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ABSTRACT: The 1:1 assembly reaction of the racemic form of the cross-linking ligand-complex Na[Cu'"L"R2R1S25)] wjith
Ln"'(NOs);:6H,0 gave a centrosymmetric circular (Cu"Ln""), complex [Cu"L%"R&1SS) W(NO,),], (1Gd, 1Tb, 1Dy), while the
reaction of the enantiopure form Na[Cu"'L®"**#¥] with Ln"(NO);6H,0 gave a chiral chainlike (Cu"Ln"),. complex
[Cu" LR q(NO,),(CHSCN)]1-CHsCN  (2Gd, 2Th, 2Dy), where {Cu"L®"*R®" s (N-((1R,2R)-2-(((E)-3-ethoxy-2-
oxybenzylidene)amino)-1,2-diphenylethyl)-2-oxybenzamide)copper(l) and {Cu"'L%*"(R2R1S2) 1™ s the racemic mixture of
{Cu"L¥URZNY " ang {Cu" L")} The copper(Il) component functions as a cross-linking ligand-complex and bridges two Ln"
ions at two phenoxo oxygen atoms and one ethoxy oxygen atom, as well as at an amido oxygen atom. For 1Gd, 1Thb, and 1Dy, two
racemic binuclear species of [Cu"L™"**2R_n""(NO,),] and [Cu"L®"*5)n""(NO,),] with opposite chiralities are linked by two
amido oxygen atoms O3 and O3* to form a centrosymmetric circular structure with Gd—Cu = 3.370(1) A and Gd—Cu* = 5.627(1)
A. For 2Gd, 2Tb, and 2Dy, binuclear species with the same chirality are bridged by Gd—03* = 2.228(5) A to form a chiral chain-
like structure with Gd—Cu = 3.3348(9) A and Gd—Cu* = 6.2326(9) A. The bridged angles through the amido group of
Gd-03*=C7* are 133.9(5)° and 177.6(4)° for 1Gd and 2Gd, respectively. The magnetic susceptibilities of 1Gd and 2Gd were
analyzed by the spin-only Hamiltonian based on the circular tetranuclear (—Cu"Gd"'-), and linear chainlike (—Cu"Gd"-),.. struc-
tures, respectively. The Cu"-Gd"' magnetic interactions through two phenoxo bridges and a three-atom N—C=0 bridge, J; and J,,
are both positive to be J,; = +4.6 cm™ and J, = +1.8 cm™ for 1Gd and J; = +4.2 cm™ and J, = +0.037 cm™ for 2Gd. The J, value of
2Gd is much smaller than that of 1Gd. Upon lowering the temperature, 1Ln and 2Ln (Ln = Tb, Dy) showed the decrease in the
mT vs T plot due to the crystal field effect on the Ln"" ion (Stark splitting) and the increase due to the ferromagnetic Cu"-Ln"" in-
teraction. The magnetization values of 1Ln and 2Ln (Ln = Tb, Dy) without liquid paraffin are considerably larger than the corre-
sponding values with liquid paraffin, indicating the presence of strong magnetic anisotropy. 1Th and 1Dy showed frequency de-
pendence of ac magnetic susceptibility under zero external dc magnetic field, showing the behavior of single-molecule magnets
(SMMs). 2Tb and 2Dy showed no frequency dependence under a zero external magnetic field, but showed a meaningful frequency
dependence under an external magnetic field. Their energy barriers, A/kg, estimated by the Arrhenius plots are 29.4(6) K and
20.6(3) K for 1Tb and 2Tb in the dc bias field of 0 and 1000 Oe, respectively.

INTRODUCTION Fe’, Co™, Ni**, Cu”, Zn*),* and [{Fe"'(CN)s},{Mn"'(BS)}n]*

((n, m) = (1, 1), (1, 2), (1, 4); BS = N,O, salen-type Schiff-base
The self-assembly reaction has been applied for the formation of ligand)®, are all synthesized by the assembly reaction of the donor
supramolecules and multidimensional materials.* Molecular-based and acceptor components. The assembly structure involving the

donor/acceptor ratio depends on the selection of the proper com-
ponents, in which the stereochemistry and the electronic effects
by modifications of the ligand and metal ions can result in differ-
ent assembly structures. There are many cases in which the steric
effect from the substituent of the ligand produces different assem-
bly structures.” For example, (1) the iso-propyl and phenyl sub-
stituents of Mn(hfa),NIT-R give 1D and cyclic hexanuclear struc-

magnets have been successfully synthesized by the assembly reac-
tion of multicomponents, which have the donor and acceptor co-
ordination abilities.>” The donor and acceptor components have
magnetic moments and the magnetic interaction between them
extends to the supramolecule or dimensional lattice, depending on
the nature of the magnetic interaction and the assembly manner, to
produce various molecular-based magnetic materials. The repre-

sentative molecular-based magnets, MnCu(pba)(H,0)3-2H,0, Fures,3 r”esgectivgly, and (2) the methyl and the phenyl substituents
MnCu(pbaOH)(H,0); (pba =1,3-propylenebis(oxamato), pbaOH in [Cu'L7] (L™ = N-(2-R-imidazol-4-ylmethylidene)-2-amino-
= 2-hydroxy-1,3-propylene-bis(oxamato)),? Mn(hfa),NIT-R (hfa ethylpyridine, R = methyl and phenyBI) give cyclic tetranuclear and
= hexafluoroacetylacetonato, and NIT-R (R = iso-propyl, phenyl) hexanuclear structures, respectively.” The chirality must be a rele-
= 2-R-4,4,55-tetramethyl-4,5-dihydro-1-H-imidazoyl-1-oxy-3- vant element to generate the definitely different assembly struc-
oxide),® [Fe(MesCs),] " [TCNE] -MeCN ([Fe(MesCs),]* = dec- ture, as exemplified by spontaneous resolution of tartaric acid
amethylferrocenium, ~ [TCNE]” = tetracyanoethenide),* salts.” However, there are only a few examples in which the chi-

NBu,[M""Cr'"(0x)s] (NBu, = tetra(n-butyl)ammonium, M"' = Mn2* rality of the component produces different assembly structures in



the molecular-based magnet.'® In addition to the assembly struc-
ture, the chirality in the molecular-based magnets has attracted
much attention recently in evolving new functions, like nonlinear
magnetic property and chiral magnetic effects.'!" 12

In this study, we report that chiral discriminative assembly re-
actions of racemic and chiral Cu" complexes with
Ln"'(NO3);-6H,0 produce distinctly different structures: centro-
symmetric circular (Cu"Ln"", and chiral 1D (Cu"Ln"),,. struc-
tures. As shown in Scheme 1, the chiral and racemic Cu" com-
plexes used in this study are of Na[Cu"L%ReR] and
Na[Cu"L%e"1S29)] "and Na[Cu'"'LIPen(ReR1S29)] respectively, where
H,L%Pe"AR2R) g 3 chiral N,O, ligand abbreviated from N-((1R,2R)-
2-(((E)-3-ethoxy-2-hydroxybenzylidene)-amino)-1,2-diphenyl-
ethyl)-2-hydroxybenzamide, HsL%*"R?R) denotes its 15,25 form,
and HL9PenAR2ZRIS2S) s the racemic ligand. The Cu'' complex acts
as a cross-linking ligand-complex with donor coordination abili-
ties to Ln"" ion at two phenoxo oxygen atoms and one ethoxy ox-
ygen atom of one side of the square planar complex and at an am-
ido oxygen atom on the other side. Ln"'(NO3);-6H,0 functions as
an acceptor component, exhibiting acceptor coordination abilities
at both the vacant and substitutable coordination sites. As shown
in Scheme 1, the assembly reaction of the racemic Cu'" component
Na[Cu"L9PenR2RS29)] with Ln"'(NO3)3'6H,0 gave a centrosym-
metric  circular  (Cu''Ln"), complex [Cu'"|LdPen(IR2RISZS)
Ln"'(NOj),],-solvent (1Gd, 1Tb, 1Dy). On the other hand, the
reaction of the chiral Cu" component Na[Cu''L%*"R2R)] ith
Ln"(NO,)s- 6H,0 gave a chiral chainlike (Cu"Ln""),,, complex
[Cu"LPeNIRZR {1T(NO,),(CH3CN)]1.-CHICN (2Gd, 2Tb, 2Dy).

The Cu" component has a magnetic moment due to S = 1/2 spin
state of its d° electronic configuration. The Ln"" ions used in this
study are Gd"', Tb", and Dy", and they have large magnetic
moments due to their ground states: Gd"" (4f7, J=7/2,S=7/2,L =
0, 8S;,), TO" (4f% 0 =6,5 =3, L =3, 'Fg), and Dy"" (4f° J =
15/2, S = 5/2, L = 5, ®Hy5,).2® Magnetic interaction can occur be-
tween Cu" and Ln"" ions through phenoxo and amido groups. For
cu'"'Ln" complexes (Ln"' = Gd"', Tb"', Dy""), it has been known
that ferromagnetic interaction through various bridging groups is
operating.'* Therefore, it is anticipated that the magnetic interac-
tion in the supramolecule or crystal lattice, depending on the as-
sembly structure to give molecular-based magnets. While the Gd"!
ion is magnetically isotropic due to the ground state of Gd"" (47,
J=7/2,58=7/2, L =0, 5,,), the Th"" and Dy" ions have large
magnetic anisotropy due to the ground states of Th'"' (4f8, J=6, S
=3,L =3, Fg) and Dy"' (4f° J = 15/2, S = 5/2, L = 5, ®Hsp).
Since the discovery of single-molecule magnets (SMMs) in a
Mny, cluster in 1993, many synthetic designs for SMMs have
been developed based on d-cluster molecules,*® mononuclear and
polynuclear f-complexes,*” and d—f complexes.® A high-spin
ground state and large magnetic anisotropy are required for the
synthetic design of SMMs. Thus, it is anticipated that Cu'-Ln""
complexes with Ln"" = Tb"" and Dy"' would exhibit SMM behav-
iors. Two pairs of Cu"-Ln"" complexes with circular and chainlike
structures, (1Tb, 2Tb) and (1Dy, 2Dy), would be good candidates
for SMM and single-chain magnet (SCM).'® We report here the
synthesis, structures, and magnetic properties of these complexes.

Scheme 1. Chiral discriminative assembly reactions of the ra-
cemic and chiral Cu'" components of [Cu'"L9PeN(R2RIS29)~ ang
[Cu"L9PnR2RT™ with Gd'"'(NO3);'6H,0, leading to centro-
symmetric circular 1Gd and chiral chainlike 2Gd structures

4 +  Gd"(NOy)y6H,0

* * = RR/SS racemic mixture * * = RR chiral compound

L = CH,.CN
1Gd 26Gd -

RESULTS AND DISCUSSION

Synthesis and Characterization of Circular and Chainlike
cu-Ln"  Complexes (Ln" = &d", Tb", Dy")
Cu'!|L9pen(tR2RAS29) lII(NO,),(H,0)], (1Gd, 1Tb, 1Dy) and
[Cu'"LEPeNIR2R) | nIM(NO4),(H,0)]1 (2Gd, 2Th, 2Dy). Racemic
and optically pure N,O, ligands, HyL9PeIR2R/S29) ) dpen(IR2R)
and H,L%*"S29) \were prepared by a two-step reaction via inter-
mediate compounds. In the first step of the synthesis of the race-
mic ligand H,L%PeNIRZRAS2) the 1:1 condensation product of
phenylsalicylate and a racemic mixture of (1R,2R/1S,2S)-1,2-
diphenylethanediamine, i.e., N-((1R,2R/1S,2S)-2-amino-1,2- di-
phenylethyl)-2-hydroxybenzamide, was obtained as an intermedi-
ate compound. The 1:1 product was reacted with 3-
ethoxysalicylaldehyde in a 1:1 molar ratio to give the tetradentate
ligand HL9Pe"(R2RAS29) a5 4 vellow crystalline material. The chiral
tetradentate ligands HyL%"R2R) and H,L%"(S2) are similarly
synthesized using (1R,2R)-1,2-diphenylethylenediamine and
(1S,2S)-1,2-diphenylethylenediamine, respectively.

