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Synthesis, Crystal Structures, and Properties of Oxovanadium(1v)—
Lanthanide(mr) Heteronuclear Complexes

Wei Shi,”” Xiao-Yan Chen,™ Yan-Nan Zhao," Bin Zhao,”” Peng Cheng,*'*! Ao Yu,"
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Abstract: A new series of oxovanadi-
um(1v)-lanthanide()  heteronuclear
complexes [Yb(H,O);],[(VO),-
(TTHA)J;21H,0 - (1),  {[Ho(H,0),-
(VO)(TTHA)][(VO)(TTHA)]y5}:
85H,0  (2),  {[GA(H,0);(VO),-
(TTHA)][(VO),(TTHA)],+}8.5H,0
3, {{Eu(H,0)][(VO)(TTHA)], 5}-
10.5H,0 (4), and [Pr,(H,0)s(SO,),]-
[(VO)(TTHA)] (5) (H,ITTHA =tri-
ethylenetetraaminehexaacetic acid)
were prepared by using the bulky flexi-

ferent coordination environments. Al-
though the lanthanide ions always ex-
hibit similar chemical behavior, the
structures of the complexes are not ho-
mologous. Compound 1 is composed of
a [Yb(H,O)s** ion and a [(VO),-
(TTHA)]*™ ion. Compounds 2 and 3
are isomorphous; both contain a trinu-
clear [Ln(H,0),(VO),(TTHA)]* (Ln=
Ho for 2 and Gd for 3) ion and a
[(VO),(TTHA)J]* ion. Compound 4 is
an extended one-dimensional chain, in

which each Eu’" ion links two [(VO),-
(TTHA)]*" ions. For 5, the structure is
further assembled into a three-dimen-
sional network with an interesting
framework topology comprising V,Pr,
and V,Pr, heterometallic lattices.
Moreover, 4 and 5 are the first oxova-
nadium(1v)-lanthanide(ir) coordination
polymers and thus enlarge the realm of
3d-4f complexes. The IR, UV/Vis, and
EPR spectra and the magnetic proper-
ties of the heterometallic complexes

ble organic acid H,TTHA as structure-
directing agent. X-ray crystallographic
studies reveal that they contain the
same [(VO),(TTHA)J*" unit as build-
ing block, but the Ln** ion lies in dif-

plexes

Introduction

In recent years, increasing interest has been paid to self-as-
sembled supramolecular compounds because of their ex-
ploitable properties such as magnetism, catalysis, molecular
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were studied. Notably, 2 shows unusual
ferromagnetic interactions between the

com- X
VO?* and Ho** ions.

magnetic

sensors, and so on.'! The artificial construction of transition-
metal-lanthanide supramolecular complexes is expected to
generate new functional materials due to their optical and
magnetic properties. Although a number of structures con-
taining 3d/4f metals solely or 3d—4f discrete complexes has
been successfully designed and synthesized, the assembly of
extended structures of 3d-4f heteronuclear coordination
polymers is still a challenge and of current interest for
chemists.*?!

The coordination chemistry of the 3d metal vanadium is
of interest for applications in the areas of biochemistry,
medicine, and catalysis.m To the best of our knowledge, re-
ported X-ray structure determinations of vanadium com-
pounds have focused mainly on polyoxovanadates, polyoxo-
vanadate/metal-ligand systems, and mono- or binuclear va-
nadium complexes,” while multidimensional oxovanadium-
lanthanide coordination polymers remain elusive.l’ There
are various synthetic strategies for the construction of di-
verse complexes and coordination polymers; for example:
choosing appropriate polycarboxylic acids as structure-di-
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recting agents, adjusting the pH of the reacting system, alter-
ing the reaction temperature and pressure, controlling the
molar ratio of the raw materials, and changing the atomic
size of the metal ions.”’ The lanthanide ions can modulate
the structures of some complexes with flexible ligands due
to the decreasing atomic size with increasing atomic
number, but this phenomenon was not observed for 3d-4f
mixed complexes or coordination polymers.”) We have syn-
thesized a new series of heteronuclear oxovanadium-lantha-
nide complexes 1-5 (H,TTHA =triethylenetetraaminehexa-
acetic acid). To the best of our knowledge, the structure of
the complexes formed by H,TTHA and lanthanide ions had
not been studied by X-ray diffraction until 1997.® Hetero-
nuclear complexes or coordination polymers formed with
this ligand remain elusive.

