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With the Zn—Schiff-base [ZnL'(Py)] or [ZnL?(Py)] from the simple Salen-type Schiff-base ligand
H,L' or H,L? (H,L": N,N’-bis(salicylidene)ethylene-1,2-diamine; H,L* N,N'-
bis(salicylidene)phenylene-1,2-diamine) without the outer O,0, portion as the precursor, two
series of eight trinuclear Zn,Ln arrayed complexes (Ln = Nd (1 or 5), Yb (2 or 6), Er (3 or 7) or
Gd (4 or 8)) have been obtained by the further reaction with Ln(INOs)3-6H,0, respectively. The
results of photophysical studies show that the strong and characteristic NIR luminescence

with emissive lifetimes in microsecond ranges, has been sensitized from the excited state

("LC and *LC or only 'LC) of the ligand, whereas the Zn(i1)-based visible luminescence is mostly
quenched because of quite effective intramolecular energy transfer from the ligand-centered

excited state of the Zn(1)—Schiff base complex to Ln(im) ions.

Introduction

Much recent effort has been devoted to near infrared (NIR)
luminescent Ln®" (Nd**, Yb** or Er’") complexes with
long-lived and characteristic line like emission bands, because
of their potential applications in fluoro-immunoassays,' organic
light-emitting diodes (OLED)? and optical telecommunication.’
However, due to forbidden parity from the f—f transitions,* the
absorption coefficients of these lanthanide ions are normally
very low (¢ & 1-10 M~ cm™!). Though many cyclic’ or acyclic®
aromatic ligands with fully allowed m—7* transitions in the
UV region have been designed for overcoming the low light
absorbance of Ln*" ions, and it is becoming more difficult to
find ligand-centered chromophores at wavelengths longer than
the UV.” The best source of strongly absorbing chromophores
spanning the visible region is the d-block metal complexes®
(i.e. Cr(m),’ Co(m),'® Zn(u),"" Ru(m),'? Pd(u)," Pt(u),"* Ir(u),"
Au(),'® Ag),"” Cdm),'® Re() or Os()'?), which display
absorption bands at almost any desired wavelength and the
desired excited states (lLC, 3LC, *MLCT or 3LMCT), and have
been demonstrated to effectively transfer energy to Ln®* ions
indirectly.

There is currently growing interest in the synthesis and
magnetic behavior’® of d—f heteronuclear complexes from
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compartmental Salen-type Schiff-base ligands, while there
are relatively few studies on the photophysical properties of
these compounds. Focusing on the choice of Zn—Schiff-base
complexes with intense and tunable absorption maxima in the
visible region,?! our past studies tried to use them as antennae
or sensitizers (donors) for NIR luminescence of Ln*" ions
complexes (acceptors),” which show that the Salen-type
Schiff-base ligands with outer 0,0, moieties from MeO
groups are apt to bind both 3d Zn** and 4f Ln*" ions,
effectively preventing luminescent quenching arising from
OH-, CH- or NH-oscillators of the solvates around the 4f
ions.>® To examine NIR luminescent properties, in addition
to the changing of spacers or electronic properties of the
substituents (large m-conjugated aromatic rings or heavy atom
Br) on the flanking phenyl rings of Schiff-base ligands,*
multinuclear heterometallic complexes have been constructed
from functional bridges with OH>* or anionic groups® and
multidentate spacers with bipyridyl?® or bicarboxylate
ligands,?” endowing enhanced NIR luminescent properties.
While for the simple Salen-type Schiff-base ligands without
the outer 0,0, portion, to the best of our knowledge, there
has been no report on the d—f heterometallic complexes,
despite much research on d-block complexes®® or recent 4f
ion complexes.?® As a matter of fact, the input of MeO groups
on the Salen-type Schiff-base ligands is not necessary to bind
both 3d and 4f ions, because two or more Zn-Schiff-base
complexes can further coordinate the same 4f ion from their
phenolic O atoms, giving a feasible route to the construction of
(Zn),-4f (n = 2) heterometallic complexes. On the other hand,
from the viewpoint of improving NIR luminescence, having
two or more energy donors may strengthen the sensitization
process. Herein, with Zn-Schiff-bases [ZnL'(Py)] or
[ZnL*(Py)| from the simple Salen-type Schiff-base ligands
H,L! or H,L? as the precursor, two series of eight hetero-
trinuclear Zn,Ln arrayed complexes (Ln = Nd (1 or 5),
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YDb (2 or 6), Er (3 or 7) or Gd (4 or 8)) have been obtained
by reacting the Zn—Schiff-base with Ln(NOs3);-6H>O. The
syntheses, structures and photophysical properties of these
heterometallic complexes are reported, and the sensitization
and the energy transfer of the Zn(ir)-Schiff-base complexes for
the NIR Iuminescence of the 4f ions are also discussed.

