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Near-Infrared Luminescent, Neutral, Cyclic Zn2Ln2 (Ln = Nd, Yb, and Er)
Complexes from Asymmetric Salen-Type Schiff Base Ligands
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In the presence of excess pyridine (py), Zn(OAc)2·2H2O re-
acted with an equimolar amount of asymmetric salen-type
Schiff base ligand, generated in situ from the condensation
of 2,3-diaminophenol with o-vanillin or 5-bromo-3-methoxy-
benzaldehyde, to give the d-block “complex ligand”
[Zn(HL1)(py)] or [Zn(HL2)(py)], respectively. Interaction of
[Zn(HL1)(py)] or [Zn(HL2)(py)] with Ln(NO3)3·6H2O in a 1:1
molar ratio gave the cyclic hetero-tetranuclear complexes
[Zn2(L1)2(py)2Ln2(NO3)4(dmf)2]·3Et2O (Ln = Nd, 1; Yb, 2; Er,
3; and Gd, 4) or [Zn2(L2)2Ln2(NO3)4(dmf)4] (Ln = Nd, 5; Yb,
6; Er, 7; and Gd, 8), respectively, in moderate yields. Photo-
physical studies of these cyclic Zn2Ln2 tetranuclear com-

Introduction
Ln3+ (Nd3+, Yb3+ or Er3+) complexes, with long-lived

and characteristic linelike near-infrared (NIR) emission
bands, have attracted much attention due to their potential
applications in fluoroimmunoassay,[1] materials for optical
telecommunication,[2] or organic light-emitting diodes
(OLEDs).[3] However, for these lanthanide ions, because of
the parity-forbidden nature of f–f transitions,[4] the absorp-
tion coefficients are normally very low (ε ≈ 1–10 –1 cm–1).
To enhance their emissions, chromophores are often em-
ployed to transfer the absorbed energy efficiently to the lan-
thanide ions (the “antenna” effect). Though many cyclic[5]

and acyclic[6] aromatic ligands with fully allowed π�π*
transitions in the UV region are designed for overcoming
the low absorbance of these Ln3+ ions, it becomes more
difficult to find ligand-centered chromophores absorbing at
wavelengths longer than those in the UV region. The best
source of chromophores, which absorb strongly in the vis-
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plexes showed that, upon photoexcitation in the 200–550 nm
range corresponding to the intraligand π�π* transition of the
Schiff base, strong and characteristic NIR luminescence of
Ln3+ ions with emissive lifetimes in the microsecond ranges
were observed, whereas the ligand-centered singlet (1LC)
visible fluorescence was mostly quenched as a result of effec-
tive intramolecular energy transfer from the 1LC excited state
to the Ln3+ ions. In addition, the occupation of py groups at
the axial position of Zn2+ ions and the involvement of heavy
atoms seem to help to enhance the NIR luminescence to
some extent.

ible region, is the d-block metal complexes[7] (i.e. Cr3+,[8]

Co3+,[9] Zn2+,[10] Ru2+,[11] Pd2+,[12] Pt2+,[13] Ir3+,[14] Au+,[15]

Ag+,[16] Cd2+,[17] Re+, or Os2+[18]) that display absorption
bands at almost any desired wavelength and different ex-
cited states (1LC, 3LC, 3MLCT, or 3LMCT, where LC =
ligand-centered, MLCT = metal-to-ligand charge transfer,
LMCT = ligand-to-metal charge transfer) and have been
demonstrated to effectively transfer energy to the Ln3+ ions
indirectly.

Our past research work[19] has focused on the use of
strongly fluorescent Zn–Schiff base complexes[20] as anten-
nae or sensitizers for NIR luminescence of Ln3+ ions. We
show that the selection of C2 symmetric salen-type Schiff
base ligands with inner N2O2 coordination sites and/or
outer O2O2 portions is apt to bind with both 3d Zn2+ and
4f Ln3+ ions, and multinuclear heterometallic complexes
have been constructed from functional bridges with OH,[21]

anionic,[22] or pyridyl groups[23] and multidentate spacers
with bipyridyl[24] or bicarboxylate ligands,[25] leading to en-
hanced NIR luminescence properties. To the best of our
knowledge, there has been no report on the photophysical
properties of the 3d–4f heterometallic complexes of asym-
metric salen-type Schiff base ligands, though a few re-
ports[26] have shown that asymmetric amide-imine Schiff
base ligands can yield 3d–4f polynuclear molecules as novel
single-molecule magnets (SMM) with large magnetic mo-
ments and magnetic anisotropy. If an OH group was incor-
porated into the linker of the salen-type Schiff base ligands,
a new type of asymmetric salen-type Schiff base ligands
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with an inner N2O2 coordination site, an outer O2O2 cavity,
and a coordinating oxygen atom from the OH group would
be obtained. Use of this type of ligand could then give rise
to new 3d–4f complexes of higher nuclearity through elec-
tron donation from the OH group. Another variation is the
coordination of pyridine (py) at the axial position of 3d
Zn2+ ions, which could serve to further increase the conges-
tion around the coordination sphere of 4f Ln3+ ions, effec-
tively decreasing luminescence quenching from OH-con-
taining solvents around the lanthanide ions.[27] Further-
more, the presence of heavy Br atoms on the asymmetric
Schiff base ligand could help to increase the quantum yield
for triplet state formation and enhance the NIR sensitiza-
tion of the Ln3+ ion.[28] Herein, we report the syntheses and
structures of two series of cyclic hetero-tetranuclear com-
plexes: [Zn2(L1)2(py)2Ln2(NO3)4(dmf)2]·3Et2O (Ln = Nd, 1;
Yb, 2; Er, 3; and Gd, 4) and [Zn2(L2)2Ln2(NO3)4(dmf)4]
(Ln = Nd, 5; Yb, 6; Er, 7; and Gd, 8). Their photophysical
properties and sensitization of NIR luminescence of Ln3+

ions are also discussed.