The racemic Cu'" complex Na[Cu'""L9e"R2RISZN.olvent was
synthesized by mixing the racemic ligand HaL9Pe"(R2R/IS2S) oo
per(ll) acetate monohydrate, and NaOH in a 1:1:3 molar ratio in
methanol. The resulting crude product was recrystallized from a
mixed solution of acetonitrile and a small amount of ethanol to
precipitate  deep-red block crystals with the formula
Na[Cu'"L9PenR2RIS2S).CH,CN, as confirmed by X-ray structural
analysis. The crystals exhibited efflorescence to eliminate the ace-
tonitrile molecule and partially absorb the moisture under the
open atmosphere, giving the product with the chemical formula
Na[Cu'"LePe(R2RI1SZS)1. 1, 0-0.5CH,CN.  The elemental analysis
agrees with the formula and the detailed efflorescence process
was confirmed by TGA analysis (Supplementary Material S1).
TGA analysis detected weight loss corresponding to
H,0-0.5CH;CN, and this result agrees with the elemental analy-
sis. The optically pure complex Na[Cu'"L%®*"R%].solvent was
synthesized by mixing the optically pure HsL%*"R2R copper(1l)
acetate monohydrate, and NaOH in a 1:1:3 molar ratio in metha-
nol. The resulting crude product was recrystallized from a mixed
solution of acetonitrile and a small amount of ethanol to obtain
deep-red block crystals with the formula
Na[Cu''L9*@R2R)].2CH,CN, which was confirmed by X-ray
structural analysis. The crystals exhibited efflorescence to elimi-
nate the acetonitrile molecule and absorb the moisture under open



atmosphere, giving the product with the chemical formula
Na[Cu"L%eR2R).H4,0, which agrees with the elemental analysis.
The detailed efflorescence process was confirmed by TGA analy-
sis (Supplementary Material S1). TGA analysis detected weight
loss corresponding to H,0.

Two groups of Cu"-Ln"' assembly complexes (Ln"' = Gd"',
Tb“l, Dy“l), [CullLdpen(lRZR/lSZS)LnIII(No3)2]2 (1Ln) and
[Cu"LPenARZR) R IT(NO,),(CH3CN)],.-CHsCN (2Ln), were syn-
thesized by the assembly reaction of the racemic and optically
pure  Cu'  components  Na[Cu'L%**"R*®.H,0  and
Na[Cu'"LL¢Pen(R2RIS2S). 1, 0.0 5CH,CN - with  Ln"" components
Ln"(NO3);:6H,0. In the assembly reaction, the copper(ll) com-
ponent functions as a cross-linking ligand-complex at the phenoxo
and amide oxygen atoms. The 1:1 assembly reaction of
Na[Cu''L9PenR2RIIS2S).1y.0.0.5CH;CN and Ln"'(NOj);-6H,0 in
CH,CN gave dark gray crystals for 1Gd and blue-green crystals
for both 1Tb and 1Dy, with the formula
[Cu"LoPenAR2RAS2) 11l (NO,),],-XH,O-YCHZCN (x = 0 and y = 0
for 1Gd, x =2 and y = 2 for 1Th, and x = 0 and y = 2 for 1Dy).
These chemical formulas were confirmed by X-ray structural
analysis. TGA analysis detected weight loss corresponding to
xH,O'yCH3CN. These results are given in Supplementary Materi-
al S2. The 1:1 assembly reaction of Na[Cu''L%*"®R?¥].H,0 and
Ln"'(NOs);-6H,0 in CHsCN gave pale red rectangular crystals of
[Cu"LPeNIRZR R I(NQ,),(CHCN)],.,-CH3CN (2Ln). The crys-
tals exhibited efflorescence to eliminate the acetonitrile molecule
and absorb the atmospheric moisture under open atmosphere, giv-
ing the product  with the chemical formula
[Cu"LPeNARZR R IT(NQ,),],,.-1.5H,0. The detailed efflorescence
process was confirmed by TGA analysis (Supplementary Material
S3). TGA analysis detected weight loss corresponding to 1.5H,0
and these results agree with the elemental analysis.

The IR spectra of the ligands, Cu" complexes, and Cu"-Ln""
complexes showed the characteristic strong peaks assignable to
C=N and C=0 stretching vibrations. The C=N stretching vibra-
tions for the ligands, Cu" complexes, 1Ln, and 2Ln were ob-
served at 1626, 1625-1624, 1634, and 1634-1633 cm*, respec-
tively. The amido C=0 stretching vibrations of the ligands, Cu"
complexes, 1Ln, and 2Ln were observed at 1595-1589,
1567—1561, 1576—1574, and 1570 cm*, respectively.'® The ami-
do C=0 peak is affected by the coordination to the Ln"" ion and
the bridging mode. The bridging angle of the C=0O—Ln of 2Ln is
larger than that of 1Ln, as described in the X-ray section.

STRUCTURAL DESCRIPTION

Racemic  Copper(ll)  Complex  [(CHsCN)NaCu'-
[ dPen(R2R/S2S)] “Taple 1 shows the X-ray crystallographic data for
the racemic and chiral copper(ll) component complexes. Table 2
shows their relevant bond distances and angles. The racemic cop-
per(11) complex [(CH;CN)NaCu"-L%Pen(ReRAS29)] crystallized into
a centrosymmetric space group Pbca (No. 61). The crystallo-
graphically unique unit consists of one Na* cation, one complex-
anion [Cu'"L%*"R2R)]- or mirror imaged [Cu'L%*"*S29)]" and one
CH3CN molecule. Figure 1 shows the molecular structures of
[(CH;CN)NaCuL®*"R2%] with the selected atom numbering
scheme. The Cu' ion has a square-planar coordination geometry
with N,O, donor atoms of a trinegative tetradentate ligand
(L%en@R2RY3 - The coordination bond distances are Cu—O(1) =
1.881(3), Cu—0O(2) = 1.907(3), Cu—N(1) = 1.889(4), and Cu—N(2)
=1.922(4) A, in which the Cu—O(2) and Cu—N(2) bond distances
at the 3-ethoxysalicylaldehyde moiety are longer than the corre-
sponding values of Cu—O(1) and Cu—N(1) at the 2-oxybenzamido
moiety. This demonstrates that the NO donors of the 2-oxy-3-
ethoxybenzylidene moiety give a weaker ligand field than those of
the 2-oxybenzamido moiety.

Figure 1. Molecular structure of [(CH3CN)NaCuldPen(iR2R/1525)]
with the selected atom numbering scheme. Hydrogen atoms ex-
cept for those of the (1R,2R)-diphenylethane moiety are omitted
for clarity.

The Na* ion is coordinated by four oxygen atoms—two phe-
noxo oxygen atoms, O(1) and O(2), and one ethoxy oxygen atom
O(4), along with an amido oxygen atom, O(3)*, of an adjacent
anion-complex [Cu'"L%PeNARZ]- (= 1—x 1/2+y, 1/2-7Z), and one
nitrogen atom N(3) of CH3CN molecule. These distances are
Na—O(1) = 2.354(4), Na—O(2) = 2.274(4), Na—O(4) = 2.552(4),
Na-O(3)* = 2.187(4), and Na-N(3) = 2.418(5) A. Among the
four Na—O distances, the distance of Na—O(3)* = 2.187(4) A be-
tween a Na* ion and the amido oxygen atom O(3)* is the shortest.
Because of the Na—O(3)* bond, the Cu" complex forms a 1D
chain structure as shown in Figure 2. Within a zigzag chain, the
two adjacent molecules linked by a Na*ion are related by a sym-
metry operation of the 2;-screw axis to a form homochiral 1D
chain [(CH3CN)NaCuL%*"R2R)],  The adjacent chains with the
different chiralities, i.e., [(CH;CN)NaCuL%e"R2], ~ and
[(CHsCN)NaCuL%"1$297, " are arrayed along the b-axis to give
a racemic crystal.

b axis

c axis

Figure 2. Adjacent 1D chains of [(CH;CN)NaCul %PentRer/1S2)]
Homochiral chains with different chiralities, i.e.,
[(CHSCN)NaCuLe"(R2R)1, (green) and
[(CHSCN)NaCuL®e"(52)], (red), run along the b-axis. Na* ion
acts as a connector to form a homochiral chain.

Chiral Copper(l1) Complex [(CH3CN)NaCu''L9Pen(R2R).
‘CH3CN. The chiral copper(ll) complex
[(CH;CN)NaCu'"L%*"R2R).CH,CN  crystallized into a chiral
space group P2,2,2; (No. 19). The crystallographically unique
unit consists of one Na® cation, one complex-anion
[Cu"L%enIRZR- “and two CHLCN molecules. Figure 3 shows the
molecular structure of [(CH;CN)NaCuL%®*"R2R7 with the select-
ed atom numbering scheme. The Cu' ion has a square-planar co-
ordination geometry with N,O, donor atoms of a trinegative tetra-



dentate ligand (L%*"R2R)> The coordination bond distances are
Cu—O(l) = 1.8873(16), Cu—0O(2) = 1.9157(13), Cu—N(l) =
1.9034(15), and Cu—N(2) = 1.9383(18) A, in which the Cu—0(2)
and Cu—N(2) bond distances at the 3-ethoxysalicylaldehyde moie-
ty are longer than the corresponding values of Cu—O(1) and
Cu—N(1) at the 2-oxybenzamido moiety. This demonstrates that
the NO donors of the 2-oxy-3-ethoxybenzylidene moiety give a
weaker ligand field than those of the 2-oxybenzamido moiety.

Figure 3. Structure of [(CHzCN)NaCuL®*"R2].CH,CN with the
selected atom numbering scheme. Hydrogen atoms except for
those of the (1R,2R)-diphenylethane moiety are omitted for clari-

ty.

Table 1. X-ray Crystallographic Data for Na[Cu''-
Ldpen(lRZR/lSZS)]_CH3CN and Na[cullLdpen(lRZR ]'2CH3CN

Na[CuIILdpen(lRZRIISZS)] Na[CuIILdpen(lRZR)].Z

The adjacent chains with the same chirality are arrayed and
stacked along the b-axis to give a chiral crystal.

b axis

c axis

Figure 4. Adjacent 1D chains of [(CH5CN)NaCuLenR2R,
with same chirality running along the b-axis.