[Yb(H,0)s),[(VO),(TTHA)]; - 21 H,O 1
{[Ho(H,0),(VO),(TTHA)][(VO),(TTHA)],s} - 8.5H,0 2
{[Gd(H,0),(VO),(TTHA)][(VO),(TTHA)],s} - 8.5H,0 3
{[Eu(H,0),][(VO),(TTHA)], 5} - 10.5H,0 4

[Pr,(H,0)6(S0O4),][(VO),(TTHA)] 5

X-ray crystallographic studies revealed that dimensional
variation of oxovanadium(iv)-lanthanide(i) polymers can
be realized by exploiting the lanthanide contraction: 1 is an
ion-pair complex containing two [Yb(H,O)s’* ions and
three [(VO),(TTHA)J*~ ions per structural formula. In 2
and 3, lanthanide ions coordinated by seven water molecules
are connected to the binuclear [(VO),(TTHA)]*" unit

Table 1. Crystal data and structure refinement for 1-5.

through one carboxylic oxygen atom to give a trinuclear
cluster. Interestingly, the Eu’" ion is nine-coordinate in 4
with seven water ligands and two bridging oxygen atoms
from two [(VO),(TTHA)]*" ions, which result in a one-di-
mensional chain. In 5 the structure is further assembled into
a hybrid three-dimensional network with carboxylate and
sulfate bridges, in which an interesting framework topology
composed of heterometallic V,Pr, and V,Pr, lattices is ob-
served for the first time. With increasing lanthanide atomic
radius, the structures of 1-5 varied from discrete clusters to
three-dimensional networks. At the same time, the lantha-
nide coordination number increases from eight (Yb, Ho,
Gd) to nine (Eu, Pr), and the Ln—O and V--Ln distances in-
crease correspondingly as a result of the lanthanide contrac-
tion. The few previous reports on adjusting atomic size for
structure modulation are concerned with lanthanide-con-
taining polymers,”’® and as far as we know this is the first
example of tuning the structures of 3d—4f complexes by
means of the lanthanide-contraction effect.

Results and Discussion

Crystallography: Single-crystal XRD analyses were per-
formed on selected crystals of complexes 1-5 (Table 1). Se-
lected bond lengths and angles are listed in Table 2. In poly-
oxovanadate/metal-ligand systems, organic amines are com-
monly used as structure-directing agents that act as 1) a
charge-compensating and space-filling constituent, 2)a
ligand that coordinates to secondary metal sites, and 3) a
ligand that directly coordinates to the vanadium skeleton.>*!
Here the organic acid H{TTHA was first used as a struc-

1 2 3 4 5
formula CssHi46N1,0720V6 YD, CyHg;HON O35 V3 CyHg;GANGO345 V3 CyH7 EuN(O345 V3 C3H3N,Ox%P1,S,V,
M, 2879.55 1377.62 1369.94 1400.68 1204.33
crystal system monoclinic triclinic triclinic monoclinic triclinic
space group P2(1)/n Pl Pl C2/c Pl
crystal size [mm] 0.20x0.20x0.16 0.18x0.14x0.10 0.18x0.14x0.10 0.35x0.32x0.24 0.06x0.08 x0.12
a[A] 13.323(4) 10.381(3) 10.395(3) 19.895(7) 6.554(2)
b[A] 19.741(6) 13.678(4) 13.710(4) 20.127(7) 11.857(4)
c[A] 21.257(6) 18.954(6) 19.028(6) 26.815(10) 11.933(4)
al°] 90 83.076(5) 82.935(5) 90 75.523(6)
Bl 97.326(5) 78.309(5) 78.146(5) 99.000(7) 89.970(7)
v [°] 90 71.016(4) 71.098(5) 90 75.043(7)
VA% 5545(3) 2487.8(13) 2506.2(13) 10606(7) 865.4(5)
V4 2 2 2 8 1
Peatea [Mgm ] 1.725 1.839 1.815 1.754 2.311
absorption coefficient [mm™] 2.269 2231 1.960 1.790 3.522
260 [°] 52.80 52.84 52.86 52.94 50.06
limiting indices —-1l6<h<14 —-12<h<12 —13<h<8 —-24<h<11 -7<h<17
—24<k<24 —-16<k<17 —-17<k<12 —24<k<25 -14<k<10
—-26<1<23 -23<1<19 —23<1<22 —33<1<33 -13<i<14
reflections 31575/11321 14400/10066 14469/10135 30241/10863 3620/3047
collected/unique [R(int) =0.0423] [R(int) =0.0298] [R(int) =0.0338] [R(int) =0.0914] [R(int) =0.0393]
data/restraints/parameters 11321/36/721 10066/36/687 10135/24/677 10863/60/709 3047/0/250
GOF on F 1.060 1.055 1.029 1.049 0.961

