetic interaction between the
adjacent Cu(Il) and Gd(III) or Dy(III) ions (Figure 7). Okawa
and co-workers determined a A(ymT) value of ~6 cm® K
mol~! for their DyCu, species and a value slightly above 4
for their GdCu, complexes using an analogous empirical

approach,® closely matching the ferromagnetic exchange seen
for our [LnCu,(bcn),]Cl104+nH,0 species. A magnetic ex-
change at high temperatures, 300 K, was not observed for
both the GdCu, and DyCu, complexes; the A(ymT) value at
300 K matches only the contributions from the two Cu(Il)
ions.

Furthermore, the Cu(Il) contributions to the [LnCu,(bcn);]-
ClO4°nH,0 systems can be removed using eq 7 to minimize
any second-order effects of the Cu(Il) ion that may compli-
cate the analysis of the magnetic exchange, thereby leaving
only the temperature dependent Jeun(7) value.

Jeun(D = U Dincu, — UmDinzn, = UDiace, (D

A negative Jeun(7T) value suggests an antiferromagnetic
exchange between metal ions, and a positive value suggests
a ferromagnetic exchange. Positive Jeya(7T) values were
determined for GdCu, and DyCu, (5.14 and 5.35 cm?® K
mol ™!, respectively) after subtracting the magnetic data from
the analogous LaCu, species, further suggesting a ferromag-
netic interaction between Cu(Il), and Gd(III) or Dy(III).

After removing the Nd(III) first-order orbital contributions,
NdCu, exhibited a minimum A(ym7T) value of 0.30 cm® K
mol ™!, below the expected magnetic contribution of 0.75 cm?
K mol~! for two isolated Cu(II) ions, assuming g = 2. The
decreasing A(ym7) with decreasing temperature and the
sustained negative Jeun(7T) value of —0.507 cm? K mol™!
following the removal of the orbital angular momentum
effects from Cu(Il) and Ln(III) (using eq 7) further suggests
an antiferromagnetic interaction between the Cu(Il) and
Nd(IIT) ions; however, the slight decrease in yuT values and
the small J value suggests, at best, a very weak magnetic
interaction between Cu(Il) and Nd(III).

The ymT value for YbCu, decreases slightly after 20 K
and abruptly after 8 K reaching a minimum value of 1.94
cm?® K mol™! at 2 K, lower than the calculated value of 3.33
cm?® K mol™!. The dramatic decrease in the yu7 values below
8 K may be due to the unquenched angular momentum from
Yb(III), masking possible ferromagnetic interactions between
the d/f/d metals.

Using the same empirical approach as above, A(ymT) plots
for YbCuj, reached a subtle maximum of 1.69 cm® K mol™!
at 12 K. The value slightly decreases after 12 K, reaching a
minimum value of 1.25 cm® K mol™! at 2 K. Nonetheless,
the A(ymT) value at 2 K is still larger than the magnetic
contributions of two Cu(II) ions. If the Cu(Il) contributions
are removed by eq 7, the empirical Jeun(7T) value is
determined to be 0.812 cm™' K mol~! at 12 K or 0.445 cm™!
K mol™! at 2 K. The lack of a dramatic decrease in the
A(ymT) values and the positive Jrvin(7) value suggests the
existence of a weak ferromagnetic exchange previously
masked by the first-order orbital contributions of the Ln(III)
ion; however, the interaction between the Cu(Il) and the
Yb(III) cannot be confidently confirmed because of the weak
magnetic exchange.

Conclusion

Magnetic interactions in [LnCu,(bcn),]C104+nH>O com-
plexes were determined by removing the first-order orbital
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contributions of the Ln(III) using an empirical approach
similar to the data analysis of Costes and co-workers.®
[LnCu;,(ben),]Cl04+nH,0O displayed ferromagnetic interac-
tions mirroring the [LnNiy(bcn);]Cl04+nH,O complexes
where Ln = Gd(III), Dy(IIl), and Yb(III) and an antiferro-
magnetic interaction where Ln = Nd(III). To our knowledge,
only four trimetallic Cu—Gd—Cu systems (three using
tetradentate Cu(II) Schiff base ligamdsm’m’60 and one
Cu—Ln—Cau species, Ln = La(IlI), Ce(III), Pr(III), Nd(III),
Sm(I1I), Eu(Ill), Gd(III), Tb(III), Dy(IlI), Ho(II), Er(III),
Tm(III), and Yb(II) utilizing a 2,6-di(acetoacetyl)pyridine
ligand®) have been synthesized. Interestingly, these d/f/d
complexes displayed similar magnetic properties to the
trimetallic Cu—Ln—Cu species discussed herein despite
different geometric demands. More importantly, though,
these conclusions suggest that the predictions of Kahn et

(60) Akine, S.; Taniguchi, T.; Nabeshima, T. Angew. Chem., Int. Ed. 2002,
41, 4670.
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al.”* where a ferromagnetic exchange was observed when

using 4{" Ln(III) ions where n > 7 and an antiferromagnetic
exchange with n < 7 are relevant for d/f/d systems regardless
of the geometric constraints or the TM(II) used, where TM
= Cu(Il) or Ni(II).
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