Table 2. Selected Coordination Bond Lengths (A) and Angles
(o) for Na[cuIILdpen(lRZR/ISZS)]_CHSCN and Na[CuIILdpen(lRZR)]_
*2CH3;CN

Na[CuIILdpen(lRZRMSZS)] Na[CuIILdpen(lRZR)]

‘CH3CN CH3CN
formula C3H2sN30,CuNa C34H3:N4O4,CuNa
fw 605.13 646.18
cryst syst orthorhombic orthorhombic
space group Pbca (No.61) P2,2,2, (N0.19)
a, A 17.2573(7) 10.5113(3)

b, A 13.7983(5) 14.3575(4)
c, A 23.6297(8) 21.2636(6)
v, A 5626.8(4) 3209.0(2)
z 8 4

T, K 150 150
F(000) 2504.00 1340.00
Dearea, g €M™ 1.429 1.337

4, mm™ 0.8346 0.7372

A A 0.71075 0.71075

R, Rw 0.0559, 0.0892 0.0325, 0.0466
Flack - 0.000(8)

The Na" ion is coordinated by four oxygen atoms consisting of
two phenoxo oxygen atoms O(1), O(2) and one ethoxy oxygen
atom O(4), along with an amido oxygen atom O(3)* of an adja-
cent anion-complex [Cu''LePenR2R™ (+: 1—x 1/2+y, 1/2-7), and
one nitrogen atom N(3) of CH;CN molecule. These distances are
Na—O(1) = 2.3326(15), Na-O(2) = 2.2891(16), Na-O(4) =
2.5691(17), Na-O(3)* = 2.1791(16), and Na—N(3) = 2.394(3) A.
Among the four Na—O distances, the distance of Na—O(3)* =
2.1791(16) A between a Na* ion and the amido oxygen atom
O(3)* is the shortest. Becuase of the Na—O(3)* bond, the Cu"
complex forms a 1D chain structure running along the b-axis as
shown in Figure 4. Within a chain, the two adjacent molecules
linked by a Na*ion are related by a symmetry operation of the 2;-
screw axis to form chiral 1D chain [(CH3CN)NaCuL*@R2Ry,

-CH;CN -2CH5;CN
Bond Lengths (A)
Cul-01 1.881(3) 1.8373(16)
Cul-02 1.907(3) 1.9157(13)
Cul-N1 1.889(4) 1.9034(15)
Cul-N2 1.922(4) 1.9383(18)
Nal-01 2.354(4) 2.3326(15)
Nal-02 2.274(4) 2.2891(16)
Nal-03* 2.187(4) 2.1791(16)
Nal-O4 2.552(4) 2.5691(17)
Nal-N3 2.418(5) 2.394(3)
Nal—-N3 2.418(5) 2.394(3)
Bond Angles (°)

01-Cul-02 85.96(12) 85.97(6)
01-Cul-N1 96.44(14) 96.29(7)
01-Cul-N2 175.09(14) 176.52(8)
02-Cul-N1 172.66(14) 176.13(7)
02-Cul-N2 92.42(14) 92.28(7)
01-Nal-02 67.80(11) 68.25(6)
01-Nal-03* 100.31(12) 104.10(6)
0O1-Nal-N3 103.28(14) 102.55(9)
02-Nal-04 64.49(11) 63.29(5)
03*Nal-N3  120.41(15) 114.90(10)
Nal-O3*-C7* 166.3(3) 162.22(14)

(*51-x,12+y,1/2-72)

As described above, the racemic Cu" complex, [(CH;CN)Na-
CuL 9en@R2RAS2S)] has a similar chainlike structure to the chiral
cu" complex, [(CHs;CN)NaCuL%®="R2R)] “in which within a
chain two adjacent molecules with the same chirality are linked
by a Na*ion to form a homochiral chain. The assembly reaction
of the racemic mixture {Cu'""L%R2RISZN= a5 donor component
with Na* ion as acceptor component in CH;CN generates a homo-



chiral chain and the adjacent two chains with opposite chiralities
of [(CH;CN)NaCuL%™"R2R)], ~and [(CHZCN)NaCuL%®e@s29)],
are stacked alternately and coexist in a crystal. It demonstrates
that the assembly reactions of the racemic mixture and the chiral
component with Na* ion give the similar homochiral chainlike
assembly structure. It demonstrates that the definitely different
assembly structures have not been obtained using the Na* ion as
the acceptor component.

Circular Tetranuclear Structure of [Cu''Ldren(tR2RAS2S)
Ln'"(NOs),], (1Gd, 1Th, 1Dy). The assembly reaction of the ra-
cemic  copper(ll) complex of  Na[Cu''LoPen(R2R/1S2S)]
‘H,0:0.5CHLCN and Ln"'(NO3);-6H,0 (Ln"' = Gd"', Tb"', Dy'"")
in acetonitrile produced plate crystals of
[Cu"LPenARZR K I(NO,),(CHLCN)], (1Gd, 1Tb, and 1Dy for
Ln" = Gd", Tb", and Dy""). 1Gd crystallizes as dark gray plate
crystals in a centrosymmetric triclinic space group P-1 (No. 2).
1Tb and 1Dy crystallize as blue-green plate crystals in a centro-
symmetric monoclinic space group P2;/n (No. 14). Table 3 shows
the X-ray crystallographic data for 1Gd, 1Tb, and 1Dy. Table 4
shows their relevant bond distances and angles; Figures 5(a) and
(b) show the centrosymmetric circular [Cu',Ln""',] structures of
1Gd and 1Tb with the selected atom numbering scheme.

Though these three complexes are not isomorphous to each
other, they have a similar circular tetranuclear structure to 1Gd.
The structure of 1Gd is described in detail. The crystallographic
unique unit consists of one of [Cu"L%®"RPGH(NO,),] and
[Cu"'LePenIS2S) G (NO,),], where the two enantiomorphs are re-
lated by an inversion center. In the binuclear structure of
[CullLdpen(lRZR)Gdlll(No3)2] or [CulILdpen(lSZS)Gdlll(No:g)z], the CU“
and Gd" ions are bridged by the two phenoxo oxygen atoms of
Cu"LIPen(R2R) o Cy!'_oPenSZS) with Gd—Cu = 3.370(1) A. Two di-
-phenoxo-bridged [Cu"Gd""] units, [Cu"LPR2RIGH"(NO,),]
and [Cu"L%"ES2)Gd'"(NO,),], with opposite chiralities are
linked by amido oxygen atoms O3 and O3*, with Gd—O3* =
2.267(7) A (*; 1-x, 1-y, 1-z) to form a circular [Cu",Gd"",]
structure with Gd—Cu* = 5.627(1) A. The Cu" ion has a square
planar coordination geometry and the equatorial coordination sites
are occupied by N,O, donor atoms of the electronically trineg-
ative ligand Le"(R2R) o cy!' %en(152) Gd" jon has an octacoor-
dination geometry with Og oxygen atoms, consisting of the four
oxygen atoms of two NOj™ ions as bidentate chelate ligands and
three oxygen atoms as a tridentate “ligand-complex,”
Cu'"LIPen(R2R) o cyM'L9Pen(S28) in 3 pinuclear unit, and an amido
oxygen atom as a monodentate ligand from the other “ligand
complex.” The Gd"'Og coordination geometry is best described as
a triangular dodecahedron (TDD) by SHAPE analysis.?’ whose
result is given in supplementary data S3. The angles of the bridg-
ing CuO,Gd core of the binuclear unit are Cu—-O1-Gd =
103.66(19)° and Cu—02-Gd = 104.71(19)°. The amido-bridge
gives the angle of Gd—03*-C7* = 133.9(5)°.

Figure 5(b) shows the centrosymmetric circular [Cu",Tb"';]
structure similar to 1Gd. The crystallographic unique unit consists
of half of the [Cu",Th"',] structure, where two enantiomorphs,
[CUIILdpen(lRZR)(Hzo)Tbl“(NO3)2] and [CU“Ldpen(lSZS)(Hzo)-
Tb"(NO,),], related by an inversion center are linked by amido
oxygen atoms O3 and O3*~Tb—03* and Tb*—03 = 2.2249(13) A
(*; 1-x, 1-y, —z) to form a circular [Cu"Tb""], structure with
Tb—Cu* = 5.7174(3) A. The noteworthy difference from 1Gd is
found in the coordination geometry of the Cu" ion. The Cu" ion
has a square pyramidal coordination geometry, and the axial co-
ordination site is occupied by the oxygen atom of a water mole-
cule with Cu—O11 = 2.4146(16) A for 1Tb, and by the nitrogen
atom of acetonitrile with Cu—N5 = 2.413(3) A for 1Dy. The pale
reddish color of 1Gd is ascribed to the square planar coordination
geometry of the Cu" ion, and the green color of 1Tb and 1Dy is
ascribed to the square pyramidal coordination geometry, on the

basis of the results of a number of Cu'" complexes with similar
N,O, tetradentate Schiff-base ligands.?

Figure 5. () circular  structure  of

Centrosymmetric
[Cul|Ldpen(lRZR/lSZS)GdIII(N03)2]2 (1Gd) and (b)
[Cu'"L9Pen@RZRAS2) 1y, 5)Th'(NO5),], (1Th). For 1Tb, the axial
coordination site of Cu" ion is occupied by the oxygen atom of a
water molecule O11.

Chainlike ~ Structure  of  [Cu''L9RZR) fNI(NO,),-
(CH3CN)],,-CH3CN (2Gd, 2Th, 2Dy). The assembly reaction of
the optically pure copper(l1) complex Na[Cu'"L%*"R2R].H,0 and
Ln"(NO3)36H,0 (Ln"' = Gd", Tb", Dy"") in acetonitrile pro-
duced red block crystals of [Cu""L%e"R2V n1(NO,),(CHLCN)] e,
(2Gd, 2Th, and 2Dy). They crystallized into a chiral orthorhom-
bic space group P2;2,2; (No. 19) with similar cell dimensions.
Table 3 shows the X-ray crystallographic data for 2Gd, 2Thb, and
2Dy. Table 4 shows their relevant bond distances and angles.

As the three compounds have an isomorphous structure, the
structural description of 2Gd is described. The 1D structure of
2Gd with the relevant atom numbering is shown in Figure 6. The
crystallographic unique unit consists of
[Cu"LePenIRZ_p1(NO,),(CHLCN)] and one acetonitrile as the
crystal solvent, in which the Cu" and Gd"" ions are bridged by two
phenoxo oxygen atoms of Cu'"'L%*"™R2R) with Gd—Cu = 3.3348(9)
A, to form a binuclear [Cu"Gd""] unit. Two adjacent [Cu"Gd""]
units with same chirality are related by a symmetry operation (*;
1-x, —1/2+y, 1/2-z) and are linked by an amido oxygen atom
with the Gd—03* = 2.228(5) A, and the linkage is repeated to
form a 1D structure running along the b-axis of
)[&Cu”Ldpe”(lRZR)Gd'”(Nog)z(CHg,CN)]lw, with Gd—Cu* = 6.2326(9)

The Cu" ion has a square planar coordination geometry with
N,O, donor atoms of the asymmetrical tetradentate ligand
LL9PenR2R) “and the red color is due to the square planar coordina-
tion geometry around the Cu" ion. The Gd"" ion has a nonacoor-
dinate geometry with NOg donor atoms, consisting of the nitrogen



atom of the acetonitrile molecule with the Gd—N5 = 2.570(7) A,
four oxygen atoms of two NO;™ ions as bidentate chelate ligands,
three oxygen atoms as a tridentate “ligand-complex™ at one side,
and an amido oxygen atom as a monodentate ligand at the oppo-
site side. The Gd""NOg coordination geometry is best described as
a muffin (MFF) by SHAPE analysis, while the circular tetranucle-
ar complex 1Gd has an octacoordinate geometry with Gd'""'Og and
is best described as a triangular dodecahedron (TDD).% The an-
gles of the bridging CuO,Gd core are Cu—O1-Gd = 99.26(18)°
and Cu—02—-Gd = 103.4(2)°, whose values are smaller than the
corresponding values of Cu—O1-Gd = 103.66(19)° and
Cu—02-Gd = 104.71(19)° of 1Gd. The amido-bridge gives the
angle of Gd—O3*—C7* = 177.6(4)°, which is larger than the cor-
responding value of Gd—03*-C7* = 138.82(12)° of the circular
tetranuclear complex 1Gd.