Results and discussion

As shown in Scheme 1, the reaction of equimolar amounts of
H,L! or H,L?, Zn(OAc),-2H,0 and absolute pyridine (Py) in
absolute MeOH or EtOH, afforded the respective precursor
[ZnL'(Py)] or [ZnL2(Py)] in good yields of ca. 80%. Further
reaction of the respective precursor [ZnL'(Py)] or [ZnL*(Py)]
with Ln(NO3)3-6H,0 (Ln = Nd, Yb, Er or Gd) in 2 : 1 molar
ratio resulted in the formation of hetero-trinuclear Zn,Ln
complexes 1-4 or 5-8, respectively.

The eight complexes 1-8 are insoluble in water while more
soluble in common organic solvents. These complexes were
characterized by EA and FT-IR, and X-ray quality crystals
were obtained for 1 and 5. Selected crystal properties of
complexes 1 and 5 are given in Tables 1-2. For complex 1,
as shown in Fig. 1, the four phenoxo oxygen atoms of the two
[ZnL'(Py)] components coordinate to one Nd(ir) ion resulting
in the formation of a trinuclear Zn,Nd complex. Each Zn>"
(Znl or Zn2) ion has a five-coordinate environment and
adopts a distorted square pyramidal geometry, as shown by
the respective 7 value®® of 0.287 for Znl or 0.357 for Zn2 ion,
composed of the inner N,O, core from the Schiff-base (L')>~
ligand as the base plane, and one N atom from the coordi-
nated Py at the apical position, while the Nd** ion is in the
outer sites, two doubly bridged Zn?>" ions by two phenoxo
oxygen atoms of two Schiff-base (L'~ ligands with a

n---Nd separation of 3.499(2) or 3.512(2) A, respectively.
The Nd** ion is nine coordinated. In addition to the four
bridging phenoxo oxygen atoms, it completes its coordination
environment with five oxygen atoms from two bidentate and
one monodentate NO3~ anions. The Nd-O bond lengths
depend on the nature of the oxygen atoms: they vary from
2.422(9) to 2.625(11) A, and the bond lengths from phenoxo

R =CH,CH, |
———
N

PyT Zn(OAc),

VAN
<

| R=Clly

Fig. 1 Perspective drawing of compound 1, H atoms and solvates
are omitted for clarity.

oxygen atoms are shorter than those from oxygen atoms
of NO;™~ anions. It should be noted that the formation of
a trinuclear Zn,Nd (1) array, is incomparable to that of
binuclear ZnLn complexes®® from the Salen-type Schiff-base
ligands with the outer MeO sidearms. Furthermore, the
occupation of Py at the axial position of 3d Zn>*
considered to effectively avoid further coordination of solvents
around the 4f ions.

The change of linker group from ethylene to phenylene
(H,L!' to H,L?) did not lead to a significant change of the
structure of the trinuclear complex 5. As shown in Fig. 2, the
respective Zn- - -Nd separation from two Zn>" and Nd** ions
bridged by four phenoxo oxygen atoms of two Schiff-base
(L2 ligands, is 3.504(1) or 3.521(1) A. It is worth noting that
both of the two five-coordinate Zn>" ions in complex 5 have a
slightly distorted square pyramidal geometry (as shown by the
7 values of 0.03 for Zn1 or 0.047 for Zn2 ion), the Nd** ion in
complex 5 is ten coordinated, composed of four phenoxo
oxygen atoms from the two Schiff-base (L?)*~ ligands, and
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Scheme 1 Controlled design of trinuclear heterometallic 3d—4f complexes.
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Table 1 Crystal data and refinement for complexes 1 and 5

Compound

1

5

Empirical formula
Formula weight

Crystal system

Spgce group

/A

alA

bJA

c/A

of°

Bl

e,

V/A3

Z

p/g cm ™

Crystal size/mm
n(Mo-Ka)/mm™!

T/K
Data/restraints/parameters
Quality-of-fit indicator
Final R indices [/ > 20([)]

R indices (all data)

C42H40N90 1 4ZH2Nd
1169.81

C54H43N90 1 4Zn2Nd
1321.99

Orthorhombic Monoclinic
Pna2(1) Cc
1.54184 0.71073
21.4029(4) 14.654(4)
11.2479(3) 19.038(5)
18.8883(5) 19.859(7)
90 90

90 97.990(8)
90 90
4556.04(19) 5487(3)
4 4

1.702 1.600

0.31 x 0.25 x 0.21
10.424

0.35 x 0.31 x 0.23
1.874

293(2) 273(2)
4749/4/613 9512/2/721
1.056 0.874

Ry = 0.0439 R, = 0.0383
WR, = 0.1258 WR, = 0.0807
R = 0.0492 R = 0.0620
WR, = 0.1292 WR, = 0.0870

Table 2 Interatomic distances (A) and bond angles (°) with esds for
complexes 1 and 5

atoms of NO;™ anions is slightly longer. The respective solvate
molecules (H,O or Et,O) of 1 or 5 are not bound to the
framework and they exhibit no observable interactions with

1 5
the host structure.
%?18711:}8; ;82382 %?183711:8; ggzgg; For the tw? representative complexes 1 and 5, their room
Zn(1)-N(3) 2.034(14) Zn(1)-N(3) 2.092(6) temperature 'H NMR spectra in CD;CN are stable and
Zn(1)-0(1) 2.023(10)  Zn(1)-O(1) 2.017(4) exhibit large shifts (6 from 11.00 to —4.90 ppm for 1 and from
%n(;)*g(i) %8;283) %n(gfg(? ;828(2) 13.11 to —5.23 ppm for 5) of the proton resonances due to the
n — . n — . . . . . .