Ry, wR, [I>20(1)]
R, wR, (all data)
largest diff. peak/hole [e A3

0.0417, 0.1050
0.0738, 0.1230
0.901/-0.608

0.0390, 0.0893
0.0585, 0.1063
1.336/—-0.930

0.0462, 0.0945
0.0786, 0.1157
1.350/—-1.050

0.0661, 0.1674
0.1333, 0.1966
0.977/-0.702

0.0471, 0.0895
0.0826, 0.1030
1.102/-1.050
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Table 2. Selected bond lengths [A] and angles [°] for 1-5.1%
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Complex 1
Ybl1-022 2.269(4) Ybl-025 2.274(4) Ybl-023 2.358(4) Ybl-029 2272(4)  Yb1-026 2.302(4)
Yb1-028 2.368(4) Ybl1-027 2.374(4) Ybl-024 2.381(4) VI1I-N1 2.284(4) V1-01 1.596(4)
V1-04 1.992(4) V1-06 2.015(4) V1-08 1.994(4)  V1-N2 2.164(4)
022-Yb1-029  102.42(19) 022-Ybl-O25 144.41(16) 029-Yb1-O25 88.32(15)  022-Yb1-O26 93.22(19)  029-Yb1-026  146.69(15)
025-Yb1-026 95.87(15)  022-Yb1-023 74.73(17)  023-Yb1-O27  135.13(15) 0O28-Yb1-027 71.48(13)  022-Yb1-O24 76.56(17)
029-Yb1-O24  140.19(14) 04-V1-08 87.92(16) 0O1-V1-O4 104.70(18)  O1-V1-O8 103.09(19)  0O1-V1-06 95.04(18)
04-V1-06 94.83(16)  O8-V1-06 160.34(15)  O1-V1-N2 100.58(18)  O4-V1-N2 154.03(15)  O8-V1-N2 80.62(15)

Complex 2
Hol-05 2.304(4) Hol-028 2.318(4) Hol-027 2.333(4) Hol-025 2.356(3) Hol-023 2.359(3)
Hol-024 2.359(3) Hol-026 2.397(4) Hol-022 2.410(4) V1-0O1 1.609(4) V1-08 1.978(4)
V1-06 1.996(4) V1-04 2.027(4) VI-N2 2.166(4) VI-N1 2.294(4)
05-Ho1-028 86.40(14)  O5-Hol-027 71.96(15)  O28-Hol-027 85.93(16)  O5-Hol-025 117.44(14)  O28-Hol-025  141.23(13)
027-Hol-025 74.60(15)  O5-Ho1l-023 71.22(13) 0O28-Hol-023  145.71(13)  027-Ho1-023  110.11(15)  0O25-Ho1-023 73.06(12)
05-Hol1-024 140.84(14) 0O28-Hol-O24 104.89(14) 0O27-Hol-O24 144.76(14) 025-Hol-O24 76.49(13)  0O8-V1-06 87.47(16)
01-V1-08 102.88(19) 0O1-V1-06 105.11(18)  O1-V1-0O4 96.14(18)  O8-V1-O4 159.69(15)  06-V1-O4 94.46(15)
01-V1-N2 100.26(18)  O8-V1-N2 80.37(15)  0O6-V1-N2 153.75(16)  O8-V1-N1 84.39(15) O4-VI-N2 89.38(15)
01-V1-N1 172.72(18)  O6-V1-N1 75.43(14) 04-VI1-N1 76.59(14) N2-V1-N1 80.27(15)

Complex 3
Gd1-028 2.373(4) Gd1-027 2.379(5) Gd1-025 2.394(4) Gd1-023 2.399(4) Gd1-026 2.434(4)
Gd1-022 2454(4) Gd1-024 2.408(4) V1-0O1 1.612(4) V1-08 1.978(4) V1-06 1.992(4)
V1-04 2.022(4)  VI-N2 2175(5) VI-NI 2.294(5)
05-Gd1-028 86.86(16)  05-Gd1-027 71.96(16)  028-Gd1-027  85.88(18) 027-Gd1-025 74.59(16)  05-Gd1-025 117.18(15)
028-Gd1-025 141.04(14) 027-Gd1-023  110.22(17)  0O5-Gd1-023 70.97(15)  028-Gd1-023  145.80(15) 028-Gd1-024  105.02(15)
025-Gd1-023 73.16(14)  05-Gd1-024 140.44(15)  023-Gd1-024  79.35(14) 0O27-Gd1-O24  144.98(15) 025-Gd1-O24 76.53(14)
01-V1-08 103.1(2) 05-Gd1-026 143.38(15)  O8-V1-06 87.62(18)  08-V1-O4 159.36(17)  O1-V1-06 105.3(2)
01-V1-04 96.2(2) 08-V1-N2 80.38(17) 06-V1-04 94.40(17)  O1-V1-N2 100.4(2) 06-V1-N2 153.50(18)
04-V1-N2 89.04(17)

Complex 4
Eul-04 2.373(6) Eul-023 2.392(6) Eul-016 2.405(6) Eul—-025 2.409(6) Eul-027 2.413(7)
Eul—-028 2.451(6) Eul—026 2.456(7) Eul—024 2.518(7)  Eul-022 2.728(10) V1-0O1 1.593(6)
V1-08 1.966(6) V1-06 2.002(6) V1-05 2.024(6) V1-N2 2.165(6) V1-N1 2.295(6)
04-Eul-023 80.7(3) 04-Eul-0O16 78.8(2) 023-Eul-016  130.3(2) 04-Eul-025 76.0(2) 023-Eul-025  140.3(2)
016-Eul-025 75.8(2) 04-Eul-027 132.9(3) 023-Eul-027 76.7(3) 016-Eul-027  85.3(3) 025-Eul-027  141.6(2)
04-Eul-028 141.4(2) 023-Eul-028  137.9(2) 016-Eul-028 74.0(2) 025-Eul-028  71.2(2) 027-Eul-028 71.5(2)
01-V1-08 103.5(3) 01-V1-06 104.4(3) 08-V1-06 87.1(3) 01-V1-05 96.3(3) 08-V1-05 159.6(3)
06-V1-05 92.9(2) N2-V1-N1 80.2(2) 0O1-V1-N1 172.9(3) 06-V1-N1 75.1(2) 05-V1-N2 90.1(2)
08-V1-N1 83.6(3) 05-V1-N1 76.7(2)