IILdpen(lRZR)_

Figure 6. One-dimensional chain structure of [Cu
Gd"(NO3),(CH;CN)],,., where the phenoxo-bridged binuclear
[Cu"Gd" ] units are alternately linked through the amido oxygen
to form a chainlike structure along the b-axis.

General Procedure of Magnetic Measurements. The temper-
ature dependences of the magnetic susceptibilities for the two se-
ries of Cu"Ln"' complexes (1Ln) and (2Ln) were measured on
powdered samples dispersed in paraffin at a temperature range of
1.9-300 K under 0.5 T. The field dependences of the magnetiza-
tion with and without liquid paraffin were measured at 1.9 K from
0 to 5 T. The ac magnetic susceptibilities were measured as a
function of the temperature from 2 to 20 K under 0, 1000, and
2000 Oe applied dc field and 5 Oe oscillating field at frequencies
ranging from 10 to 10000 Hz. The experimental magnetic suscep-
tibility ysq.4r Can be compared with the values for one 3d and one
4f noninteracting ions, ys3q and yu, which can be evaluated by
equations (1) and (2), respectively.

230 = (NG°FIBKT)[S(S + 1)] (1)
2ae= (NG FIBKTA + 1)), 95=3/2+[S(S+1)—L(L+
1)]/23(0 + 1) @)

Circular Tetranuclear (Cu''Gd"), 1Gd and Chainlike
(Cu'Gd""),,, 2Gd. The magnetic behaviors of 1Gd and 2Gd are
shown as the plots of yT versus T and 1/ versus T in Figure
7(a), where yy is the molar magnetic susceptibility per Cu"Gd"
and T is the absolute temperature. The T values for 1Gd and
2Gd at 300 K are 8.84 and 8.37 cm® K mol™, respectively. These
values are comparable to each other and slightly larger than the
calculated value of 8.25 cm® K mol™ expected for one Cu" (S =
1/2) and one Gd"' (4f", J = 7/2,L = 0, S = 7/2, 8S,,,) noninteract-
ing ions. The plots of 1/yy versus T for 1Gd and 2Gd follow the
Curie-Weiss equation (1/yy = (T-6)/C), with Weiss constants of &
= +2.8 K and 0 = +3.0 K, respectively, clearly indicating ferro-
magnetic interaction.

Upon lowering the temperature, the yT value of 1Gd increas-
es gradually to reach a maximum value of 14.00 cm® K mol™* at
4.0 K and then decreases abruptly to 11.83 cm® K mol™ at 1.9 K.
The maximum value of yuT is larger than the value of 9.85 cm® K
mol™ expected for isolated S = 4 spins resulting from ferromag-
netic coupling between the Cu" (S =1/2) and Gd"" (S =7/2) ions of
the dinuclear unit, but is also smaller than 18.0 cm® K mol™ ex-
pected for half of the S = 8 spin state of the fully ferromagnetical-
ly coupled Cu",Gd"', spin system. The abrupt decrease in yyT in
the lower-temperature region can be ascribed to a weak intra-
and/or intermolecular antiferromagnetic interaction.

The profiles of yT versus T plots of 2Gd show a significant
difference from 1Gd in the lowest-temperature region. The T
value of 2Gd increases monotonically to become 20.65 cm® K
mol™ at 1.9 K. The increase in the yT value indicates the occur-
rence of a ferromagnetic interaction between Cu" and Gd"" ions.
The largest value of yuT = 20.65 cm® mol™ K at 1.9 K is larger
than 9.85 cm® mol™ K expected for an S = 4 spin state resulting
from ferromagnetic coupling between Cu"" (S = 1/2) and Gd"' (S =
7/2) in a dinuclear Cu"-Gd"" unit and is even larger than 18.0 cm®
mol ! K expected for an S = 8 x 1/2 spin state in a ferromagneti-
cally coupled tetranuclear Cu""-Gd"'-Cu"-Gd"" unit.
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Figure 7. (a) Plots of yuT versus T and 1/ versus T for 1Gd
(blue triangle) and 2Gd (red circle), where gy is the molar mag-
netic susceptibility per CuGd. The blue solid line for 1Gd in yyT
versus T curve represents the theoretical curve with the parame-
ters gey = 2.31, ggg = 2.03, J; = +4.6 cm™, J, = +1.8 cm™, and zJ'=
—0.013 cm™. The red solid line for 2Gd in the yT versus T curve
represents the theoretical curve derived from the spin Hamiltonian
based on the chain structure with parameters gc, = 2.21, ggq =
2.00, J; = +4.2 cm, J, = +0.037 cm™. (b) Field dependence of the
magnetization up to 5 T of 1Gd (red circle) and 2Gd (blue trian-
gle) at 1.9 K as plots of M/N/ versus H, where the magnetization
M is the value per CuGd. The experimental M/Ng value is much
higher than the calculated curves of Brillouin functions expected
for magnetically isolated one Cu" (S = 1/2) and one Gd"' (4", J



=7/2,L=0,S=17/2, 887,2) ions (blue solid line) and S = 4 ex-
pected for the ferromagnetic coupled binuclear CuGd unit (blue
dotted line). The calculated curve with the Brillouin function of S
= 8x1/2 ((Cu"-Gd"'-Cu"-Gd"")/2) is drawn in the black solid
line.

To reproduce the magnetic susceptibility data of 1Gd and to
evaluate the magnetic interaction parameters, we used the spin-
only Hamiltonian (3) based on the circular tetranuclear Cu',Gd""',
structure, whose spin structure is shown in Scheme 2(a).

H = gcuB(Scu1 + Scu2)'H + deaSear + Seaz) *H — J1(ScuScar +
ScuzSedz) — J2(ScurSedz + ScuzSear) (3)

In equations (3), gc, and ggq are the g-factors for the Cu'" and
Gd"" ions, respectively, H is the applied magnetic field, J; is the
Heisenberg coupling constant between Cu" and Gd"" ions through
two phenoxo monoatomic bridges, and J, is the Heisenberg cou-
pling constant between the Cu" and Gd"" ions through a three-
atom N-C=0 amido bridge.

Scheme 2. Spin structures for the (a) circular tetranuclear (Cu'"
Gd"", complex and (b) chainlike (-Cu"Gd""-),.. complex.
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The magnetic susceptibility of 1Gd at each temperature was
calculated using the following theoretical equation (4),
2 =[NZi(—dEi/dH)exp(-E/KT))/[HZexp(-E/KT)] 4)
where the energy level, E;, was evaluated by diagonalizing the
Hamiltonian matrix (with dimensions 256 x 256) in the uncoupled
spin function basis set. Moreover, a molecular field term -
2J'<S,>S, was added to the Hamiltonian to describe the molecular
interactions between the tetrameric units. The magnetic suscepti-
bility data over the entire range of temperatures of 1Gd were well
reproduced with an agreement factor R as low as 1.1x10™, and
best-fit parameters of gc, = 2.31, ggg = 2.03, J; = +4.6 cm™, J, =
+1.8 cm™?, and zJ'= —0.013 cm™ were obtained. The theoretical
curve is drawn by the blue solid line in Figure 7(a). The positive
signs of J; and J, indicate that ferromagnetic interactions are op-
erating between Cu' and Gd"' ions, both through the di-z-
phenoxo bridge and the amido Cu—N-C=0-Gd bridge. The mag-
nitudes of the J; and J, values are in the range of values reported
previously for Cu"'Gd"" polynuclear complexes with similar di-z-
phenoxo and amido Cu—-N-C=0-Gd bridges.?

A rigorous analysis of the magnetic susceptibility data of 2Gd
would require the spin-only Hamiltonian (equation (5)) based on
the linear chain structure of (-Cu"-Gd""-),,., whose spin structure
is shown in Scheme 2(b) and all symbols have the same meaning
as in equation (3).

H = geuB(Scur + Scuz) H + 9eaf(Scar + Sedz)-H —2i(J1Scui Sci
+J586di Scuiv1)  (4)

Because of the complexity of such a Hamiltonian, a quantita-
tive evaluation of the magnetic interaction parameters J; and J, is
possible only resorting to drastic approximations. We will employ
a previously proposed “chain of dimers” model, where strongly
coupled di-z-phenoxo bridged Cu"Gd"' dimers are assumed to act
as effective Sy classical spin systems weakly interacting along the
chain through the amido bridges.Z The effective Sy spin can be
obtained as

Sq =¥ {-1 +[1 + 44T /(0.1251g3)] ¥},

where g is the average g-value and 4 is the susceptibility per Cu"
'Gd"" dimer, given by:

2l =(4Nilke)[150,+7gsexp(-4,/kgT))/[9+7exp(~
431/kgT)],
where g4 = (7ggq + Jcy)/8 is the g-value associated with the lowest
lying S = 4 level and g3 = (99cq— Jcu)/8 is the g-value associated
to the highest S = 3 level.

The final susceptibility for the infinite chain of classical spins,
Zchain» can be obtained according to the Fisher’s model® using the
Drillion function® as

Herain = [NB9?S4(Sa+ 1)/3kgT](1 + U)/(L - U)
u = coth[2J,S4(Sq + 1)/kgT] — [KsT/23,S4(Sq + 1)],
where J, is the interdimer coupling constant.

A least square fitting of the experimental data gave the follow-
ing parameters: ge, = 2.21, gog = 2.00, J; = +4.2 cm?, and J, =
+0.037 cm™. The coupling constants through two phenoxo bridges
and a three-atom N-C=0 bridge, J; and J,, are both positive, and
the J; value is larger than the J, value. This result is in accord
with analogous Cu''Gd"' complexes with this type of bridging lig-
and.? It is noteworthy that the magnitude of J, value for 2Gd is
smaller than that of 1Gd.

The field dependence of the magnetizationup to 5 T at 1.9 K is
shown in Figure 8 as the plots of M/NS vs. H for 1Gd (blue trian-
gle) and 2Gd (red circle). These experimental data are much
higher than the calculated curve of Brillouin functions expected
for magnetically isolated one Cu" (S = 1/2) and one Gd"' (4f', J
=7/2,L =0, S = 7/2, 8S;),) ions (blue solid line) as well as S = 4
(blue dotted line), whose spin ground state is expected for the bi-
nuclear CuGd unit resulting from the Cu"-Gd"' ferromagnetic
coupling. The experimental data for 1Gd is rather close to the
theoretical curve obtained for S = 8 (black solid line), resulting
from the ferromagnetic coupling of all of the Cu" and Gd"' ions
within the tetrameric complex. A very good fit could be obtained
for g = 2.01 (see solid line in Figure 8). The experimental data of
2Gd is rather close to the theoretical curve of S = 8x1/2, whose
spin ground state is the result of ferromagnetic coupling of Cu''-
Gd"—Cu"-Gd" and is lower than the theoretical curve of S =
12x1/3 (black dotted line), whose spin ground states can be the
result of the ferromagnetic coupling of (-Cu"-Gd"'-);. The mag-
netization and magnetic susceptibility data demonstrate that the
1D complex [Cu" L% RDGH(NO,),(CH3CN)],.. is a ferromag-
netic chain.