ZnEZLN&Si 2.045(1 4; ZnE2)—NE5; 2.058&6; Nd3+-1ndu.ced shift, s1g1n1f{cantly spread relative to those o£
Zn(2)-N(6) 2.055(12)  Zn(2)-N(6) 2.047(6) the respective free H,L™ (6 from 8.43 to 3.90 ppm) or H,L
Zn(2)-0(3) 2.037(10)  Zn(2)-0(3) 2.008(5) (0 from 8.69 to 6.89 ppm) ligand and the respective precursor
i‘é((?)f%({?) 323383 1%11:1((21))7%((?) gggggig [Zn(L")(Py)] (3 from 8.60 to 3.72 ppm) or [Zn(L*)(Py)] (6 from
Nd(1)-0(3) 2.422(9) Nd(1)-O(3) 2.567(5) complexes (1-4) also support the formula of a trinuclear
Nd(1)-0(4) 244109)  Nd(1)-0(4) 2.409(4)
Nd(1)-O(5) 2.619(11)  Nd(1)-0(5) 2.564(5)
Nd(1)-0(7) 2.593(12)  Nd(1)-O(7) 2.631(5)
Nd(1)-0(8) 2.597(13)  Nd(1)-O(8) 2.625(5)
Nd(1)-0(10) 2.625(11)  Nd(1)-0(10) 2.640(5)
Nd(1)-0(11) 246009)  Nd(1)-O(11) 2.528(5)

Nd(1)-0(13) 2.697(6)
N()-Zn(1)'NQ2)  79.4(7) N(1)-Zn(1)-N(2) 79.9(2)
N(1)-Zn(1)-N(3) 103.06)  N(1)-Zn(1)-N(3) 100.02)
N()-Zn(1)-O(1)  90.2(5) N(1)-Zn(1)}-0(1) 89.56(19)
N(1)-Zn(1)-0(2) 156.95)  N(1)-Zn(1)-O(2) 150.4(2)
N@)-Zn@2)-N(5)  80.5(6) N(4)-Zn(2)-N(5) 79.6(2)
N(4)-Zn(2)-N(6) 111.76)  N(4)-Zn(2)-N(6) 104.7(2)
N(4)-Zn(2)-0(3) 88.3(5) N(4)-Zn(2)-0(3) 90.1(2)
N(4)-Zn(2)-O(4) 136.55)  N(4)-Zn(2)-O(4) 151.6(2)
O()-Nd()-0(2)  68.3(3) O(1)-Nd(1)-0(2) 67.32(14)
O(3)-Nd(1)-0(4)  68.9(3) O(3)-Nd(1)-O(4) 67.31(14)
O(5)-Nd(1)-O(7)  48.9(3) O(5)-Nd(1)-0(7) 48.89(15)
O(8)-Nd(1)-0(10)  49.1(4) O(8) Nd(1)-O(10)  47.94(17)
O(1)-Nd(1)-O(11) ~ 100.14)  O(11)-Nd(1)-O(13)  48.62(15)

six oxygen atoms from three bidentate NO3~ anions, which
should be due to the larger m-conjugation effect than that of
H,L' in complex 1. The Nd-O bond lengths vary from 2.409(4)
to 2.697(6) A, and the bond length from coordinated oxygen

Fig. 2 Perspective drawing of compound 5, H atoms and solvates are
omitted for clarity.
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molecule. For the four complexes, the respective ESI-MS
spectra exhibit peaks at m/z 1152.82 (1), 1181.62 (2), 1175.84
(3) or 1165.83 (4), corresponding to the major species
([Zny(LY5(Py),Ln(NO3)5-H] ), and indicating that this
discrete molecule exists in dilute MeCN solution. And for
the four complexes (5-8), the ESI-MS spectra of the respective
Zn,Ln complexes also exhibit peaks at m/z 1248.91 (5),
1277.71 (6), 1271.93 (7) or 1261.92 (8), corresponding to the
major species ([Zn(L?)»(Py),Ln(NO;)s-H] "), and also shows
the existence of the discrete molecules in MeCN solution.