Results and Discussion

Synthesis and Characterization

The reaction of Zn(OAc)2·2H2O with an equimolar
amount of the asymmetric salen-type Schiff base ligand,
generated in situ from the condensation of 2,3-diaminophe-
nol with o-vanillin or 5-bromo-3-methoxybenzaldehyde, in
the presence of excess py in absolute EtOH, afforded
the respective d-block “complex ligand” precursor
[Zn(HL1)(py)] or [Zn(HL2)(py)] in 60% yield. Further reac-
tion of the precursor with Ln(NO3)3·6H2O in a 1:1 molar
ratio gave the cyclic hetero-tetranuclear complexes [Zn2(L1)2-
(py)2Ln2(NO3)4(dmf)2]·3Et2O (Ln = Nd, 1; Yb, 2; Er, 3;
and Gd, 4) or [Zn2(L2)2Ln2(NO3)4(dmf)4] (Ln = Nd, 5; Yb,
6; Er, 7; and Gd, 8) (Scheme 1), which were isolated as
microcrystalline solids upon slow diffusion of Et2O into a

Scheme 1. Controlled design of cyclic tetranuclear heterometallic Zn2Ln2 complexes.
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solution of the respective compound in EtOH/dmf. In each
series (1–4 or 5–8), it was shown that the coordination
number for Ln (Nd, Yb, Er, and Gd) is the same, and all
of them are isostructural and have the same ligand compo-
sition. This can be confirmed by the X-ray powder diffrac-
tion measurements of the bulk, as-prepared products 2–3
or 6–7, which have diffraction patterns comparable with the
simulated pattern from the single-crystal data (for 1 or 5,
respectively).

Compounds 1–8 are insoluble in water but more soluble
in common organic solvents. These complexes were charac-
terized by elemental analysis and FTIR spectroscopy. The
solid-state structures of compounds 1 and 5 were ascer-
tained by X-ray crystallography; pertinent bonding param-
eters are given in Table 1. For complex 1, as shown in Fig-
ure 1, the phenoxo and methoxy oxygen atoms of the Zn2+

precursor [Zn(HL1)(py)] coordinate to one Nd3+ ion, and
as expected, the oxygen atom from the OH group of the
asymmetric Schiff base ligand on the opposite side coordi-
nates to another Nd3+ ion, resulting in an alternate cyclic
array of the Zn and Nd metal ions. Each Zn2+ ion has a
five-coordinate environment and adopts a distorted square-
pyramidal geometry composed of the inner N2O2 core from
the Schiff base (L1)3– ligand as the basal plane and one N
atom from the coordinated py at the apical position, while
the Nd3+ ions are in the outer O2O2 sites. The two ions are
doubly bridged to one another through the two phenoxo O
atoms of the Schiff base (L1)3– ligand with a Zn···Nd sepa-
ration of 3.644(2) Å. The Nd3+ ions are ten-coordinate. In
addition to the two bridging phenoxo O atoms, their coor-
dination environments are completed by eight other O
atoms: four from two bidentate NO3

– anions, two from
OMe groups, one from the deprotonated OH group of the
Schiff base (L1)3– ligand, and one from the coordinated dmf
solvate. The Nd–O bond lengths, depending on the nature
of the oxygen atoms, vary from 2.329(4) to 2.735(4) Å, the
bond length from the hydroxy oxygen atom being the short-
est. The separation between the Zn2+ and Nd3+ ions bound
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to each other through the oxygen atom from the deproton-
ated OH groups of the Schiff base (L1)3– ligands is equal to
6.791(2) Å. The Et2O molecules are solvents of crystalli-
zation; they are not bound to the framework and exhibit
no observable interaction with the host structure. It is worth
noting that the formation of cyclic tetranuclear complex 1
is incomparable to that of binuclear ZnLn complexes[19] of
the C2 symmetric Schiff base ligands without the involve-
ment of the OH group, but is quite similar to that of the
reported Cu2Ln2 complexes[26] from asymmetric amide-
imine Schiff base ligands despite the lack of coordination
of py groups at the apical position of the d-block metal ion.

Table 1. Interatomic distances (Å) and bond angles (°) with esds
for 1 and 5.