Circular Tetranuclear (Cu''Tb""), and Chainlike (Cu''T-
b"),,. Complexes 1Th and 2Tb. Figure 8(a) shows the plots of
wT versus T. The T values at 300 K are 12.75 and 12.31 cm®
K mol™ for 1Tb and 2Tb, respectively. These are slightly larger
than the value of 12.19 cm® K mol™ expected for noninteracting
ions of Cu" (S = 1/2) and Th"' (4f8 J =6, S =3, L = 3, 'Fg) with
Jcu = 2 and g;= 3/2. Upon lowering the temperature, the y,T val-
ue decreases, reaching shallow bottom of 12.29 cm® K mol™* at 80
K and 10.30 cm® K mol™ at 30 K, and then increases to 21.53 and
15.69 cm® K mol™ at 1.9 K for 1Tb and 2Th, respectively. The
decrease is mainly due to the crystal field effect on the Tb"' ion
(Stark splitting),”® while the increase in the ;T value at the low-
temperature region can be ascribed to weak intramolecular Cu'-
Tb"' ferromagnetic interactions.™* Two kinds of magnetic interac-



tion between Cu'' and Th"" ions can be identified in both 1Tb and
2Th: the J; of intradimer interaction via two phenoxo bridges and
a supposedly weaker J, of interdimer interaction via an amido
bridge. At present, magnetic calculation has not been applied to
estimate the magnetic coupling constants due to the intrinsic mag-
netic anisotropy of the Th"' ion. The distinct different magnetic
profiles in the yT versus T plots can be mainly ascribed to the
difference in the interdimer magnetic interaction via the amido-
bridge for two compounds. The limited decrease in ywT with re-
spect to the room temperature value and the steep increase below
80 K suggest that for 1Th, both J; and J; are positive. In contrast,
the more discernible decrease in yT and the modest increase only
below 30 K suggest that for the 1D complex 2Tb, J; is signifi-
cantly positive, while J, is very weak or even negligible. This dif-
ference could be related to the different bridging geometries ob-
served in the X-ray structure analyses: Tb—03*-C7* =
138.82(12)° and 177.0(3)° (* indicate the corresponding atoms of
the neighboring dimeric unit) for 1Tb and 2Tb, respectively.
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Figure 8. (a) Temperature dependence of magnetic susceptibility
for 1Tb (blue) and 2Tb (red) in the form of T versus T plots.
(b) Field dependence of magnetization at 1.9 K with and without
liquid paraffin for 1Tb (blue) and 2Tb (red). The magnetization
profiles with liquid paraffin are drawn by deep colors and those
without liquid paraffin are drawn by pale colors.

The field-dependent magnetizations from 0 to 5 T were meas-
ured at 1.9 K by using samples with and without liquid paraffin,
and the results are shown in Figure 8(b) in the form of M/Ng ver-
sus H plots, where the magnetization is the value per CuTb. Upon
increasing the applied external magnetic field, the magnetization
of 1Tb and 2Tb with liquid paraffin increases to 5.34 and 5.01 Ng
at 5 T without reaching the expected saturation value of 10 NS (9
Nz for Tb" ion and 1 N for each of Cu'" ion). This is mostly due
to the crystal field effect on the Tb"' ion (4f%, J=6,5=3,L =3,
"Fg) that removes the 13-fold degeneracy of the 'Fs ground state.
The magnetization of 1Thb increases more rapidly in the weak ap-
plied magnetic field than 2Tb. The magnetization of 1Th and 2Th

without liquid paraffin increases to 6.70 Ng at 5 T, which are con-
siderably larger than the corresponding values with liquid paraf-
fin. This behavior indicates the presence of strong magnetic ani-
sotropy in 1Tb and 2Tbh.

Dynamics properties of 1Tb and 2Tb were examined by ac
magnetic  susceptibility measurements at frequencies of
10-10,000 Hz as a function of temperature at 2—10 K. 1Tb
showed a frequency dependence of ac magnetic susceptibility, and
the maximums of yy' and y\" were observed under zero external
dc magnetic field (Figure 9(a)). This indicates relatively slow re-
laxation of magnetization. The Arrhenius plot shows a straight
line for the yy~ peak (Fig. 10), and the activation energy (4) for
the magnetization reversal under zero magnetic field was estimat-
ed as Alkg = 29.4(6) K with 7o = 1.5(3) x10°® s, where 7, stands
for the pre-exponential factor in the Arrhenius equation, In(2nv) =
—In(zy) — AlkgT.X The Cole-Cole analysis?® was performed for
1Tb using the above AC susceptibilities and the equation y(w) =
25+ (rr— 79/ + (iwd)T®), where yrand ys are the isothermal
and adiabatic magnetic susceptibilities, respectively.”’ The plot
draws a partial semicircle (Fig. S2, Supporting Information), and
the optimized « value was 0.093(3) at 3.0 K. This finding indi-
cates a relaxation process operative in 1Th. 2Tb showed an only
slight yy" without any external dc field (Figure 9(b1)), but the
frequency dependency of ac magnetic susceptibility was pro-
nounced at an external magnetic field of 1000 Oe (Figure 9(b2)).
From these data, it can be concluded that the Arrhenius plot ex-
hibited a straight line (Fig. 10), and the parameters were estimated
as Alkg = 20.6(3) K and 7, = 2.9(3) x10°° s for 2Th. The Cole-
Cole analysis gave a semicircle (Fig. S2, Supporting Information),
and the optimized « value was determined to be 0.39(1) at 2.0 K.
Here, the external field was applied only for suppressing the zero-
field quantum tunneling of magnetization (QTM).?

The Arrhenius parameters for 1Tbh and 2Tb are comparable to
each other, indicating that the slow magnetic reversal comes from
a similar origin. As previously described, the interdimer magnetic
interaction through an amido group in 2Tb is negligibly small.
Thus, the slow magnetic reversal may come from Cu''Tb"" dimeric
species.

1Tb showed frequency dependence of ac magnetic susceptibil-
ity under zero external dc magnetic field, while 2Tb showed no
frequency dependence under a zero external magnetic field, but
showed a meaningful frequency dependence under an external
magnetic field. The isolated binuclear Cu"-Tb"' complexes with
the similar bridging groups [Cu'/(L)(0,COMe)Th"(thd),]*® (L =
N,N’-bis(3-methoxy-2-oxybenzylidne-2,2’-dimethylpropylamine)
and [Cu"(3-MeOsaltn)(ac)Th"'(hfac),]*** (H,(3-MeOsaltn) =
N, N -bis(3-methoxy-2-oxybenzylidene)-1,3-propanediamine, ac =
acetate, hfac = hexafluoroacetylacetonato) behave as field-
induced SMMs behavior. When the interdimer magnetic interac-
tion of 2Tb was improved by the modification of the steric effect
of the ligand, the pronounced magnetic property of SCM would
appear.
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Figure 9. (a) Temperature dependences of the in-phase (") and
out-of phase (yv") ac susceptibility signals of 1Th and 2Tb
measured under various frequencies and under 0 and 1000 Oe ex-
ternal direct current fields.
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Figure 10. Arrhenius plot of 1Tb measured without any exter-
nal dc field and 2Th measured at an external dc field of 1000 Oe.

Circular Tetranuclear (Cu''Dy""), and Chainlike (Cu'Dy-
"",. Complexes 1Dy and 2Dy. Figure 11(a) shows the plots of
wT versus T. The ywT values at 300 K are 14.53 and 14.29 cm® K
mol* for 1Dy and 2Dy, respectively. These values are slightly
smaller than the value of 14.55 cm® K mol™ expected for nonin-
teracting ions of Cu" (S = 1/2) and Dy"' (4%, J=15/2,$=5/2,L =
5, 5H157,) With ge, = 2 and g3 = 4/3. Upon lowering the temperature,
the T value decreases, reaching shallow bottom values of 13.85
cm® K mol™ at 60 K and 11.41 cm® K mol™ at 18 K, and then in-
creases to 23.79 and 12.07 cm®*K mol™ at 1.9 K for 1Dy and 2Dy,
respectively. The decrease is mainly due to the crystal field effect
on the Dy"" ion (Stark splitting),™® while the increase in the T
value at the low-temperature region can be ascribed to weak in-
tramolecular Cu"-Dy"" ferromagnetic interactions.** Two kinds of
magnetic interaction between Cu' and Dy"' ions can be identified
in both 1Dy and 2Dy: the J; of intradimer interaction via two phe-
noxo bridges and a supposedly weaker J, of interdimer interaction
via an amido bridge. At present magnetic calculation has not been
applied to estimate the magnetic coupling constants due to the in-
trinsic magnetic anisotropy of the Dy"" ion. The distinct different
magnetic profiles in the ;T versus T plots can be mainly ascribed
to the difference in the interdimer magnetic interaction via the am-
ido-bridge for two compounds. The limited decrease in yuT with
respect to the room temperature value and the steep increase below

60 K suggest that for 1Dy, both J; and J, are positive. In contrast,
the more discernible decrease in yyT and the modest increase only
below 18 K suggest that for the 1D complex 2Dy, J; is significant-
ly positive, while J, is very weak or even negligible. This differ-
ence could be related to the different bridging geometries observed
in the X-ray structure analyses: Dy—03*=C7* = 132.22(18)° and
177.1(6)° (* indicate the corresponding atoms of the neighboring
dimeric unit) for 1Dy and 2Dy, respectively.

The field-dependent magnetizations from 0 to 5 T were meas-
ured at 1.9 K by using samples with and without liquid paraffin,
and the results are shown in Figure 12(b) in the form of M/NS
versus H plots, where the magnetization is the value per CuDy.
Upon increasing the applied external magnetic field, the magneti-
zation of 1Dy and 2Dy with liquid paraffin increases to 5.89 and
5.50 Ng at 5 T without reaching the expected saturation value of
11 NS (10 Ng for Dy"" ion and 1 N for each of Cu' ion). This is
mostly due to the crystal field effect on the Dy"' ion (4f°, J =
15/2,S=5/2,L =5, 6Hlt—,,z) that removes the 16-fold degeneracy
of the ®Hys, ground state. The magnetization of 1Dy increases
more rapidly in the weak applied magnetic field than 2Dy. The
magnetization of 1Dy and 2Dy without liquid paraffin increases to
9.47 Np and 6.75 NS at 5 T, which are considerably larger than
the corresponding values with liquid paraffin. This behavior indi-
cates the presence of strong magnetic anisotropy in 1Dy and 2Dy.
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Figure 11. (a) Temperature dependence of magnetic susceptibility
for 1Dy (blue) and 2Dy (red) in the form of T versus T plots. (b)
Field dependence of magnetization at 1.9 K with and without lig-
uid paraffin for 1Dy (blue) and 2Dy (red). The magnetization pro-
files with liquid paraffin are drawn by deep colors and those with-
out liquid paraffin are drawn by pale colors.