Photophysical properties

The photophysical properties of H,L' [Zn(L')(Py)] and
complexes 1-4 have been examined in MeCN solution at room
temperature. Selected data are summarized in Table 3 and
Fig. 3-5. As shown in Fig. 3, similar ligand-centered solution
absorption spectra of complexes 1-4 (228-230, 258-262 and
331-343 nm) in the UV-vis region are observed, red-shifted
upon coordination to metal ions as compared to that of the
free Salen-type Schiff-base ligand H,L' (213, 255 and 315 nm),
while similar to that of the [Zn(L')(Py)] precursor (227, 264
and 356 nm) with the lowest energy absorption peak being
blue-shifted by 15-25 nm. The molar absorption coefficients of
complexes 1-4 in all three bands are more than two orders of
magnitude larger than that of the free H,L' ligand due to the
involvement of two energy donors. For complexes 1-3, very
weak visible emission bands (452 nm, © = 1.98 ns for 1;
447 nm, t = 1.81 ns for 2; 449 nm, t = 2.69 ns for 3) with low
quantum vyields (@.,, < 107°) are observed in dilute MeCN
solution at room temperature, which can be assigned to the
n—n* transitions of the H,L' Schiff-base ligand. In addition to
the weak visible emission, as shown in Fig. 4, photo excitation
of the antennae in the range of 200400 nm (4x = 339 nm for
1, Aex = 360 nm for 2 and 4., = 360 nm for 3) gives rise to the
characteristic ligand-field splitting emissions of the Nd(i1) ion
(*F3j2 = *T,j = 9, 11, 13), the Yb(m) ion (*Fs, — *F7),) and
the Er(m) ion (*I;3, — 4115/2) in the NIR region. For 1,
the emissions at 879, 1064 and 1338 nm can be assigned,
respectively to 4F3/'2 - 419/2, 4F3/2 - 4111/2 and 4F3/2 - 4113/2
transitions of the Nd(ii) ion. For complexes 2 and 3,
the emissions at 976 and 1460 nm can be assigned to the
2F5/2 — 2F7/2 transition of the Yb(i) ion and 4113/2 - 4115/2
transition of the Er(im) ion, respectively. The excitation spectra
of complexes 1-3, monitored at the respective NIR emission
peak (1064 nm for 1, 976 nm for 2 or 1460 nm for 3) are similar
to those monitored at the respective weak visible emission
peak, which clearly demonstrates that both the visible and
NIR emissions are originated from the same m—n* transitions
of the H,L! Schiff-base ligand, and together with the decrease
of visible emissions, suggests that the energy transfer from
the same antenna to these three Ln(in) ions takes place
efficiently.>" For complexes 1-2, their respective luminescent
decay curves obtained from time-resolved luminescent
experiments can be fitted mono-exponentially with lifetimes
in microsecond range (2.69 ps for 1 or 13.81 ps for 2) and the
intrinsic quantum yield (1.08% for 1 or 0.69% for 2) of Ln(i)
emission may be estimated by @y, = T,ps/T0, Where T, is the
observed emission lifetime and 1, is the “neutral lifetime”, viz.
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Fig. 3 UV-Vis spectra of H,L', [ZnL'(Py)] and complexes 1-4 in
MeCN solution at 2 x 107> M at room temperature.

0.25 and 2.0 ms for the Nd(ur) and Yb(in) ions, respectively.>
Due to the limitation of our instrument, we were unable to
determine the 7., for the Er(im) ion and thus could not
estimate @, for the Er(in) ion, though strong NIR emission
of the Er(in) ion is observed for complex 3. The efficiencies of
both 1 and 2 are distinctively higher than those of binuclear
ZnLn Schiff-base complexes,22 which should result from the
involvement of two energy donors enhancing the sensitization
process. As to the higher efficiency of 1 than that of 2, it should
be due to the quantity of accepting levels of the Nd(im) ion
while there is only one for the Yb(i) ion. The free H,L! or its
[Zn(L")(Py)] complex do not exhibit NIR luminescence under
the same conditions, but display the typical strong luminescence
(426 or 453 nm)*!' of Schiff-base ligands in the visible region
(Fig. 5).

As a reference compound, complex 4 allows the study of
the antenna luminescence in the absence of energy transfer,
because the Gd(i) ion has no energy levels below 32 000 cm ™',
and therefore cannot accept any energy from the antenna
excited state (n*).¥ In dilute MeCN solution at room
temperature or 77 K, 4 displays a strong antenna fluorescence

Intensity
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200 400 600 800 1000 1200 1400 1600

Wavelength (nm)

Fig. 4 NIR emission and excitation spectra of complexes 1-3 in
MeCN solution at 2 x 107> M at room temperature.
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Fig. 5 Visible emission and excitation spectra of H,L!, [Zn(HL")(Py]
and complex 4 in MeCN solution at 2 x 107> M at room temperature.
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Fig. 6 UV-Vis spectra of H,L2, [Zan(Py)l and complexes 5-8 in
MeCN solution at 2 x 107> M at room temperature.