1 5

Zn1–N1 2.067(4) Zn1–N1 2.046(5)
Zn1–N2 2.020(5) Zn1–N2 2.003(6)
Zn1–N3 2.063(4) Zn1–O2 1.986(4)
Zn1–O2 1.993(4) Zn1–O3 1.995(4)
Zn1–O3 2.011(3) Zn1–O12 2.009(4)
Nd1–O1 2.700(3) Nd1–O1 2.781(5)
Nd1–O2 2.424(3) Nd1–O2 2.454(4)
Nd1–O3 2.485(4) Nd1–O3 2.467(5)
Nd1–O4 2.735(4) Nd1–O4 2.722(5)
Nd2–O5[a] 2.329(4) Nd2–O5 2.621(5)
Nd1–O6 2.603(4) Nd1–O7 2.542(5)
Nd1–O8 2.591(3) Nd1–O8 2.594(5)
Nd1–O9 2.562(4) Nd1–O10 2.589(5)
Nd1–O11 2.672(4) Nd1–O11 2.315(4)
Nd1–O12 2.489(3) Nd1–O13 2.477(5)
N1–Zn1–N2 80.90(17) N1–Zn1–N2 81.0(2)
N1–Zn1–N3 102.07(17) N1–Zn1–O2 92.0(2)
N1–Zn1–O2 89.95(16) N1–Zn1–O3 147.23(17)
N1–Zn1–O3 145.25(15) N1–Zn1–O12 103.42(19)
O1–Nd1–O4 145.14(11) O1–Nd1–O4 142.14(13)
O1–Nd1–O5[a] 75.65(11) O1–Nd1–O11 77.22(15)
O1–Nd1–O12 146.15(11) O2–Nd1–O3 63.01(15)
O2–Nd1–O3 62.44(12) O5–Nd1–O7 49.44(17)
O6–Nd1–O8 48.75(13) O8–Nd1–O10 47.62(18)
O9–Nd1–O11 48.93(12) O11–Nd1–O13 72.22(16)

[a] –x + 1, –y + 2, –z + 1.

The presence of heavy Br atoms in the precursor
[Zn(HL2)(py)] did not lead to a significant change in the
host structure of cyclic tetranuclear Zn2Nd2 complex 5, but
slightly changed the coordination environments of the Zn2+

ions (Figure 2). In complex 5, each Zn2+ ion also has a five-
coordinate environment and adopts a distorted square-
pyramidal geometry composed of the inner N2O2 core from
the Schiff base (L2)3– ligand as the basal plane, with an O
atom from one coordinated dmf solvate at the apical posi-
tion in place of the N atom from the py group of the d-
block [Zn(HL2)(py)] precursor. While the actual stepwise
formation of the two complexes (1 and 5) from a similar
pyridine-containing precursor [Zn(HL1)(py)] or [Zn(HL2)-
(py)] is yet to be studied, it is worth noting that the presence
of heavy Br atoms did not lead to a change in the coordina-
tion environment of Nd3+ ions in the same self-assembled
system, despite the slight difference between the crystal
parameters of 1 and 5.

Compounds 1–8 retained their tetranuclear structures in
CH3CN solution. This was supported by their ESI-MS
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Figure 1. Perspective drawing of compound 1; H atoms and sol-
vates are omitted for clarity.

Figure 2. Perspective drawing of compound 5; H atoms are omitted
for clarity.

spectra, which displayed a parent peak at an m/z value cor-
responding to the [M – NO3]+ fragment. For instance, 1–4
exhibited the [Zn2(L1)2(py)2Ln2(NO3)3(dmf)2]+ peak at m/z
1686.41 (1), 1744.01 (2), 1732.45 (3), and 1712.43 (4);
whereas 5–8 exhibited the [Zn2(L2)2Ln2(NO3)3(dmf)4]+

peak at 1992.72 (5), 2049.77 (6), 2038.76 (7), and 2018.74
(8). In fact, we have previously demonstrated that related
dinuclear complexes [Zn(µ-L)Ln(NO3)3][19b–19d] and tetra-
nuclear complexes [Zn2(µ-L)2Ln2(4,4�-bipy)(NO3)6][24] (L =



Near-Infrared Luminescent Neutral Cyclic Zn2Ln2 Complexes

dianionic Schiff base ligand) existed as nonelectrolytes in
CH3CN and retained their solid-state structures in CH3CN
solution.

Photophysical Properties

The photophysical properties of [Zn(HL1)(py)] and com-
plexes 1–4 were examined in dilute CH3CN solution at
room temperature. Selected data are summarized in Table 2
and Figures 3, 4, and 5. As shown in Figure 3, complexes
1–4 display similar ligand-centered solution absorption
spectra (250–255 and 322–329 nm) in the UV/Vis region.
They are similar but blueshifted by 11–30 nm as compared
to the absorption spectrum of the precursor [Zn(HL1)(py)]
(222, 266, and 352 nm). The absorptions of the tetranuclear
complexes are stronger than that of the precursor at the
same concentration. This is due to the presence of two chro-
mophores for each tetranuclear complex and is in agree-
ment with the solution behavior of discrete cyclic Zn2Ln2

arrays. For complexes 1–3, weak visible emission bands (λem

= 522 nm, τ = 2.10 ns for 1; λem = 520 nm, τ = 2.86 ns for
2; λem = 525 nm, τ = 1.75 ns for 3) with low quantum yields
(Φem � 10–5) in dilute CH3CN solution at room tempera-
ture are observed, and they originate from the intraligand
π�π* transitions of the Schiff base ligand. In addition to
the weak visible emission, photoexcitation of the antennae
(λex = 356 nm for 1; λex = 396 nm for 2; λex = 408 nm for
3) gives rise to the characteristic emissions of the Nd3+