Dynamics properties of 1Dy and 2Dy were examined by ac
magnetic  susceptibility measurements at frequencies of
10—-10,000 (10, 21, 46, 100, 215, 464, 1000, 1291, 1668, 2154,
2782, 3593, 4641, 5994, 7742, 10000) Hz as a function of tem-
perature at 2—25 K under 0, 1000, and 2000 Oe for 1Dy and under
0 and 1000 Oe for 2Dy. 1Dy showed a frequency dependence of
ac magnetic susceptibility, and the maximums of y’ and pu”



were observed under zero external dc magnetic field (Figure
12(a)). This indicates relatively slow relaxation of magnetization.
The Arrhenius plot shows a straight line for the y peak (Figure
13), and the activation energy (4) for the magnetization reversal
under zero magnetic field was estimated as A/kg =19.5 K with 7y =
1.8 x10°8 s, where 7, stands for the pre-exponential factor in the
Arrhenius equation, In(2av) = —In(zy) — AlkgT.*>® The Cole-Cole
analysis™® was performed for 1Dy using the above ac susceptibili-
ties and the equation, #(®) = x5+ (rr— z5)/(1 + (iw2)*?), where
xrand ys are the isothermal and adiabatic magnetic susceptibili-
ties, respectively.'’® The plot draw a partial semicircle (Figure S5,
Supporting Information), and the optimized « value was 0.093(3)
at 3.0 K. This finding indicates one relaxation process operative in
1Dy.

2Dy showed an only slight xy” without any external dc field
(Figure 13(b)), but the frequency dependency of AC magnetic
susceptibility was pronounced at an external magnetic field of
1000 Oe (Figure 12(b)). From these data the Arrhenius plot exhib-
ited a straight line (Figure 13), and the parameters were estimated
as Alkg = 17.9 K and 7, = 5.1 x10°® s for 2Dy. The Cole-Cole
analysis gave a semicircle (Figure S5, Supporting Information),
and the optimized « value was determined to be 0.39(1) at 2.0 K.
Here, the external field was applied only for suppressing the zero-
field quantum tunneling of the magnetization (QTM).% The pre-
sent compounds are concluded to be SMMs.

The Arrhenius parameters for 1Dy and 2Dy are comparable to
each other, indicating that the slow magnetic reversal comes from
a similar origin. The magnetic property of the 1D complex 2Dy
can be ascribed to a binuclear unit, in which the interdimer Cu'-
Dy"' magnetic interaction via the amido oxygen is negligibly
small.
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Figure 12. (a) Temperature dependences of the in-phase (yv") and

out-of phase (yv") ac susceptibility signals of 1Dy and 2Dy

measured under various frequencies and under 0 and 1000 Oe ex-
ternal direct current fields.

1Dy

In(1/2mv)
@

12 L L L L L 1 1
0.1 0.2 0.3 0.4 0.5

T4 /K-

Figure 13. Arrhenius plot of 1Dy measured without any external
dc field and 2Dy measured at an external dc field of 1000 Oe.

CONCLUSION

The assembly structures of copper(ll) components of chiral or
racemic ligands (HsL9°MIRZR) | dpenR2RAS2S)y \ith Na* or Ln'"
salts (Ln"' = Gd"', Th"', Dy"! 2 were studied. The copper(ll) com-
ponent species, {Cu""LPe"IR2RY~ = (N-((1R,2R)-2-(((E)-3-ethoxy-
2-oxybenzylidene)amino)-1,2-diphenylethyl)-2-oxybenzamide)-

copper(ll), functions as a “cross-linking ligand-complex” at the
two phenoxo oxygen atoms, one ethoxy oxygen atom, and the am-
ido oxygen atom. The chiral Cu" complex involving a Na* ion,
[(CH3;CN)NaCuL%*"@R2R)], “has a chainlike structure, and within
a chain, two adjacent molecules with the same chirality are linked
by a Na"ion to form a homochiral chain structure. The assembly
reaction of the racemic mixture {Cu'"'L9e"R2RISZN= and Na* ion
in CH3;CN generates a homochiral chainlike structure, and two
chains with opposite chiralities of [(CH3CN)NaCuL%"R2Ry, -
and [(CH;CN)NaCuL®*"(@S23)], " coexist in a crystal. It demon-
strates that the assembly of racemic species and Na* ion gives the
same assembly structure as that of the chiral species. The 1:1 as-
sembly reaction of the racemic form of the “cross-linking ligand-
complex,” Na[Cu""LIPEReRISZIN ang |n""(NO3)36H,0, gave a
centrosymmetric circular (cu"Ln', complex
[Cu"LIPenAR2ZRAS2) KI(NQ,),], (1Gd, 1Tb, 1Dy), while the reac-
tion of the enantiopure form Na[Cu''L%*"@R2R)]  and
Ln""(NO3)s:6H,0 gave a chiral chainlike (Cu''Ln"),., complex
[Cu"LPeNIRZR R IT(NQ,),(CH3CN)].,-CH3CN (2Gd, 2Th, 2Dy).
The magnetic susceptibilities of 1Gd and 2Gd were analyzed by
the spin-only Hamiltonian based on the circular tetranuclear
(-Cu"Gd""-), and linear chain (—Cu"Gd"'-),,, structures, respec-
tively. The Cu"-Gd"' magnetic interaction through two phenoxo
bridges and a three-atom N—-C=0 bridge, J; and J,, are both posi-
tive, and the magnitude of J, value of 2Gd is extremely smaller
than that of 1Gd. The magnetic susceptibility data of 1Ln and
2Ln (Ln = Tb, Dy) showed the crystal field effect on the Ln"" ion
(Stark splitting). The magnetic properties of 2Tb and 2Dy are as-
cribed to a dimeric unit described as SMM, as the interdimer Cu''-
Ln"" magnetic interaction via the amido group should be negligi-
bly small due to the substantially different structural geometry at
the part from 1Th. The magnetizations of 1Ln and 2Ln (Ln = Tb,
Dy) without liquid paraffin are considerably larger than the corre-
sponding values with liquid paraffin, indicating the presence of
strong magnetic anisotropy. 1Th and 1Dy showed frequency de-
pendency of ac magnetic susceptibility under zero external dc
magnetic field, indicating the behavior of SMMs. 2Tb and 2Dy
showed no frequency dependence under zero external magnetic
field, but showed a meaningful frequency dependence under an
external magnetic field. Their energy barriers of slow magnetic
relaxation, A/kg, estimated by the Arrhenius plots are 29.4(6) K



and 20.6(3) K for 1Tb and 2Tb under zero and 1000 Oe of the dc
bias fields, respectively.

EXPERIMENTAL SECTION

Materials. All reagents and solvents in the syntheses were of
reagent grade, available from Tokyo Kasei Co., Ltd., Wako Pure
Chemical Industries, Ltd., and Fuji Molecular Planning Co., Ltd.
These were used without further purification. All reactions were
carried out under ambient atmosphere.

Ligands. The racemic and optically pure tetradentate N,O, lig-
ands H3Ldpen(1R2R/1825)’ HBLdpen(lRZR) Hngpen(lszs) were prepared by
a two-step reaction procedure via intermediate product.

N-((1R,2R/1S,2S)-2-amino-1,2-diphenylethyl)-2-hydroxy-
benzamide. This intermediate product was synthesized as fol-
lows. (1R,2R)-1,2-diphenylethylenediamine (1.27 g, 6.0 mmol),
(1S,2S)-1,2-diphenylethylenediamine (1.27 g, 6.0 mmol) and
phenylsalicylate (2.57g, 12 mmol) were mixed in a mortar and
well ground to be a paste. The paste material was allowed to stand
for 9 h in a dry oven at 80 °C. The resulting yellow solid was dis-
solved in 30 mL of dichloromethane and the yellow solution was
separated by silica gel column chromatography (Wakogel® C-
200) with 10 cm height and 3 cm diameter. The by-product was
removed by eluting 300 mL of dichloromethane, and the desired
product was obtained by eluting 120 mL of ethyl acetate. The yel-
low solution was collected and evaporated to a pale yellow solid.
Yield: 2.95 g (74%). '"H NMR (600 MHz, CDCls, 298 K): & =
12.2 (OH, brs, 1H), 8.00 (ArH, d, J = 7.1 Hz, 1H), 7.58 (ArH, dd,
J=1.6and 7.7 Hz 1H), 7.45-7.44 (ArH, m, 2H), 7.41-7.26 (ArH,
NH, m, 9H), 6.94-6.90 (ArH, m, 2H), 5.22 (CH-NH, dd, J = 2.7
and 7.4 Hz, 1H), 4.52 (CH-N, d, J = 2.7 Hz, 1H), 1.58 (NHj,, br s,
2H) ppm. As this intermediate compound is unstable, the next re-
action was subsequently performed.

H| dPen(IR2RILS2S) N-((1R,2R/1S,2S)-2-(((E)-3-ethoxy-2-
hydroxybenzylidene)amino)-1,2-diphenylethyl)-2-hydroxy-
benzamide. The intermediate compound (2.95 g, 8.9 mmol) and
3-ethoxysalicylaldehyde (1.48 g, 8.9 mmol) were mixed in 50 mL
of methanol and the resulting mixture was warmed on a hot plate
for 2 h under stirring. The resulting solution was evaporated to
oily material. To the oily material, 30 mL of diethyl ether was
added and the solution was stirred for 15 min. Yellow crystalline
materials precipitated and were collected by suction filtration.
Yield: 2.19 g (51%). Anal. Calcd for Hyl WPenARZRAS2S)  —
CsoH2sN20,: C, 74.98; H, 5.87; N, 5.83 %. Found: C, 74.68; H,
5.85; N, 5.82%. 'H NMR (500 MHz, CDCls,, 298 K): § = 11.8
(OH, s, 1H), 8.05 (CH=N, s, 1H), 7.45-7.14 (ArH, OH, NH, m,
14H), 6.98 (ArH, dd, J = 1.1 and 7.7 Hz, 1H), 6.93-6.88 (ArH, m,
2H), 6.80 (ArH, dd, J = 8.0 and 8.0 Hz, 1H), 6.72 (ArH, dd, J =
1.1 and 7.7 Hz, 1H), 5.71 (CH-NH, dd, J = 3.4 and 8.0 Hz, 1H),
4.84 (CH-N, d, J = 2.9 Hz, 1H), 4.16 (CH3CH,, g, J = 6.9Hz, 2H),
1.55 (CH3CHjy, t, J = 6.9 Hz, 3H) ppm. IR (attenuated total reflec-
tance (ATR) method, cm™): {C=N) 1626, (C=0) 1589.