which has a stronger luminescent intensity, higher quantum
yield (1.62 x 107°) and slightly longer luminescence lifetime
(3.42 ns at room temperature, 5.67 ns and 7.47 ms at 77 K)
than that of the antenna luminescence in the other three
complexes (1-3). This shows that the sensitization of the

NIR luminescence should arise from both the 'LC and the
3LC excited state of the ligand at low temperature. Titration
(as shown in Fig. 1-3s, ESIt) of the precursor [Zn(L')(Py)]
with Nd(NO3); in dilute MeCN solution shows that the low
energy absorption bands exhibit an obvious blue shift to
higher energy with concomitant quenching of the [Zn(L')(Py)]
chromophore-based visible luminescence and a gradual
increase of NIR emissions upon gradual addition of Nd(NOs)s.
If the antenna luminescence lifetime of 4 is to represent the
excited-state lifetime in the absence of energy transfer, the
energy transfer rate (kgr) in the complexes 1-3 can thus be
calculated from kgt = 1/tz010— 1/tznGa, Where T = luminescence
lifetime.** The calculated rate of the energy transfer process in
1 (2.13 x 10® s7Y) is slightly lower than that of 2 (2.60 x
108 571, while higher than that of 3 (0.79 x 10% s~!), which
may result from the difference of the spectral overlap of the
emission of the same antenna and the absorption of the
Ln(m) complexes.®® Although insufficient NIR luminescence
information was obtained for 3, it is noteworthy that the
strong NIR emission of the Er(mr) ion is unambiguously
observed, different from the result of the reported symmetrically
phenylene-bridged Schiff-base ZnEr complexes,* which
rendered the NIR emission of the Er(ir) ion too weak to be
observed. The reason should be due to the formation of the
trinuclear Zn,Er molecule for the matching of the donating
(antenna) and the receiving (Er(i11) ion) levels.>® On the other
hand, the occupation of Py groups at the axial positions of
Zn(m) ions has ensured that the coordination sphere of
Ln®" ions is filled by the Schiff-base and the bidentate
nitrate ligands, avoiding luminescent quenching® from OH-,
CH- or NH-containing solvents around the lanthanide ions in
complexes 1-3.

By extension of the conjugation through changing the linker
from ethylene to phenylene (H,L' to H,L?), as shown in
Table 3 and Fig. 6-8, the absorption spectra of the
[Zn(L*)(Py)] precursor and complexes 5-8 are all red shifted
relative to the complexes of H,L! (precursor [Zn(L")(Py)] and
1-4) and the free H,L? ligand. For the [Zn(L?)(Py)] precursor,
the emission maximum is red shifted by about 50 nm, however,
its quantum yield is lower than that of the corresponding
ethylene-linked precursor ([Zn(L')(Py)]). This may be due
to the fact that the [Zn(Lz)(Py)] precursor has a stronger

Table 3 The photophysical properties of H,L', [ZnL'(Py)] and complexes 1-4 or H,L2, [ZnL*(Py)] and complexes 5-8 at 2 x 107> M in absolute

MeCN solution at room temperature

Absorption Excitation Emission
Compound Jan/nm (log[e/dm>mol~! cm™']) Aex/NM Jem/nm (t, @ x 107%)
H,L? 213(0.70), 255(0.32), 315(0.12) 287, 372 426(s)
[ZnL!(Py)] 227(0.93), 264(0.31), 356(0.17) 270, 360 453(s, 1.56 ns, 36.59)
1 230(1.18), 259(0.47), 336(0.20) 281, 339 452(w, 1.98 ns, <1072), 879 (2.69 ps) 1064, 1338
2 228(1.16), 258(0.47), 343(0.18) 299, 360 447(w, 1.81 ns, <1072), 976 (13.81 us)
3 229(1.37), 262(0.57), 331(0.23) 300, 360 449(w, 2.69 ns, <1072), 1460
4 230(1.25), 258(0.52), 333(0.21) 301, 375 445(s, 3.42 ns, 1.62)
437(s, 5.67 ns, 77 K), 493(s, 7.47 ms, 77 K)
H,1.2 227(0.48), 268(0.42), 331(0.32) 320, 331 456(s)
[ZnL*(Py)] 243(0.57), 293(0.43), 397(0.39) 365, 454 506(s, 1.41 ns, 17.92)
5 241(1.05), 301(1.10), 375(0.69) 366, 416 508(m, 3.09 ns, 4.8 x 1072), 873 (1.44 ps), 1061, 1335
6 237(1.00), 301(1.19), 369(0.71) 357, 418 507(m, 1.44 ns, 2.6 x 1072), 976(6.75 ps)
7 234(0.88), 301(1.02), 370(0.62) 360, 417 508(m, 5.55 ns, 5.7 x 1073
8 235(0.95), 302(1.07), 370(0.65) 356, 468 508(s, 7.98 ns, 0.63), 496 (s, 11.45 ns, 77 K)
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non-radiative relaxation through internal conversion (IC)
or intersystem crossing (ISC) than that of the [Zn(L')(Py)]
precursor. For complexes 5-6 in dilute MeCN solution at
room temperature, the weakened visible emissions and the
characteristic emissions of the Nd (i) ion (4F3/2 — 41/-,r2,‘j =9,
11, 13) and the Yb(iu) ion (2F5/r2 - 2F7/2) in the NIR regions
(as shown in Fig. 7) also suggest that the sensitization from the
same antenna to these two Ln(i) ions takes place efficiently.
Their respective luminescent decay curve obtained from
time-resolved luminescent experiments can be fitted mono-
exponentially with time constants in the microsecond range
(1.44 ps for 5 or 6.75 ps for 6). It is worth noting that unlike
the ethylene-linked complex 3, characteristic NIR emission of
the Er(im) ion for complex 7 cannot be observed. Through
further investigation on the emission of the reference
compound 8, especially at 77 K, the nanosecond luminescence
lifetime (11.45 ns) shows that the sensitization procedure for
the phenylene-linked complexes should result from the 'LC
excited state without the *LC excited state of the H,L? ligand.
This shows that the strength of the ISC procedure helps to
enhance the sensitization of NIR luminescence of Ln** ions,
which is further proved by the slightly lower estimated
intrinsic quantum yields (0.58% for 5 and 0.34% for 6) than
those of the corresponding trinuclear complexes (1 and 2).
Using the antenna luminescence lifetime of 8 as the excited-
state lifetime in the absence of energy transfer, 6 has the
highest calculated energy transfer rate (kgr = 5.69 x 10% s~