(4F3/2�4Ij/2, j = 9, 11, 13), Yb3+ (2F5/2�2F7/2), and
Er3+ ions (4I13/2�4I15/2), respectively, in the NIR region
(Figure 4). For 1, the emissions at 883, 1068, and 1346 nm
can be assigned to the 4F3/2�4I9/2, 4F3/2�4I11/2, and
4F3/2�4I13/2 transitions of the Nd3+ ion; and for 2 and 3,
the emissions centered at 975 and 1439 nm can be assigned
to the 2F5/2�2F7/2 and 4I13/2�4I15/2 transitions of Yb3+ and
Er3+ ions, respectively. The excitation spectra of complexes
1–3, monitored at the respective NIR emission peak
(1068 nm for 1; 975 nm for 2; 1439 nm for 3) are similar to
those monitored at the respective weak visible emission
peak, clearly indicating that both visible and NIR emissions
arise from the same intraligand π�π* transitions of the
Schiff base ligand, which suggests that the energy transfer
from the antenna to these Ln3+ ions takes place ef-

Table 2. Photophysical properties of [Zn(HL1)(py)], [Zn(HL2)(py)], and complexes 1–8 in CH3CN solution (1� 10–5 ) at room tempera-
ture or 77 K.

Compound Absorption Excitation Emission
λab (nm) [log ε (dm3 mol–1 cm–1)] λex (nm) λem (nm) [τ, Φ� 103]

[Zn(HL1)(py)] 222 [0.85], 266 [0.23], 352 [0.09] 318, 400 524 [s, 2.52 ns, 17.92]
1 250 [1.97], 255 [1.90], 334 [0.04] 356, 416 522 [w, 2.10 ns, �10–2], 883 [2.44 µs], 1068, 1346
2 249 [1.39], 254 [1.35], 322 [0.23] 346, 396 520 [w, 2.86 ns, �10–2], 975 [14.90 µs]
3 250 [2.19], 254 [2.12], 324 [0.11] 338, 408 525 [w, 1.75 ns, �10–2], 1439
4 250 [2.09], 329 [0.06] 315, 426 544 [s, 3.49 ns, 0.75], 532 [s, 5.41 ns, 77 K]
[Zn(HL2)(py)] 214 [0.24], 327 [0.06], 412 [0.05] 327, 415 533 [s, 1.74 ns, 38.64]
5 319 [0.11], 389 [0.07] 322, 443 532 [w, 2.25 ns, �10–2], 878 [1.17 µs], 1067, 1344
6 324 [0.09], 389 [0.07] 321, 440 535 [w, 2.10 ns, �10–2], 974 [6.97 µs]
7 318 [0.13], 401 [0.08] 335, 448 534 [w, 1.44 ns, �10–2], 1437
8 330 [0.06], 385 [0.04] 318, 438 538 [s, 2.99 ns, �10–2], 532 [s, 5.41 ns, 2.6�10–2, 77 K]
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ficiently.[29] For 1 and 2, the respective NIR luminescence
decay curves obtained from time-resolved luminescence ex-
periments can be fitted monoexponentially with a time con-
stant in the order of microseconds (λem = 883 nm, τ =
2.44 µs for 1; λem = 975 nm, τ = 14.90 µs for 2). The intrin-
sic quantum yield of Ln3+ emission (ΦLn) may be estimated
by ΦLn = τobs/τ0, where τobs is the observed emission life-
time and τ0 is the “neutral lifetime”, 0.25 and 2.0 ms for

Figure 3. UV/Vis spectra of [Zn(HL1)(py)] and complexes 1–4 in
CH3CN solution (1 � 10–5 ) at room temperature.

Figure 4. NIR emission and excitation spectra of complexes 1–3 in
CH3CN solution (1 � 10–5 ) at room temperature.
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Figure 5. Visible emission and excitation spectra of [Zn(HL1)(py)]
and complex 4 in CH3CN solution (1 � 10–5 ) at room tempera-
ture.

Nd3+ and Yb3+ ions, respectively.[30] The estimated ΦLn is
0.98 and 0.75 % for 1 and 2, respectively. This indicates that
a unique and consistent coordination environment around
the lanthanide ions is present despite the formation of the
cyclic tetranuclear Zn2Ln2 structure.[31] The energy transfer
efficiency of Nd3+ complex 1 is slightly better than that of
Yb3+ complex 2, which could be attributed to the wealth of
accepting levels for the Nd3+ ion (versus only one for the
Yb3+ ion).[32] Because of instrumental limitations, we were
unable to determine τobs for the Er3+ ion and thus could
not estimate ΦLn for the Er3+ ion, though strong NIR emis-
sion of the Er3+ ion was observed for complex 3. The
[Zn(HL1)(py)] precursor does not exhibit any NIR lumines-
cence under the same conditions. It merely displays the typi-
cal strong fluorescence (λem = 524 nm, τ = 2.52 ns, Φem =
17.92� 10–3) of the Schiff base ligand in the visible region
(Figure 5).[20]