Complex 5
Pr1—-0O4#1 2.414(6) Pr1—-0O10#2 2.469(6) Pr1—-06 2.503(6) Pr1—0O14 2.508(5) Pr1-O2#3 2.514(7)
Pr1-09 2.534(6) Pr1—0O12 2.534(6) Pr1-0O8 2.581(6) Pr1—0O13 2.597(5) Pr1-S1 3.171(2)
V1-05 1.979(6) V1-0O1 2.021(6) V1-07 1.587(6) VI-N2 2.151(7) VI1-N1 2.325(8)
V1-0(3) 2.024(6)
O4#1-Pr1-06 72.3(2) 010#2-Pr1-O6 73.7(2) O4#1-Pr1-O14 142.60(19) O10#2-Pr1-O14  82.02(19) O6-Pr1-O14  136.54(19)
O4#1-Pr1-O2#3  73.4(2) O10#2-Pr1-02#3  72.3(2) 06-Pr1-02#3  132.2(2) 014-Pr1-O2#3 69.19(19) OA4#1-Pr1-09  129.5(2)
010#2-Pr1-09  142.3(2) 06-Pr1-09 106.2(2) 09-Pr1-S1 27.64(14) O12-Pr1-S1 84.73(15) 0O8-Prl1-S1 27.27(13)
013-Pr1-S1 65.36(12) 0O7-V1-01 98.2(3) 05-V1-01 158.0(3) 07-V1-05 103.9(3) 07-V1-03 105.4(3)
05-V1-03 84.6(2) 01-V1-03 90.0(3) 07-V1-N2 101.6(3) 05-V1-N2 81.2(3)

[a] Symmetry codes: #1: —x+1,—y+1,—z+1; #2: x+1,y,z; #3: x,y+1,z.

ture-directing agent to produce a novel oxovanadium-lan-
thanide system containing the [(VO),(TTHA)]*  unit. In
complex 1, for instance, V1(V2) has a distorted octahedral
coordination geometry with three oxygen atoms (V—-O
1.992(4)-2.015(4) A) and one nitrogen atom (V1-N2
2.164(4) A) from the TTHA ion in the equatorial plane
(Figure 1). The terminal oxo atom O1 and N1 occupy the
axial positions and form an O1-V1-N1 angle of 171.44(19)°.
The V1 atom is displaced from the mean equatorial plane
toward the vanadyl oxygen atom by 0.382(3) A. The V-N
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distances are clearly in the range observed for a formal V—
N single bond," of which the VI-N1 bond length
(2.284(4) A) is modestly elongated due to the trans-labilizing
influence of the terminal oxo group, as observed in other
oxovanadium complexes.'! In the binuclear [(VO),-
(TTHA)]*" core, the V=0 bonds are cis to the bridge but
trans to each other. The two terminal V=0 bond lengths of
1.596(4) and 1.600(4) A are almost identical to the reported
mean value of 1.600(1) A" The V1--V2 distance is
7.479(7) A.
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Figure 1. ORTEP plot of [Yb(H,O)]*" ion and [(VO),(TTHA)]*" ion in
1; H atoms and lattice water molecules are omitted for clarity.

Complex 1 crystallizes in the monoclinic system, space
group P2(1)/n, and is composed of a [Yb(H,0),]** ion and
a [(VO),(TTHA)]* ion (Figure 1). The Yb™ atom has a
square-antiprismatic coordination geometry formed by eight
oxygen atoms from water molecules with an average Yb—O
bond length of 2.324(4) A. The shortest Yb-V distance is
15.885(6) A.

Complex 2 crystallizes in the triclinic system, space group
P1, and consists of a trinuclear [Ho(H,0),(VO),(TTHA)]*
ion and a binuclear [(VO),(TTHA)J*" ion (Figure 2). The
terminal V=0 bond lengths vary from 1.605(4) to
1.615(3) A and compare well with the average value of
1.600(1) A."”! The Ho’* ion lies in a square-antiprismatic
coordination geometry with O5 of the C10405 group bridg-

Figure 2. ORTEP plot of {[(VO),(TTHA)Ho(H,0),][(VO),(TTHA)],5}-8.5H,0 (2); H atoms and lattice water

molecules are omitted for clarity.
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ing to the V1 ion, and seven coordinated water molecules
complete the coordination sphere with an average Ho—O
bond length of 2.354(4) A. The V1--Hol distance is
6.068(3) A. Complex 3 is isomorphous to complex 2 except
that the Ho atom is replaced by a Gd atom (Figure 3). The
larger atomic radius leads to larger average Gd—O bond
length (2.397(4) A) and V1--Gdl1 distance (6.099(4) A).