as compared with 5 (kpr = 198 x 10° s7') and 7
(ker = 0.55 x 10® s7'). Upon formation of complex 5
(as shown in Fig. 4-6s, ESIt) from the precursor [Zn(L2)(Py)]
with Nd(NO3); in dilute MeCN solution, all the low energy
absorption bands are also distinctly blue-shifted, while the
[Zn(L?)(Py)] chromophore-based visible luminescence is just
partially quenched indicating a lower energy transfer efficient
relative to that of complex 1, despite the gradual increase of
NIR emissions upon gradual addition of Nd(NOj);. The
observed differences from the formation of complexes 1 and
5 can be attributed to the difference in the molecular
vibration properties and electronic densities of the electronic
states between the ethylene- and phenylene-linked Salen-type
complexes, endowing the unobserved phosphorescence in the
phenylene-linked complex 5 rationalized as ineffective spin—
orbit coupling (SOC) and FCF-controlled (Franck—Condon
factor) S! — T'ISC, through which the Nd*™ sensitization in
1 or 5 was via both 'LC and *LC states or only 'LC at 77 K,
respectively, in agreement with the result of ab initio
calculations®* for the ethylene- and phenylene-linked
Salen-type binuclear complexes.

Conclusion

The simple Salen-type Schiff-base ligands H,L' and H,L2,
without the outer O,0, portion, can bind to both 3d and 4f
ions, giving the construction of Zn,Ln hetero-trinuclear
complexes 1-8 with two energy donors for the sensitization
of Ln** ions. The results of their photophysical studies shows
that the strong and characteristic NIR luminescence with
emissive lifetimes in microsecond ranges, have been sensitized
from the excited state ('LC and *LC or only 'LC) of the
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Fig. 7 NIR emission and excitation spectra of complexes 5-6 in
MeCN solution at 2 x 107> M at room temperature.
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Fig. 8 Visible emission and excitation spectra of H,L2,

[Zn(HL2)(Py)] and complex 8 in MeCN solution at 2 x 107> M at
room temperature.

ligand, whereas the ligand-centered visible luminescence is
mostly quenched because of quite effective intramolecular
energy transfer from the ligand-centered excited state of the
Zn(11)-Schiff base complex to the Ln(i) ions. The specific
design of Zn-coordinated Schiff-base ligands for facilitating
the NIR sensitization is now under way.

Experimental

All chemicals were commercial products of reagent grade and
were used without further purification. Elemental analyses
were performed on a Perkin-Elmer 240C elemental analyzer.
Infrared spectra were recorded on a Nicolet Nagna-IR 550
spectrophotometer in the region 4000-400 cm™' using KBr
pellets. '"H NMR spectra were recorded on a JEOL EX270
spectrometer with SiMe, as internal standard in CD;CN at
room temperature. ESI-MS was performed on a Finnigan
LCQPECA XP HPLC-MS,, mass spectrometer with a mass to
charge (m/z) range of 4000 using a standard electrospray ion
source and CH;CN as solvent. Electronic absorption spectra
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in the UV-Vis region were recorded with a Cary 300 UV
spectrophotometer, and steady-state visible fluorescence, PL
excitation spectra on a Photon Technology International
(PTI) Alphascan spectrofluorometer and visible decay spectra
on a pico-N, laser system (PTI Time Master). The quantum
yield of the visible luminescence for each sample was
determined by the relative comparison procedure, using a
reference of a known quantum yield (quinine sulfate in dilute
H,>SO, solution, ®.,, = 0.546). NIR emission and excitation in
solution were recorded by PTI QM4 spectrofluorometer with a
PTI QM4 Near-Infrared InGaAs detector.