N-((1R,2R)-2-amino-1,2-diphenylethyl)-2-hydroxybenz-
amide. At the first step, the intermediate product N-((1R,2R)-2-
amino-1,2-diphenylethyl)-2-hydroxybenzamide, that is the 1:1
condensation of  (1R,2R)-1,2-diphenylethylenediamine  and
phenylsalicylate, was synthesized as follows. (1R,2R)-1,2-
diphenylethylenediamine (2.55 g, 12 mmol) and phenylsalicylate
(2.579, 12 mmol) were mixed in a mortar and the solid mixture
was ground to be a paste by pestle. The paste material was al-
lowed to stand for 9 h at 80 °C in a dry oven. The resulting yellow
solid was dissolved in 30 mL of dichloromethane and the yellow
solution was separated by silica gel column chromatography, us-
ing Wakogel® C-200) column with 10 cm height and 3 cm di-
ameter. The by-product was removed by eluting 300 mL of di-
chloromethane, and the desired product was obtained by eluting

120 mL of ethyl acetate. The yellow solution was collected and
evaporated to a pale yellow solid. Yield: 2.67 g (67%). As this
intermediate compound is unstable, the next reaction was subse-
quently performed. *H NMR (600 MHz, CDCl3, 298 K): & = 12.1
(OH, brs, 1H), 8.00 (ArH, d, J = 7.1 Hz, 1H), 7.57 (ArH, dd, J =
1.6 and 8.2 Hz 1H), 7.45-7.44 (ArH, m, 2H), 7.41-7.26 (ArH, OH,
m, 10H), 6.94-6.90 (ArH, m, 2H), 5.22 (CH-NH, dd, J = 2.8 and
7.1 Hz, 1H), 452 (CH-N, d, J = 2.8 Hz, 1H), 1.56 (NHj, br s, 2H)

pm.
HZL9Pen@R2R) - N-((1R,2R)-2-(((E)-3-ethoxy-2-hydroxybenz-
ylidene)amino)-1,2-diphenyl-ethyl)-2-hydroxybenzamide. At
the second step, the intermediate compound N-((1R, 2R)-2-amino-
1,2-diphenylethyl)-2-hydroxybenzamide was reacted to 3-
ethoxysalicyl- aldehyde to give the objective ligand. The interme-
diate compound (2.67 g, 8.0 mmol) and 3-ethoxysalicylaldehyde
(1.33 g, 8.0 mmol) were mixed in 50 mL of methanol and the re-
sulting mixture was warmed on a hot plate for 2 h under stirring.
The resulting solution was evaporated to oily material. To the oily
material, 30 mL of diethyl ether was added and the solution was
stirred for 15 min. Yellow crystalline materials precipitated were
collected by suction filtration. Yield: 1.54 g (40%). Anal. Calcd
for HaL®"R®) = Co0H,6N,0,: C, 74.98; H, 5.87; N, 5.83 %.
Found: C, 74.85; H, 5.93; N, 5.83 %. *H NMR (500 MHz, CDCl,,
298 K): 8 = 11.8 (OH, s, 1H), 8.05 (CH=N, s, 1H), 7.44-7.13
(ArH, OH, NH, m, 14H), 6.98 (ArH, dd, J = 1.1 and 8.0 Hz, 1H),
6.94-6.88 (ArH, m, 2H), 6.81 (dd, J = 8.0 and 8.0 Hz, 1H), 6.73
(ArH, dd, J=1.1 and 7.7 Hz, 1H), 5.71 (CH-NH, dd, J = 2.9 and
8.0 Hz, 1H), 4.85 (CH-N, d, J = 3.4 Hz, 1H), 4.16 (CH;CH,, q, J
= 6.9 Hz, 2H), 1.55 (CH;CH,, t, J = 6.9 Hz, 3H) ppm. IR (ATR
method, cm™®): {C=N) 1626, {C=0) 1595.
HaL3PenS29) - N-((15,25)-2-(((E)-3-ethoxy-2-hydroxybenzy-
lidene)amino)-1,2-diphenylethyl)-2-hydroxybenzamide. ~ The
chiral ligand HsL%*"S25) \vas prepared by the same method
adopted for H4 L 9PenAR2R) using (18,25)-1,2-
diphenylethylenediamine instead of (1R,2R)-1,2-diphenyl- eth-
ylenediamine. Yield: 1.85 g (32%) on the basis of 12 mmol of
(1S,25)-1,2-diphenyl-  ethylenediamine and phenylsalicylate.
Anal. Calcd for HaL%*"R2R) = C,0H,eN,0,: C, 74.98; H, 5.87; N,
5.83 %. Found: C, 74.93; H, 5.89; N, 5.73 %. 'H NMR (500
MHz, CDCls, 298 K): 8 = 11.8 (OH, s, 1H), 8.05 (CH=N, s, 1H),
7.45-7.19 (ArH, OH, NH, m, 14H), 6.97 (ArH, dd, J=1.1and 8.0
Hz, 1H), 6.93-6.88 (m, 2H), 6.80 (dd, J = 8.0 and 8.0 Hz, 1H),
6.72 (ArH, dd, J = 1.1 and 8.0 Hz, 1H), 5.71 (CH-NH, dd, J = 2.9
and 8.0 Hz, 1H), 4.86 (CH-N, d, J = 3.4 Hz, 1H), 4.16 (CH3CH,,
q, J = 6.9 Hz, 2H), 1.55 (CH3CH,, J = 6.9 Hz, 3H) ppm. IR (ATR
method, cm™): C=N) 1626, {C=0) 1595.
Na[Cu'"L9Pen(R2RAS29).1. 3.0 5CH,CN. A solution of cop-
per(ll) acetate monohydrate (0.042 g, 0.21 mmol) in 10 mL of
methanol was added to a solution of HaL9%e"R2R1S25) (0 100 g,
0.21 mmol) in 10 mL of methanol. The mixed solution was
warmed on a hot plate under stirring for 30 min and then solid of
NaOH (0.025g 0.63 mmol) was added and the resulting solution
was stirred for 1 h at room temperature. The solution was evapo-
rated to dryness to give a pale brown material. This material was
suspended in 100 mL of CH3CN and small amount of ethanol, and
stirred for 30 min on a hot plate. The suspension was then filtered.
Red block crystals precipitated from the filtrate during the slow
evaporation process and they were collected by suction filtration.
Yield: 0.044 (35%). Anal. Calcd for
Na[Cu''L9Pen(R2RAS2S). 1 5.0 5CHCN =  CaoHpsN,0,CuNa-
-‘H,0-0.5CH;3CN: C, 61.79; H, 4.77; N, 5.81 %. Found: C, 61.72;
H, 478; N, 5.76 %. IR (ATR method, cm™): C=N) 1624,
C=0) 1561. TGA: 6.6% weight loss corresponding to
H,0-0.5CH;CN molecules (6.4%) was observed in the tempera-
ture region lower than 120 °C on the heating process.
Na[Cu'"LePn(IR2R).H,0. A solution of copper(l) acetate mon-
ohydrate (0.042 g, 0.21 mmol) in 10 mL of methanol was added



to a solution of HaL%e"R2R1S29) (9 100 g, 0.21 mmol) in 10 mL of
methanol. The mixed solution was warmed on a hot plate under
stirring for 30 min and then solid of NaOH (0.025g 0.63 mmol)
was added and the resulting solution was stirred for 1 h at room
temperature. The solution was evaporated to dryness to give a
pale brown material. This material was suspended in 100 mL of
CH3CN and small amount of ethanol, and stirred for 30 min on a
hot plate. The suspension was then filtered. Red block crystals
precipitated from the filtrate during the slow evaporation process
and they were collected by suction filtration. Yield: 0.055 g
(45%). Anal. Caled for  Na[Cu'L%*"@RR1H,0 =
C30H25N204CUNa'H20: C, 6190, H, 468, N, 481 %. Found: C,
61.78; H, 4.72; N, 4.89 %. IR (ATR method, cm™): {C=N) 1625,
AC=0) 1567. TGA: 3.1% weight loss corresponding to H,O mol-
ecule (3.1%) was observed in the temperature region lower than
120 °C on the heating process.

[Cu'"L9PenAR2RASZ G (NO,),],-0.5CH,CN (1Gd). A solu-
tion of Na[Cu''L9en(tR2R1S2)1.1,3.0.5CH;CN (0.060 g, 0.10
mmol) in 30 mL of acetonitrile was added to a solution of
Gd(NO3)3:6H,0 (0.045 g, 0.10 mmol) in 10 mL of acetonitrile.
The mixture was warmed on a hot plate with stirring for 15 min
and filtered. The filtrate was allowed to stand for several days,
during which time dark gray crystals precipitated. Yield: 0.021 g
(25%) Anal. CaICd. fOI‘ (C30H25N4010Cqu)2-0.5CH3CN: C,
44.00; H, 3.12; N 7.15%. Found: C, 44.03; H, 3.31; N 7.12%. IR
(ATR method, cm™): W(C=N) 1634, {C=0) 1574. TGA: 1.4%
weight loss corresponding to 0.5CH;CN molecules (1.2%) per
tetramer was observed in the temperature region lower than 120
°C on the heating process.

[Cu'"L9PenARZRASZITHINNQO,),],-2H,0-2.5CH,CN (1Tb). The
compound was prepared by the same method adopted for
[CuLoPenARZRIAS2ZD) GG (NQ,),],, using Th(NO3)s-6H,0 instead of
Gd(NO3)3-6H,0. Deep green rectangular crystals. Yield: 0.035 g
(39%) Anal. CaICd. fOI’ (C30H25N4010CUTb)2'2H20'2.5CH3CN:
C, 43.70; H, 3.47; N 8.23%. Found: C, 44.08; H, 3.56; N 8.21%.
IR (ATR method, cm™): {C=N) 1634, C=0) 1575. TGA: 7.6%
weight loss corresponding to 2H,0-2.5CH;CN molecules (7.8%)
per tetramer was observed in the temperature region lower than
120 °C on the heating process.

[Cu"LdPenARRASSIHYIN(NO,),],:2H,0-2CH;CN  (1Dy). The
compound was prepared by the same method adopted for
[CuLIPenARZRIARZRIG AN O,),],, using DY(NO3)s'6H,0 instead of
Gd(NO3)3-6H,0. Deep green rectangular crystals. Yield: 0.036 g
(41%) Anal. CaICd. fOI’ (C30H25N4010CUDy)‘szo‘ch3CN: C,
43.35; H, 3.41; N 7.90%. Found: C, 43.46; H, 3.67; N 7.99%. IR
(ATR method, cm™): C=N) 1634, VC=0) 1576. TGA: 7.1%
weight loss corresponding to 2H,0-2CH3;CN molecules (6.7%)
per tetramer was observed in the temperature region lower than
120 °C on the heating process.

[Cu"" L RRIG YT (NO,),]1,.:1.5H,0 (2Gd). A solution of
Na[CuL%*"R2R)].H,0 (0.058 g, 0.10 mmol) in 30 mL of acetoni-
trile was added to a solution of Gd(NOs);:6H,0 (0.045 g, 0.10
mmol) in 10 mL of acetonitrile. The mixture was warmed on a hot
plate with stirring for 30 min and filtered. The filtrate was allowed
to stand for several days, during which time square block red
crystals precipitated. Yield: 0.028 g (33%). Anal. Calcd. for
C3oH25N4010CuGd-1.5H,0: C, 42.42; H, 3.32; N 6.60%. Found:
C, 42.60; H, 3.51; N 6.61%. IR (ATR method, cm™): {C=N)
1633, (C=0) 1570. TGA: 3.4% weight loss corresponding to
1.5H,0 molecules (3.2%) per dimer was observed in the tempera-
ture region lower than 120 °C on the heating process.

[Cu'lL9PenARRITHIINO,),],,.-1.5H,0 (2Tb). The compound
was prepared by the same method adopted for
[Cu"LePenRBGHM(NO,), ]y .0, Using TH(NO3)36H,0 instead of
Gd(NO3)3-6H,0. Red crystals. Yield: 0.030 g (35%). Anal. Calcd.
for CgoHysN4010CuTh-1.5H,0: C, 42.34; H, 3.32; N 6.58%.