¢y

026
Figure 3. ORTEP plot of [(VO),(TTHA)Gd(H,0),]* in 3; H atoms and
lattice water molecules are omitted for clarity.

Complex 4 is a 1D zigzag chain composed of [(VO),-
(TTHA)] building blocks connected by Eu ions (Figure 4).
It crystallizes in the monoclinic system, space group C2/c.
The vanadium ion is 0.398(2) A from the equatorial plane
with respect to the terminal oxo group (V=0 1.593(6) A).
Two oxygen atoms from carboxyl groups and seven coordi-
nated water molecules com-
plete the coordination sphere of
the Eu ion, which conforms
most closely to a tricapped
trigonal prism. The average
Eu-O bond length is
2.460(6) A. The TTHA ion
joins two V centers (V1-N2-C9-
C10-N3-V2; V1--V2
7.477(5) A), and the 04C105
carboxyl group acts as a 3
bridge connecting the V and Eu
centers at a distance of
6.364(7) A.

Complex 5 crystallizes in the
triclinic system, space group PI,
and forms a 3D framework con-
taining nine-coordinate Pr’*
centers and six-coordinate V**
centers. The Pr atom is coordi-
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Figure 4. 1D chain of {[Eu(H,0),][(VO),(TTHA)],5}-10.5H,0 (4); H atoms and lattice water molecules are omitted for clarity.

nated by three carboxylic oxygen atoms from TTHA ions,
three oxygen atoms from SO,>” ions, and three water mole-
cules. The coordination geometry around the V** center is a
pseudo-octahedron, in which N1 occupies the trans position
with respect to the terminal oxo group. The O1, O3, O5, N2
atoms constitute the equatorial plane. The terminal oxo
group is anti and the vanadium ion is 0.381(6) A from the
equatorial plane with respect to the terminal oxo group. The
vanadyl bond length of 1.587(6) A compares well with the
average value of 1.600(1) A.'” The Pr and V centers are al-
ternately arrayed and linked by carboxyl groups to construct
a heterometallic square lattice V,Pr, with dimensions of
6.377x6.389 A (Figure 5a). This lattice composed of 3d and
4f metals, which is extremely rare, assembles into an infinite
1D molecular ladder. The ladders are further linked into 2D
layers in the bc plane through V-NCCN—V bridges (V-N
2.151(7)-2.325(8) A) with a V-V distance of 7.540(4) A to
form six-metal V,Pr, rings (Figure 5a,b). Moreover, along
the a axis the 2D layers are connected to each other through
sulfate bridges with a Pr1—O(SO,*) bond length of
2.534(6) A and a Pr2—O(SO,*") bond length of 2.469(6) A
to form a novel 3D framework (Figure 6). The Pr1---Pr2 dis-
tance across the sulfate bridge and the Prl1--S1 distance are
6.554(8) and 3.171(2) A, respectively.™

The effect of lanthanide contraction may play an impor-
tant role in the formation of the structures of the complexes.
The lanthanide series can be divided into three groups ac-
cording to mass: the lighter La—Pm (Group 1), the inter-
mediate Sm-Dy (Group?2), and the heavier Ho-Lu
(Group 3). While Group 3 element Yb (1) forms an ion-pair
complex and Ho and Gd (2 and 3) form trinulear structures,
the Group 2 element Eu (4) gives rise to a one-dimensional
chain. However, for Group 1 element Pr (5), a three-dimen-
sional network is formed. The structural differences are re-
lated to the coordination number of the Ln** centers, which
increases from eight to nine for complexes 1 to S. The aver-
age bridging Ln—O bond lengths and V--Ln distance in-
crease correspondingly for complexes 1-5 (Table 3). All
these regular changes result from the decreasing size of
these ions.!""

However, not all structures of 3d—4f complexes show the
obvious effect of lanthanide contraction on the structure.
Our previous studies on MngLng coordination polymers gave
a series of isomorphous 3d—-4f complexes.”! Because the re-
action conditions are similar, the flexibility of the ligand

Chem. Eur. J. 2005, 11, 5031 —5039 www.chemeurj.org
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b)

Figure 5. a) V,Pr, and V,Pr, heterometallic lattice of [Pr,(H,0)s(SO,),]
[(VO),(TTHA)] (5). b) The 3D framework of complex 5; V: black; Pr:
gray; thin black lines: carboxyl bridges; dashed lines: -NCCN- bridges;
thick black lines: sulfate bridges.

may have a strong influence on the variation of the structure
dimensionality. H{TTHA 1is a large flexible ligand with four
nitrogen atoms and twelve oxygen atoms that can coordi-
nate to metal ions, and nine C—C bonds and twelve C—N
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Figure 6. Sulfate bridges in complex 5. H and part of the C atoms are
omitted for clarity.

Table 3. Main structural parameters for 1-5.

pears at 1385 cm™. The difference between v,, and v, of
252 cm™! is larger than 200 cm™'. This indicates monochela-
tion of the carboxyl group to the metal ion, which is in
accord with the X-ray crystal analysis.'”! Another strong
band at 971 cm™ is attributed to v(V=0) stretching.'" De-
tailed bands for all complexes are listed in Table 4.