As a reference compound, Zn2Gd2 complex 4 allows the
study of the antenna luminescence in the absence of energy
transfer, because the Gd3+ ion has no energy levels below
32,000 cm–1, and therefore cannot accept any energy from
the excited state of the antenna (π*).[33] In dilute anhydrous
CH3CN solution (1� 10–5 ), as shown in Table 2 and Fig-
ure 5, Zn2Gd2 complex 4 displays an emission centered at
544 and 532 nm at room temperature (r.t.) and 77 K,
respectively. Time-resolved spectra showed that emission at
both r.t. and 77 K corresponded to the ligand-centered sin-
glet (1LC) fluorescence with lifetimes of 3.49 and 5.41 ns,
respectively. Ligand-centered triplet (3LC) phosphorescence
was not observed even at 77 K. These results indicate that
the lowest triplet (T1) state of the Schiff base ligand is non-
emissive and probably decays by vibrational relaxation, and
the sensitization of the NIR luminescence results from the
1LC but not the 3LC excited state of the ligand. Similar
observations have been reported for related compounds.[19c]

If the antenna luminescence lifetime of Zn2Gd2 complex 4
is to represent the populated excited-state lifetime in the
absence of energy transfer, the energy transfer rate (kET) in
the Zn2Ln2 complexes can thus be calculated from kET =

www.eurjic.org © 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2010, 2714–27222718

1/τZnLn – 1/τZnGd, where τ is the luminescence lifetime.[34]

The calculated energy transfer rate for Zn2Nd2 (1, 1.9�
108 s–1) is higher than that for Zn2Yb2 (2, 0.6� 108 s–1) and
lower than that for Zn2Er2 (3, 2.9� 108 s–1), which may
result from the difference of the so-called spectral overlap
of the antenna and the Ln3+ ions.[35] In spite of not having
enough information on the NIR luminescence of 3, we ob-
served the strong NIR emission of the Er3+ ion unambigu-
ously. This is different from the result of the reported sym-
metric phenylene-bridged Schiff base ZnEr complex,[19c]

[Zn(L3)Er(NO3)3(EtOH)] (H2L3 = N,N�-bis(3-methoxy-
salicylidene)phenylene-1,2-diamine), in which the NIR
emission of the Er3+ ion was too weak to be observed. The
reason could be due to the molecular design of the asym-
metric salen-type Schiff base ligands. On formation of the
cyclic Zn2Er2 molecule in 3, the donating (antenna) levels
match well with the receiving (Er3+ ion) levels.[36] In ad-
dition, the presence of py groups in axial positions of the
3d Zn2+ ions increases the steric congestion around the 4f
Ln3+ ions and helps to decrease luminescence quenching
from OH-containing solvents despite the existence of C–H
vibrational oscillators of the coordinated dmf molecules.[27]

The presence of electron-withdrawing heavy Br atoms in
the Schiff base ligand caused a redshift of the absorption
(λ = 327, 415 nm) and emission (λem = 544 nm, Φem =
38.64 �10–3) spectra of [Zn(HL2)(py)] relative to those of
[Zn(HL1)(py)]. As shown in Table 3 and Figures 6, 7, and
8, the partial quenching of the chromophore-based visible
luminescence and the characteristic NIR emissions for com-
plexes 5–7 are very similar to those of the Nd3+(1), Yb3+(2),
and Er3+(3) complexes, respectively. By using the antenna
luminescence lifetime of Zn2Gd2 (8) as a reference for the
excited-state lifetime in the absence of energy transfer, the
calculated energy transfer rate for Zn2Er2 (7, 3.3� 108 s–1)
is faster than those for Zn2Nd2 (5, 1.1� 108 s–1) and
Zn2Yb2 (6, 1.4� 108 s–1). We were interested in comparing
the photophysical properties between the two series of NIR
luminescent complexes. For complexes 5–6, from time-re-
solved luminescence experiments, the respective lumines-
cence decay curve can also be fitted monoexponentially
with a time constant in the order of a microsecond (1.17 µs
for 5 and 6.97 µs for 6), yielding intrinsic quantum yields
(ΦLn = 0.45% for 5 and 0.35% for 6) lower than those for
complexes 1 and 2. It should be noted that, for the two
series of complexes in solution, each Ln3+ ion is encapsu-
lated by two asymmetric Schiff base ligands, which make
it exposed to interactions with solvates (dmf or CH3CN)
molecules, which can result in partial luminescence quench-
ing from C–H vibrational oscillators with relatively lower
intrinsic quantum yields.[27] The addition of the heavy atom
in the second series of complexes has no expected beneficial
effect on the enhancement of NIR luminescence, which sup-
ports the hypothesis that the NIR sensitization occurs by
energy transfer from the 1LC but not the 3LC excited state
to the Ln3+ ion. It also suggests that the more effective vib-
ronic quenching by the C–H vibrations results from the
smaller energy gap between the lowest luminescent state
and the highest nonluminescent state of the lanthanide
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ions.[37] Although we do not have enough NIR lumines-
cence information for the two Er3+ complexes (3 and 7),
with their concentrations in dilute CH3CN solutions ad-

Table 3. Crystal data and refinement for complexes 1 and 5.