Syntheses

H,L? or H,L?> (H,L? N,N'-bis(salicylidene)ethylene-1,2-
diamine; H,L* N,N'-bis(salicylidene)phenylene-1,2-diamine).
Schiff base H,L' or H,L? was obtained with salicylaldehyde
(4.2 ml, 40 mmol) and 1,2-diaminoethane (1.4 ml, 20 mmol) or
1,2-diaminobenzene (2.2 g, 20 mmol) in absolute MeOH or
EtOH, respectively, according to a well-established procedure
from the literature.’” For H,L': Yield: 4.0 g, 76%. Calc. for
Ci6H160,N5: C, 71.62; H, 6.01; N, 10.44%; found: C, 71.68;
H, 6.06; N, 10.53%. '"H NMR (400 MHz, CD;CN): § (ppm)
13.34 (s, 2H), 8.43 (s, 2H), 7.29 (m, 4H), 6.83 (m, 4H), 3.90
(s, 4H). For H,L* Yield: 5.8 g, 91%. Calc. for C,oH50,N5:
C, 75.93; H, 5.10; N, 8.85%; found: C, 75.96; H, 5.06; N,
8.93%. 'H NMR (400 MHz, CD;CN): 6 (ppm) 13.02 (s, 2H),
8.69 (s, 2H), 7.45 (m, 2H), 7.34 (m, 2H), 7.29 (m, 4H), 6.89
(m, 4H).

[ZnL'(Py)] or [ZnL%(Py)]. To a stirred solution of H,L!
(0.540 g, 2.0 mmol) or H,L? (0.640 g, 2.0 mmol) in absolute
MeOH (20 ml) or EtOH (20 ml), Zn(OAc),-2H,0O (0.440 g,
2.0 mmol) and 4.0 ml pyridine (Py) were added separately, and
the final respective mixture was heated under reflux for 5 h.
The respective insoluble precipitate was filtered out, washed
with MeOH or EtOH and CHCls, and dried under vacuum.
[ZnL!'(Py)] or [ZnL*(Py)] was isolated as a yellow or an orange
solid, respectively. For [ZnL'(Py)]: yield: 0.62 g, 76%. Calc.
for C>1H190-N3Zn: C, 61.40; H, 4.66; N, 10.23%; found: C,
61.35; H, 4.72; N, 10.14%. 'H NMR (400 MHz, CD;CN): §
(ppm) 8.60 (s, 2H), 8.43 (s, 2H), 7.42 (d, 1H), 7.26 (t, 2H), 7.14
(m, 2H), 6.83 (m, 2H), 6.61 (d, 2H), 6.42 (m, 2H), 3.72 (s, 4H).
IR (KBr, cm™Y): 3050 (w), 2948 (w), 1652 (s), 1632 (vs), 1600
(m), 1530 (m), 1468 (m), 1450 (s), 1391 (m), 1338 (m), 1281
(m), 1238 (w), 1188 (m), 1144 (m), 1046 (w), 901 (w), 755 (m),
736 (w), 523 (w). For [ZnL2(Py)]: yield: 0.83 g, 91%. Calc. for
C,sH9O,N3Zn: C, 65.44; H, 4.17; N, 9.16%; found: C, 65.38;
H, 4.36; N, 9.05%. '"H NMR (400 MHz, CD;CN): § (ppm)
9.02 (s, 2H), 8.82 (m, 2H), 7.91 (m, 3H), 7.41 (m, 4H), 7.25 (m,
4H), 6.71 (d, 2H), 6.52 (m, 2H). IR (KBr, cm™'): 3011 (w),
2923 (w), 1612 (vs), 1583 (m), 1529 (m), 1464 (s), 1386 (m),
1317 (w), 1180 (m), 1152 (m), 1036 (w), 970 (w), 917 (w), 849
W), 799 (w), 750 (m), 532 (w), 507 (w).