The UV/Vis spectra of complexes 1-4 were measured in
DMSO solution at a concentration of 10~*m. The absorption
spectrum of 3D complex 5 was not recorded due to its ex-
tremely low solubility. All complexes exhibit very strong
peaks at about 260 nm, which are assignable to charge-trans-
fer transitions in the oxovandium(ir) chromophores. Two rel-
atively stronger peaks centered at about 590, 784 nm and a

weak shoulder peak around
739 nm were observed that can
be attributed to d-d transitions

1 2 3 4 5 of VIV in an environment close
lanthanide ion Yb Ho Gd Eu Pr to distorted octahedral. The
group by mass " 1 1 1 2 3 peaks are red-shifted (by ca.
ionic Fadu.ls [pm] 85.8 89.4 93.8 95.0 101.3 +70 nm) compared to the di-
coordination number 8 8 8 9 9 | VO-L |
structure dimensionality ion pair trinuclear trinuclear one-dimensional three-dimensional ~ TUC1€ar —Ln comp e[)ligs re-
V-V [A] 7479(7)  7.459(8) 7.475(6) 7.477(5) 7.540(8) ported by Okawa etal.™® The
Ln-0,, [A] 2.324(4) 2.354(4) 2.397(4) 2.460(6) 2.517(1) hypersensitive transition bands
Ln-V [A] 15.885(6) 6.068(3) 6.099(4) 6.364(7) 6.377(7) of the lanthanide ions were not

bonds can rotate freely around
the bond axis. Thus the mole-

observed.'”! The detailed data
are listed in Table 4.

Table 4. Primary IR bands and absorption spectra in DMSO Solution of 1-5.

cule can easily change its struc- IR [em™'] UV/Vis [nm]
ture to acclimatize itself to the VHO0)  v.(CO0) w(CO0) v(V=0) wmr dy—de  dy—de,  dy—deds
metal ion and form a minimal- 1 3442 1636 1385 972 261 591 739(sh) 784
energy state. The MngLn, coor- 2 3424 1634 1373 970 260 591 740 (sh) 786
R ” 3 3423 1636 1372 971 262 592 739 (sh) 786
dination polymers were assem- 4 3425 1632 1371 973 262 591 737 (sh) 784
bled with pyridine-2,6-dicarbox- 5 3421 1628 1385 983
H2 Ha Hz2 The fluorescence spectrum of complex 4 was also mea-
0 C—CH: C—CH2 C—CH2 0 sured in DMSO solution at a concentration of 10>m. The
\C_l: Z_N/ \ \N/ \N—Ez— C// excitation wavenumber was selected as the maximum of the
H()/ | | | | o absorption spectra at 590 and 784 nm, but no emission spec-
(ljllz (EHZ $H2 (|3HZ tra we;lrle observed. This result indicates that the fluorescence
C C C C of Eu™ may be effectively quenched by energy loss from the
4 \\O Ho/ \o HO/ \0 HO/ \0 excited Eu}llII to the VI‘?/ genter as i}rlltramii/ecular energy
HTTHA transfer.""!

ylic acid (H.dipic). The greater rigidity of H,dipic leads to
an isostructural series, whereas the flexible H; TTHA can be
influenced by external factors, such as metal-ion radius, to
form various dimensional complexes.

IR and UV/Vis spectroscopy: The FTIR spectra of 1-5 are
similar. All the spectra exhibit a broad band (2900-
3700 cm™'), mainly due to v(H,O) centered at about
3430 cm™!. For complex 1, a very strong band appears at
1636 cm™! due to the antisymmetric stretching of carboxyl
groups, and the symmetrical carboxyl stretching band ap-
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Magnetic measurements: Continuous interest has been de-
voted to the magnetic properties of complexes containing
both d and f ions."®! Since the electronic confirmation of V'Y
is d', the V-Ln complexes constitute an interesting family
for the study of exchange coupling. Magnetic measurements
on 2-5 showed interesting behavior in the temperature
range of 2-300 K. The y\T value of 8.14 cm*Kmol™! of 2 at
300K is higher than the theoretical value of
7.79 cm*Kmol ™! for 1.5 isolated V** and 0.5Ho’* in the I,
ground state (g=>5/4)."") As the sample is cooled, the yyT
value slowly increases and reaches a maximum of
9.84 cm*Kmol ™' at 20 K, and further decreases quickly to
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4.10 cm*Kmol ™ at 2 K, which indicates the presence of fer-
romagnetic interaction in 2 (Figure 7). The y;; verus T plots
are almost linear with C=8.15 emuKmol™! and 6=4.79 K,
which confirms the ferromagnetic interactions in 2. Remark-
ably, this is the first report of a ferromagnetically coupled

Z.MT/ em’ K mol™

0 50 100 150 200 250 300 350
T/K

Figure 7. Plots of T versus T for 2, 4, and 5.