Found: C, 42.17; H, 3.38; N 6.64%. IR (ATR method, cm'l):
C=N) 1634, (C=0) 1570. TGA: 3.3% weight loss correspond-
ing to 1.5H,0 molecules (3.2%) per dimer was observed in the
temperature region lower than 120 °C on the heating process.

[Cu'"L9PenARZRIBYIINO,),]4.,.-1.5H,0 (2Dy). The compound
was prepared by the same method adopted for
[Cu"LPeNIRRIGH(NOS),]1 0, Using DY(NO3)s:6H,0 instead of
Gd(NO3)3'6H,0. Red crystals. Yield: 0.031 g (36%). Anal. Calcd.
fOI‘ C30H25N4olocUDy'1.5Hzo: C, 4216, H, 330, N 656%
Found: C, 42.06; H, 3.43; N 6.60%. IR (ATR method, cm™):
UC=N) 1634, 1C=0) 1570. TGA: 3.8% weight loss correspond-
ing to 1.5H,0 molecules (3.2%) per dimer was observed in the
temperature region lower than 120 °C on the heating process.

Physical Measurements. Elemental C, H, and N analyses were
carried out at the Center for Instrumental Analysis of Kumamoto
University. Infrared spectra were recorded at room temperature
using a PerkinElmer Frontier MIR/NIR spectrometer with attenu-
ated total reflectance (ATR) method. Thermogravimetric analyses
(TGA) were performed on a TG/DTA6200 (Seiko Instrument
Inc.). The samples of ca. 3 mg were heated from room tempera-
ture to 120 °C in the heating mode at the heating rate of 10 °C
min, kept the temperature for 30 min, and then cooled to room
temperature. *H NMR was recorded at 600 MHz on a JEOL 600-
ECA instrument. Fast-atom-bombardment mass spectrometry
spectra were measured in methanol or DMSO on a JEOL JMS-
700 mass spectrometer; 3-nitrobenzylalcohol was used as the ma-
trix.

Temperature-dependent magnetic susceptibilities in the tempera-
ture range 1.9-300 K at an external magnetic field of 0.1 T and
field-dependent magnetization measurements in an applied mag-
netic field from 0 to 5 T at 1.9 K were measured with an MPMS
XL5 SQUID susceptometer (Quantum Design, Inc.). For the tem-
perature dependent-magnetic susceptibility measurements, sam-
ples were fixed with a small amount of liquid paraffin to avoid
orientation in the field. For the magnetization measurements,
samples with and without liquid paraffin were measured. The cal-
ibrations were performed with palladium. Corrections for dia-
magnetism were applied using Pascal’s constants."® Ac magnetic
susceptibility was measured on a PPMS ac/dc magnetometer
(Quantum Design, Inc.) in a temperature range down to 1.9 K at 0
and 1000 Oe dc fields.

X-ray Crystal Structure Analysis. The single-crystal X-ray
diffraction data were collected by a Rigaku RAXIS RAPID imag-
ing plate diffractometer using graphite-monochromated Mo Ko
radiation at 120 K for 2Gd, 2Tb, 2Dy and 150 K for the other
complexes. All the crystals were quickly picked up from the
mother liquid, coated by epoxy resin, and used for the X-ray dif-
fraction study at the settled low temperature. The temperature of
the crystal was maintained within an accuracy of + 2 K by a
Rigaku N, cryostat. The structures were solved by direct methods
and expanded using the Fourier technique.?® Hydrogen atoms
were positioned at the calculated positions and refined using a
riding model. All calculations were performed using the Crystal-
Structure crystallographic software package.?



Table 3. X-ray Crystallographic Data for [Cu''LIPe"IRZRASB)GylNO,),] (1Gd), [Cu'LIPeIR2RASZ:) (1, ) Th!(NO,),]-CH5CN
(1Th), [Cu'LIPen@RZRASZS) (. CN)Dy''(NO3),] (1Dy), [Cu'LIPeERRGH (NO,),(CHZCN)]1.-CHCN (2Gd),
[Cu"LIPeARZRITHINO,),(CH3CN)] - CHSCN (2Th), and Cu''LIPeRZRDyI(NO,),(CH3CN)]1..-CH;CN (2Dy)

1Gd 1Th 1Dy 2Gd 2Th 2Dy
formula C30H2sN4O10CUGd  CgpH3oNsO1CuTh  CipHpsNsO10CUDY  CagHaiNgO10CuGd  CaaH3iNgO10CUTh  CasH3NsO10CuDyY
fw 822.34 883.09 868.65 904.45 906.12 909.70
cryst syst triclinic monoclinic monoclinic orthorhombic orthorhombic orthorhombic
space group P-1 (No.2) P2:/n (No.14) P2:/n (No.14) P2,2,2; (No.19) P2,2,2; (No.19) P2:2,2; (No.19)
a, A 9.1079(5) 12.9359(4) 13.1609(4) 13.4892(4) 13.478(4) 13.5310(4)
b, A 12.6756(7) 14.6473(4) 16.3506(4) 15.7803(4) 15.682(5) 15.7064(4)
c, A 13.7264(8) 18.4054(7) 16.2739(5) 15.8966(5) 15.861(4) 15.8985(4)
«, deg. 81.687(2) - - - - -
B, deg. 83.994(2) 110.823(1) 106.640(1) - - -
7, deg. 71.646(2) - - - - -
v, A3 1485.3(2) 3259.6(2) 3355.3(2) 3383.8(2) 3352.4(17) 3378.8(2)
z 2 4 4 4 4 4
T, K 150 150 150 120 120 120
F(000) 812.00 1756.00 1720.00 1800.00 1804.00 1808.00
Deatca., g €M™ 1.839 1.799 1.719 1.775 1.795 1.788
2, mm? 3.0011 2.8697 2.9108 2.6453 2.7915 2.8958
A A 0.71075 0.71075 0.71075 0.71075 0.71075 0.71075
R, Rw 0.0485, 0.0962 0.0222, 0.0248 0.0337, 0.0389 0.0418, 0.0809 0.0188, 0.0676 0.0414, 0.0813
Flack parameter - - - 0.025(15) —0.015(3) —0.006(16)




Table 4. Selected Coordination Bond Lengths (A) and Angles (°) for [Cu'!L9PnARRASZDG I NQO,),] (1Gd),
[CUIILdpen(lRZR/lSZS)(Hzo)Tbl”(NO3)2]'CH3C:N (1Tb), [CU“Ldpen(lRZRllSZS)(CchN)Dy”I(NOg)z] (lDy),
[Cu"LPnARZRIGHMINO,),(CHZCN)]1: CHLCN (2Gd), [Cu'LIPeERZRITRHIN(NO,),(CH3CN)]1.-CHSCN (2Th), and
[Cu''LoPenR2ZRIDY IT(NQ,),(CH3CN)]1..- CHCN (2Dy)

1Gd 1Tb 1Dy 2Gd 2Th 2Dy

Bond Lengths (A)

Lnl-Cul 3.370(1) 3.3569(3) 3.3511(4) 3.3348(9) 3.3112(9) 3.3094(11)
Lnl-Cul* 5.627(1) 5.7174(3) 5.5443(4) 6.2326(9) 6.200(2) 6.211(1)
Ln1-01 2.353(5) 2.3445(11) 2.3185(18) 2.440(5) 2.426(4) 2.411(5)
Ln1-02 2.311(5) 2.2680(14) 2.2696(19) 2.315(5) 2.298(4) 2.291(6)
Ln1-03* 2.267(7) 2.2249(13) 2.220(2) 2.228(5) 2.216(4) 2.206(6)
Ln1-04 2.502(5) 2.4754(12) 2.4719(19) 2.675(5) 2.665(3) 2.657(6)
Ln1-05 2.466(8) 2.4402(13) 2.396(3) 2.534(5) 2.534(4) 2.526(6)
Ln1-06 2.460(7) 2.4889(16) 2.403(4) 2.415(5) 2.403(4) 2.405(6)
Ln1-08 2.444(6) 2.4454(14) 2.459(3) 2.437(6) 2.427(4) 2.409(7)
Ln1-09 2.405(6) 2.4177(17) 2.395(3) 2.485(5) 2.484(4) 2.477(6)
Ln1-N5 - - - 2.570(7) 2.561(5) 2.546(8)
Cul-01 1.920(5) 1.9386(13) 1.9488(18) 1.914(5) 1.904(3) 1.911(5)
Cul-02 1.935(5) 1.9393(12) 1.9363(19) 1.924(5) 1.916(4) 1.913(6)
Cul-011 - 2.4146(16) . - . .
Cul-N5 - - 2.413(3) - - -
Cul-N1 1.911(6) 1.9242(14) 1.919(3) 1.899(6) 1.889(4) 1.878(7)
Cul-N2 1.926(6) 1.9413(16) 1.947(2) 1.925(6) 1.922(4) 1.927(7)
Bond Angles (°)
01-Ln1-02 67.36(16) 68.08(5) 68.25(7) 65.08(15) 65.35(12) 65.39(19)
01-Ln1-03* 78.8(2) 79.81(5) 83.34(8) 142.3(2) 142.34(12) 142.33(18)
02-Ln1-03* 100.3(2) 94.86(5) 94.90(7) 98.7(2) 98.93(13) 99.0(2)
03*-Ln1-04 92.4(2) 86.40(4) 82.53(8) 75.8(2) 76.15(12) 76.1(2)
03*-Ln1-05 146.80(19) 152.89(5) 149.63(8) 73.3(2) 73.30(12) 72.98(19)
03*-Ln1-06 159.4(2) 156.06(5) 155.63(9) 85.6(2) 84.59(13) 84.6(2)
03*-Ln1-08 94.4(3) 92.86(5) 83.21(8) 107.8(2) 106.91(13) 107.4(2)
03*-Ln1-09 84.7(2) 93.66(6) 91.51(9) 77.1(2) 76.81(13) 76.81(19)
01-Cul-02 84.3(2) 83.52(6) 83.00(8) 83.7(2) 83.86(15) 83.3(3)
0O1-Cul-011 - 89.89(6) - - - -
0O1-Cul-N5 - - 90.59(9) - - -
0O1-Cul-N1 97.3(3) 96.62(6) 96.78(9) 98.0(2) 98.07(17) 98.8(3)
01-Cul-N2 176.7(3) 173.68(6) 170.92(9) 175.8(2) 175.79(17) 175.7(3)
02-Cul-011 - 93.85(6) - - - -
02-Cul-N5 - - 92.99(9) - - -
02-Cul-N1 175.0(3) 164.97(6) 165.87(10) 177.8(3) 177.38(17) 177.4(3)
02-Cul-N2 92.5(3) 92.56(6) 92.30(8) 92.4(3) 92.30(17) 92.7(3)
N1-Cul-N2 86.0(3) 85.87(6) 85.87(9) 85.8(3) 85.71(18) 85.2(3)
Ln1-01-Cul 103.66(19) 102.80(5) 103.15(8) 99.26(18) 99.03(14) 99.3(2)
Ln1-02-Cul 104.71(19) 105.59(6) 105.37(8) 103.4(2) 103.20(15) 103.5(3)
Ln1-03*-C7* 133.9(5) 138.82(12) 132.22(18) 177.6(4) 177.0(3) 177.1(6)

1Gd (*%; 1-x, 1-y, 1-z), 1Tb and 1Dy (**; 1-x, 1-y, —z), and 2Ln (**; 1-x, —1/2+y, 1/2-2)
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