Compound 1 5

Empirical formula C72H86N12Nd2O27Zn2 C56H58Br2N12Nd2O26Zn2

Formula weight 1970.75 2054.00
Crystal system triclinic monoclinic
Space group P1̄ P21/c
a (Å) 12.9470(6) 12.034(2)
b (Å) 13.8620(7) 17.983(3)
c (Å) 13.9253(5) 16.910(3)
α (°) 101.007(4) 90
β (°) 109.947(4) 108.524(3)
γ (°) 111.971(5) 90
V (Å3) 2027.97(16) 3469.9(10)
Z 1 2
ρ (gcm–3) 1.614 1.966
Crystal size (mm) 0.35� 0.28� 0.23 0.31� 0.25� 0.21
µ(Mo-Kα) (mm–1) 1.929 4.546
T (K) 293(2) 273(2)
Data/restraints/parameters 9964/0/ 520 7125/0/464
Quality-of-fit indicator 0.983 0.736
Final R indices R1 = 0.0579 R1 = 0.0445
[I�2σ(I)] wR2 = 0.1211 wR2 = 0.0867
R indices (all data) R1 = 0.0965 R1 = 0.1275

wR2 = 0.1310 wR2 = 0.1001

Figure 6. UV/Vis spectra of [Zn(HL2)(py)] and complexes 5–8 in
CH3CN solution (1 � 10–5 ) at room temperature.

Figure 7. NIR emission and excitation spectra of complexes 5–7 in
CH3CN solution (1 � 10–5 ) at room temperature.
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Figure 8. Visible emission and excitation spectra of [Zn(HL2)(py)]
and complex 8 in CH3CN solution (1� 10–5 ) at room tempera-
ture.

justed to give the same absorbance at 355 nm, the relative
emission intensity at 1440 nm for 7, which has Br atoms,
was about 1.5 times that of 3, and this ratio is much higher
in CD3CN than CH3CN (3.3:1).[19f,28]

Conclusions

Two series of cyclic tetranuclear complexes [Zn2(L1)2-
(py)2Ln2(NO3)4(dmf)2]·3Et2O (Ln = Nd, 1; Yb, 2; Er, 3;
and Gd, 4) and [Zn2(L2)2Ln2(NO3)4(dmf)4] (Ln = Nd, 5;
Yb, 6; Er, 7; and Gd, 8) were obtained from the reaction
of the Zn-containing “complex ligand” [Zn(HL1)(py)] and
[Zn(HL2)(py)] (py = pyridine) with Ln(NO3)3·6H2O. Re-
sults of photophysical studies show that, with excitation at
200–550 nm, corresponding to the intraligand π�π* transi-
tions of the Schiff base, strong and characteristic NIR lumi-
nescence of the Ln3+ ions with emissive lifetimes in the
microsecond range were sensitized from the excited state
(1LC) of the ligand, whereas the 1LC visible fluorescence is
mostly quenched because of efficient intramolecular energy
transfer from the 1LC excited state to the Ln3+ ions. In ad-
dition, the occupation of pyridine groups in axial positions
of the Zn2+ ions and the involvement of heavy atoms help
to enhance the NIR luminescence to some extent. Further
exclusion of vibronic deactivating solvent molecules from
the inner coordination sphere of the complexes should be
feasible through the use of additional ligands or more steri-
cally demanding anions. Work in this direction is now un-
der way.

Experimental Section
General: All chemicals were commercial products of reagent grade
and were used without further purification. Elemental analyses
were performed with a Perkin–Elmer 240C elemental analyzer. In-
frared spectra were recorded with a Nicolet Nagna-IR 550 spectro-
photometer in the region 4000–400 cm–1 by using KBr pellets. 1H
NMR spectra were recorded with a JEOL EX-270 spectrometer
in CDCl3 at room temp. ESI-MS was performed with a Finnigan
LCQDECA XP HPLC-MSn mass spectrometer with a mass-to-
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charge (m/z) range of 4000 with a standard electrospray ion source
and CH3CN as solvent. Electronic absorption spectra in the UV/
Vis region were recorded with a Cary 300 UV spectrophotometer,
steady-state visible fluorescence, PL excitation spectra with a Pho-
ton Technology International (PTI) Alphascan spectrofluorometer,
and visible decay luminescence spectra with a pico-N2 laser system
(PTI Time Master). The quantum yield of the visible luminescence
for each sample was determined by the relative comparison pro-
cedure with use of a reference of known quantum yield (quinine
sulfate in dilute H2SO4 solution, Φem = 0.546). NIR emission and
excitation in solution were recorded with a PTI QM4 spectrofluor-
ometer having a PTI QM4 Near-Infrared InGaAs detector. The X-
ray powder diffraction pattern was recorded with a D/Max-IIIA
diffractometer having graphite-monochromated Cu-Kα radiation (λ
= 1.5418 Å).

Syntheses

[Zn(HL1)(py)] or [Zn(HL2)(py)]: To a stirred solution of 2,3-diami-
nophenol (1.3 g, 10 mmol) and o-vanillin (3.6 g, 20 mmol) or 5-
bromo-3-methoxy-benzaldehyde (4.8 g, 20 mmol) in absolute
EtOH (4 mL) were added Zn(OAc)2·2H2O (2.2 g, 10 mmol) and
pyridine (2 mL). The reaction mixture was heated under reflux
overnight. The resulting precipitate was filtered, washed with cold
EtOH and CHCl3, and dried under vacuum to give [Zn(HL1)(py)]
or [Zn(HL2)(py)] as yellow solids in moderate yields.