V-Ln complex. For 4, the y\7T value decreases steadily to
1.06 cm*Kmol™" on cooling to 10 K, then decreases dramati-
cally to 0.93 cm®*Kmol ! at 2 K. Eu** has six unpaired elec-
trons and J=L—S=0."] The energy levels of the /=0 and
J=1 states are very close to each other; therefore, the excit-
ed state can easily be achieved by an external magnetic
field. The yxy7 value of 4 at room temperature is
1.78 cm®*Kmol ™!, which is higher than 1.13 em*Kmol™' for
three isolated V** ions. This may be due to the contribution
from Eu’* caused by a second-order mixture between the
ground state and the excited state. For 5, the y\7T value of
3.78 cm*Kmol ™" at 300 K is lower than the theoretical value
of 3.95 cm*Kmol ™! expected for two isolated V** and two
Pr’* in the *H, ground state (g=4/5)."" With decreasing
temperature, yy 1" decreases gradually, then drops rapidly in
the lower temperature region to 0.91 cm*Kmol™' at 2 K.
The nature of the magnetic coupling between adjacent V
and Ln ions in 4 and 5 could not be interpreted exactly due
to the existence of strong spin—orbit coupling for lanthanide
atoms.

The magnetic susceptibility of 3 was measured in a field
of 1000 Oe. The yyT value at 300 K of 9.57 cm*Kmol™" is
close to the theoretical value of 9.0 cm®* Kmol™" for one free
Gd’* and three V** ions. When the temperature decreases
to 30 K the y\T value remains constant, then decreases rap-
idly on further cooling, possibly due to antiferromagnetic in-
teractions between Gd** and V** and/or zero-field splitting
(Figure 8). The yy ! versus T plots are almost linear with
C=9.57emuKmol™ and #=-0.21 K. Since Gd**, with a
8., singlet ground state, does not possess a first-order orbi-
tal moment, its magnetic properties are amenable to a
rather simple analysis based on a spin-only Hamiltonian.
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Figure 8. Plots of y\T versus T for 3. Inset: Fitting to the Curie—Weiss
law.

Compared with the carboxyl group between the VO** and
Gd**, the bridging atom group -N-C-C-N- between two
VO?** ions is not an effective pathway for transferring the
magnetic interaction, so the total magnetic susceptibility y
is given by the sum of the contributions from one half of bi-
nuclear anion [(VO),(TTHA)P> and trinuclear cation
[(VO),(TTHA)Gd(H,0);]* (composed of mononuclear V
and binuclear VGA): yy=yxvaa+xv+0.5xs, wWhere yygq 1S
given by the expression based on the spin Hamiltonian H=
—JSgqSy with the quantum numbers Sgq=7/2 and Sy=1/2

[Eq. (D],

_4Ng’B* 7+ 15exp(—4J/kT)
MM Z KT T+ 9exp(—47 /kT)

+ 2y 1)

Least-squares fitting of the experimental data leads to J=
—0.21 cm™', g=1.99, and the agreement factor R, defined as
R =Y (Xopsa—cared) ! (obsa)’s is 3.8x107°. The result indicates
very weak antiferromagnetic interaction between Gd’* and
V** ions, which may result in the decrease in yy7T at low
temperature.

EPR spectra: Since the vanadium(iv) ion has a simple S=1/2
electronic spin, and 'V has a high natural abundance and
an /="7/2 nuclear spin, the vanadyl ion can be used to assess
the bonding of ligands to the divalent complex ion. Howev-
er, no systematic EPR investigation of V-Ln systems has
been carried out. The X-band EPR powder spectra of 1-5
recorded at both room temperature and 77 K show broad
bands centered at about g=1.98, except for that of 3, which
is centered at about g=2.06, and the hyperfine pattern can
not be resolved. In frozen DMF solution at 77 K, unusual
hyperfine structures were observed which are clearly differ-
ent from those of mononuclear octahedral VO** com-
plexes.”!! Figure 9 shows the EPR spectrum of 5 with (A)=
68 G and (g) =1.98. Consulting the crystal structures we find
that the interaction between vanadium atoms via the
-NCCN- bridge is comparatively weak, and the hyperfine
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Magnetic Field / G

Figure 9. EPR spectrum of 5 recorded at 77 K in DMF solution. Inset: su-
perhyperfine structure of nitrogen atoms

structure may be due to the magnetic spin-exchange interac-
tion between the V** and Ln’* ions. The superhyperfine
structure of nitrogen atoms is also found with an average A
value of 16 G.

Conclusion

We have synthesized a new class of 3d-4f complexes. To the
best of our knowledge, 4 and 5 are the first VIV-Ln™ coordi-
nation polymers. The structures vary from trinuclear to 3D
with increase of the lanthanide coordination number from
eight (Yb, Ho, Gd) to nine (Eu, Pr), and the Ln--O, and the
V--Ln distance increases correspondingly as a result of the
lanthanide contraction. Notably, 5 has an unprecedented 3D
framework. The magnetic behavior of these systems de-
serves further investigation owing to the need for insights
into the fundamental nature of vanadium-lanthanide com-
plexes, to understand the chemistry of such compounds al-
ready in use and tailor similar compounds for future appli-
cations. Moreover, the successful synthesis of such systems
provides an interesting example of using an organic acid as
structure-directing agent to construct new oxovanadium(1v)
compounds. Given the large variety of bulky organic acids
that can be used in this synthetic procedure, and the range
of lanthanide elements observed in 3d-4f systems, the scope
for further synthesis of other novel oxovanadium(iv)-
lanthanide(1m) complexes appears to great.