For [Zn(HL1)(py)]: Yield: 3.1 g (58%). C27H23N3O5Zn (534.88):
calcd. C 60.63, H 4.33, N 7.86; found C 60.48, H 4.56, N 7.67. IR
(KBr): ν̃ = 3391 (b), 1609 (s), 1534 (m), 1463 (vs), 1352 (w), 1321
(w), 1235 (s), 1201 (m), 1118 (m), 974 (m), 870 (w), 840 (w), 725
(m), 695 (w), 565 (w), 515 (w), 432 (w) cm–1. 1H NMR (270 MHz,
CDCl3): δ = 11.14 (s, 1 H, OH), 9.93 (s, 1 H, N=CH), 9.45 (s, 1
H, N=CH), 8.86 (d, J = 1.7 Hz, 1 H, pyH), 8.65 (d, J = 1.9 Hz, 1
H, pyH), 8.46 (m, 1 H, pyH), 8.02 (m, 1 H, pyH), 7.70 (m, 1 H,
pyH), 7.41 (m, 1 H, ArH), 7.31 (d, J = 5.3 Hz, 1 H, ArH), 7.27
(m, 1 H, ArH), 7.19 (d, J = 4.6 Hz, 1 H, ArH), 7.12 (d, J = 4.1 Hz,
1 H, ArH), 6.98 (d, J = 4.6 Hz, 1 H, ArH), 6.81 (d, J = 5.4 Hz, 1
H, ArH), 6.74 (m, 1 H, ArH), 6.59 (d, J = 4.5 Hz, 1 H, ArH), 3.75
(s, 3 H, OCH3), 3.63 (s, 3 H, OCH3) ppm.

For [Zn(HL2)(py)]: Yield: 4.2 g (61%). C27H21Br2N3O5Zn (692.67):
calcd. C 46.82, H 3.06, N 6.07; found C 46.73, H 3.32, N 6.01. IR
(KBr): ν̃ = 3442 (b), 1599 (s), 1534 (s), 1466 (vs), 1382 (w), 1279
(s), 1236 (m), 1210 (m), 1094 (w), 1025 (m), 965 (m), 845 (w), 814
(m), 785 (m), 752 (m), 698 (w), 522 (m), 432 (w) cm–1. 1H NMR
(270 MHz, CDCl3): δ = 11.04 (s, 1 H, OH), 9.86 (s, 1 H, N=CH),
9.31 (s, 1 H, N=CH), 8.72 (d, J = 1.9 Hz, 1 H, pyH), 8.53 (d, J =
2.4 Hz, 1 H, pyH), 8.20 (m, 1 H, pyH), 8.11 (m, 1 H, pyH), 7.52
(m, 1 H, pyH), 7.33–7.31 (m, 3 H, ArH), 7.21 (s, 1 H, ArH), 7.18–
7.06 (m, 2 H, ArH), 6.99 (s, 1 H, ArH), 3.93 (s, 3 H, OCH3), 3.72
(s, 3 H, OCH3) ppm.

[Zn2(L1)2(py)2Ln2(NO3)4(dmf)2]·3Et2O (Ln = Nd, 1; Yb, 2; Er, 3;
and Gd, 4): To a stirred suspension of [Zn(HL1)(py)] (0.107 g,
0.20 mmol) in absolute EtOH (3 mL) was added a solution of
Ln(NO3)3·6H2O (0.20 mmol, Ln = Nd, 0.088 g; Ln = Yb, 0.091 g;
Ln = Er, 0.090 g; Ln = Gd, 0.090 g) and triethylamine (30 µL) in
anhydrous dmf (3 mL), and the reaction mixture was heated under
reflux (3 h) to give a clear yellow solution, which was then cooled
to room temp. and filtered. Diethyl ether was allowed to diffuse
slowly into the filtrate at room temp. Microcrystals of [Zn2(L1)2-
(py)2Ln2(NO3)4(dmf)2]·3Et2O (Ln = Nd, 1; Yb, 2; Er, 3; Gd, 4)
were obtained in three weeks.

For 1: Red crystals; yield: 0.093 g (47%). C72H86N12Nd2O27Zn2

(1970.75): calcd. C 43.88, H 4.40, N 8.53; found C 43.67, H 4.62,
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N 8.27. IR (KBr): ν̃ = 2932 (w), 1653 (s), 1598 (s), 1543 (m), 1465
(vs), 1380 (m), 1296 (s), 1212 (m), 1074 (m), 1021 (m), 960 (m), 846
(w), 786 (w), 735 (m), 670 (w), 633 (w), 517 (m), 418 (w) cm–1.

For 2: Yellow crystals; yield: 0.103 g (51%). C72H86N12O27Yb2Zn2

(2028.38): calcd. C 42.63, H 4.27, N 8.29; found C 42.42, H 4.51,
N 8.13. IR (KBr): ν̃ = 2938 (w), 1651 (s), 1608 (s), 1550 (m), 1468
(vs), 1382 (m), 1295 (s), 1209 (m), 1071 (m), 1026 (m), 958 (m), 850
(w), 788 (w), 745 (m), 701 (w), 571 (w), 519 (m), 444 (w) cm–1.