Experimental Section

General remarks: Elemental analyses for C, H, and N were obtained at
the Institute of Elemental Organic Chemistry, Nankai University. The
FTIR spectra were measured with a Bruker Tensor 27 Spectrometer on
KBr disks, and the UV/Vis spectra on a JASCO V-570 Spectrophotome-
ter. The fluorescence spectrum was measured on a Varian Cary Eclipse
Fluorescence spectrophotometer. Variable-temperature magnetic suscep-
tibilities were measured on a Quantum Design MPMS-7 SQUID magne-
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tometer. Diamagnetic corrections were made with Pascal’s constants for
all constituent atoms. The EPR spectra were measured on a BRUKER
EMX-6/1 EPR spectrometer.

[Yb(H,0)51,[(VO),(TTHA)];21H,0 (1): A mixture of H{ITHA
(0.247 g), VOSO,-3H,0 (0.109 g), Yb,O; (0.197 g), and H,O (10 mL) was
placed in a 20 mL acid digestion bomb and heated at 150°C for three
days. The product (66% yield based on V) was collected after washing
with water (2x5mL) and diethyl ether (2x5 mL). Elemental analysis
caled (%) for CyH 4N;,020VeYb,: C 22.52, H 5.11, N 5.84; found: C
22.87,H 5.29, N 5.41.

{{(Ho(H,0),(VO),(TTHA)][(VO),(TTHA)],5}-8.5H,0 (2): A mixture of
H,ITTHA (0.247 g), VOSO,3H,0 (0.218 g), Ho,0; (0.378 g), and H,O
(10 mL) was placed in a 20 mL acid digestion bomb and heated at 150°C
for three days. The product (55% yield based on V) was collected after
washing with water (2x5mL) and diethyl ether (2x5 mL). Elemental
analysis caled (%) for C,;Hsi;HoNgOs65Vs: C 23.54, H 4.90, N 6.10;
found: C 23.11, H 4.62, N 5.97.
{{Gd(H,0),(VO),(TTHA)][(VO),(TTHA)],5}-8.5H,0 (3): An aqueous
solution of H,TTHA (25mL, 0.494¢g), VOSO,3H,0 (0.218¢), and
Gd,0; (0.363 g) was refluxed for 5 h while stirring, then filtered. Crystals
were grown by slow evaporation in ethanol atmosphere. Yield: 45%
based on V. Elemental analysis caled (%) for C,;HgGdNgOs45Vs: C
23.67, H 4.93, N 6.13; found: C 23.89, H 4.48, N 6.41.

{[Eu(H,0),][(VO),(TTHA)], 3-10.5H,0 (4): A mixture of H,TTHA
(0.247 g), VOSO,-3H,0 (0.109 g), Eu,0; (0.176 g), and H,O (10 mL) was
placed in a 20 mL acid digestion bomb and heated at 150°C for three
days. The product (70% yield based on V) was collected after washing
with water (2x5mL) and diethyl ether (2x5mL). Elemental analysis
caled (%) for C,H;EuN¢OssV5: C 23.15, H 5.11, N 6.00; found: C
2291, H4.77, N 6.15.

[Pr,(H,0)4(SO,),1[(VO),(TTHA)] (5): A mixture of H,TTHA (0.247 g),
VOSO,3H,0 (0.109 g), Pr(ClO,);:6 H,0O, (0.547 g) and H,O (10 mL) was
placed in a 20 mL acid digestion bomb and heated at 150°C for three
days. The product (60% yield based on V) was collected after washing
with water (2x5mL) and diethyl ether (2x5mL). Elemental analysis
caled (%) for C;gH3N,OxP1,S,V,: C 17.96, H 3.01, N 4.65; found: C
17.72, H 3.55, N 4.81.

Crystallographic studies: Crystals of 1-5 were mounted on glass fibers.
Determination of the unit cell and data collection were performed with
Moy, radiation (1=0.71073 A) on a BRUKER SMART 1000 diffractom-
eter equipped with a CCD camera. The w—¢ scan technique was em-
ployed. Crystal parameters and structure refinements for 1-5 are sum-
marized in Table 1. Selected bond lengths and angles are listed in
Table 2.

The structures were solved primarily by direct methods and secondly by
Fourier difference techniques and refined by the full-matrix least-squares
method. The computations were performed with the SHELXL-97 pro-
gram.>?! All non-hydrogen atoms were refined anisotropically. The hy-
drogen atoms were set in calculated positions and refined as riding atoms
with a common fixed isotropic thermal parameter.

CCDC-2244535 (1), CCDC-227934 (2), CCDC-255621 (3), CCDC-227933
(4), CCDC-227932 (5) contain the supplementary crystallographic data
for this paper. These data can be obtained free of charge from the
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_
request/cif.
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