For 3: Yellow crystals; yield: 0.083 g (41%). C72H86Er2N12O27Zn2

(2016.82): calcd. C 42.88, H 4.30, N 8.33; found C 42.91, H 4.16,
N 8.52. IR (KBr): ν̃ = 2935 (w), 1657 (s), 1608 (s), 1548 (m), 1509
(m), 1468 (vs), 1390 (m), 1285 (s), 1232 (m), 1205 (m), 1072 (m),
1022 (m), 960 (m), 849 (w), 785 (w), 740 (m), 700 (w), 630 (w), 572
(w), 518 (m), 445 (w) cm–1.

For 4: Red crystals; yield: 0.104 g (52%). C72H86Gd2N12O27Zn2

(1996.80): calcd. C 43.31, H 4.34, N 8.42; found C 43.17, H 4.53,
N 8.62. IR (KBr): ν̃ = 2934 (w), 1651 (m), 1607 (s), 1546 (m), 1501
(m), 1467 (vs), 1391 (m), 1289 (s), 1231 (m), 1204 (m), 1072 (m),
1022 (m), 960 (m), 847 (w), 787 (w), 740 (m), 698 (w), 572 (w), 514
(m), 445 (w) cm–1.

[Zn2(L2)2Ln2(NO3)4(dmf)4] (Ln = Nd, 5; Yb, 6; Er, 7; and Gd, 8):
To a stirred suspension of [Zn(HL2)(py)] (0.114 g, 0.20 mmol) in
absolute EtOH (3 mL) was added a solution of Ln(NO3)3·6H2O
(0.20 mmol, Ln = Nd, 0.088 g; Ln = Yb, 0.091 g; Ln = Er, 0.090 g;
Ln = Gd, 0.090 g) in anhydrous dmf (3 mL), and the reaction mix-
ture was refluxed for about 3 h to give a clear yellow solution,
which was then cooled to room temp. and filtered. Diethyl ether
was allowed to diffuse slowly into the filtrate at room temp. Micro-
crystals of [Zn2(L2)2Ln2(NO3)4(dmf)4] (Ln = Nd, 5: Yb, 6; Er, 7;
and Gd, 8) were obtained in about three weeks.

For 5: Red crystals; yield: 0.117 g, 57%. C56H58Br4N12Nd2O26Zn2

(2054.00): calcd. C 32.75, H 2.85, N 8.18; found C 32.58, H 2.96,
N 8.13. IR (KBr): ν̃ = 2933 (w), 1654 (s), 1594 (m), 1537 (m), 1464
(vs), 1381 (m), 1295 (s), 1226 (m), 1094 (m), 1027 (m), 963 (m), 786
(m), 734 (w), 694 (w), 606 (w), 570 (w), 520 (w) cm–1.

For 6: Yellow crystals; yield: 0.098 g, 46%. C56H58Br4N12O26-
Yb2Zn2 (2111.60): calcd. C 31.85, H 2.77, N 7.96; found C 31.78,
H 2.86, N 7.83. IR (KBr): ν̃ = 2922 (w), 1658 (s), 1599 (s), 1534
(s), 1466 (vs), 1382 (m), 1279 (s), 1236 (m), 1210 (m), 1094 (w),
1025 (m), 965 (m), 845 (w), 814 (m), 785 (m), 752 (w), 698 (m), 522
(m) cm–1.

For 7: Yellow crystals; yield: 0.100 g, 43%. C56H58Br4Er2N12-
O26Zn2 (2100.04): calcd. C 32.03, H 2.78, N 8.00; found C 29.92,
H 2.96, N 7.93. IR (KBr): ν̃ = 2921 (w), 1658 (s), 1597 (s), 1535
(m), 1466 (vs), 1383 (s), 1281 (s), 1235 (m), 1210 (m), 1093 (w),
1027 (m), 965 (m), 844 (w), 814 (m), 785 (m), 753 (m), 699 (m),
612 (w), 570 (w), 522 (m) cm–1.

For 8: Red crystals; yield: 0.106 g, 51 %. C56H58Br4Gd2N12O26Zn2

(2080.02): calcd. C 32.34, H 2.81, N 8.08; found C 32.28, H 2.96,
N 8.02. IR (KBr): ν̃ = 2932 (w), 1653 (s), 1596 (s), 1537 (m), 1465
(vs), 1380 (m), 1298 (s), 1230 (m), 1097 (m), 1026 (m), 964 (m), 786
(m), 696 (m), 607 (m), 571 (m), 521 (w) cm–1.

Crystal Structure Determination: Single crystals of 1 and 5 of suit-
able dimensions were mounted onto thin glass fibers. All the inten-
sity data were collected with a Bruker SMART CCD diffractometer
(Mo-Kα radiation, λ = 0.71073 Å) in Φ and ω scan modes. Struc-
tures were solved by direct methods followed by difference Fourier
syntheses, and then refined by full-matrix least-squares techniques
against F2 with SHELXTL.[38] All other non-hydrogen atoms were
refined with anisotropic thermal parameters. Absorption correc-
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tions were applied by using SADABS.[39] All hydrogen atoms were
placed in calculated positions and refined isotropically by using a
riding model. Crystallographic data and refinement parameters for
the complexes are presented in Table 3. Relevant atomic distances
and bond angles are collected in Table 2. CCDC-721334
(for 1) and -720708 (for 5) contain the supplementary crystallo-
graphic 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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