[ZnLn(L")5(Py)2(NO3)3]- H,O (Ln = Nd, 1; Ln = Yb, 2
Ln = Er, 3; Ln = Gd, 4). To a stirred suspension of [ZnL(Py)]
(0.082 g, 0.20 mmol) in absolute MeOH (3 ml), a solution of
Ln(NO3;)3-6H,0 (0.10 mmol, Ln = Nd, 0.044 g; Ln = Yb,
0.047 g; Ln = Er, 0.046 g; Ln = Gd, 0.045 g) in absolute

MeCN (3 ml) was added, and the mixture was refluxed for
about 3 h. The respective yellow clear solution was then cooled
to room temperature and filtered. Diethyl ether was allowed to
diffuse slowly into the respective solution at room temperature
and pale yellow microcrystals 1-4 were obtained in about three
weeks, respectively. For 1: yield: 0.068 g, 58%. Calc. for
C4oHy49NoO14Zn,Nd: C, 43.12; H, 3.45; N, 10.78%; found:
C, 43.08; H, 3,66; N, 10.63%. '"H NMR (400 MHz, CD;CN): 6
(ppm) 11.00 (s, 4H), 7.73 (d, 4H), 7.28 (s, 10H), 4.98 (t, 8H),
0.49 (d, 4H), —4.90 (s, 8H). IR (KBr, cm™"): 3446 (b), 3058
(W), 2915 (w), 1647 (vs), 1600 (s), 1550 (m), 1473 (s), 1446 (vs),
1392 (s), 1277 (vs), 1196 (m), 1157 (w), 1126 (w), 896 (m), 762
(s), 700 (m), 563 (w), 502 (w), 460 (w). ESI-MS (CH;CN) mz:
1152.82 (100%), 1089.81 (58%). For 2: yield: 0.059 g, 49%.
Calc. for C42H40N9014Zl’12YbI C, 4209, H, 336, N, 1052%,
found: C, 41.95; H, 3.54; N, 10.47%. IR (KBr, cm™"): 3450
(b), 3066 (W), 2921 (w), 1647 (vs), 1601 (s), 1551 (m), 1476 (vs),
1445 (s), 1397 (m), 1279 (vs), 1199 (m), 1157 (w), 1125 (w),
1036 (w), 896 (m), 760 (s), 699 (m), 566 (w), 503 (w), 461 (w).
ESI-MS (CH;CN) mj/z: 1181.62 (100%), 1118.61 (43%). For
3: yield: 0.061 g, 51%. Calc. for C4oH49N9O14Zn>Er: C, 42.29;
H, 3.38; N, 10.57%; found: C, 42.08; H, 3.56; N, 10.41%. IR
(KBr, cm™'): 3446 (b), 3058 (w), 2915 (w), 1647 (vs), 1600 (s),
1550 (m), 1473 (s), 1446 (vs), 1392 (s), 1277 (vs), 1196 (m),
1157 (w), 1126 (w), 896 (m), 762 (s), 700 (m), 563 (w),
502 (w), 460 (w). ESI-MS (CH3CN) m/z: 1175.84 (100%),
1112.83 (48%). For 4: yield: 0.063 g, 53%. Calc. for
C4oH40NgO14Zn,Gd: C, 42.65; H, 3.41; N, 10.66%; found:
C, 42.49; H, 3.576; N, 10.58%. IR (KBr, cm™"): 3416 (b), 3052
(W), 2919 (w), 1649 (vs), 1601 (s), 1548 (m), 1474 (vs), 1446 (s),
1390 (m), 1277 (vs), 1195 (m), 1158 (w), 1125 (w), 896 (m), 759
(s), 701 (w), 561 (w), 498 (w), 460 (w). ESI-MS (CH;CN) m/z:
1165.83 (100%), 1102.82 (50%).

[Zn,(L?),Nd(Py)»(NO3)3]- E,O (Ln = Nd, 5; Ln = Yb, 6;
Ln = Er, 7; Ln = Gd, 8). To a stirred suspension of
[ZnL2(Py)] (0.092 g, 0.20 mmol) in absolute EtOH (4 ml), a
solution of Ln(NO3);-6H,0 (0.10 mmol, Ln = Nd, 0.044 g;
Ln = Yb, 0.047 g; Ln = Er, 0.046 g; Ln = Gd, 0.045 g)
absolute MeCN (5 ml) was added, and the mixture was
refluxed for about 5 h. The respective yellow clear solution
was then cooled to room temperature and filtered. Diethyl
ether was allowed to diffuse slowly into the respective solution
at room temperature and pale yellow microcrystals 5-8 were
obtained in about two weeks, respectively. For 5: yield: 0.107 g,
81%. Calc. for C54H48N90|4ZH2Nd: C, 4906, H, 366, N,
9.54%; found: C, 49.02; H, 3.75; N, 9.44%. '"H NMR (400
MHz, CD;CN): 6 (ppm) 13.11 (s, 2H), 8.55 (m, 2H), 7.80 (m,
3H), 7.28 (m, 4H), 6.40( m, 4H), 3.32 (d, 2H), —5.23 (m, 2H).
IR (KBr, ecm™"): 2969 (w), 2923 (w), 1615 (vs), 1585(m), 1547
(m), 1536(m), 1462 (s), 1444(vs), 1385 (m), 1326 (m), 1282 (m),
1254(w), 1182 (m), 1159 (m), 1126 (m), 1037 (m), 986 (w), 917
(m), 793 (w), 751 (s), 695 (w), 605 (w), 535 (m), 490 (m). ESI-
MS (CH;CN) m/z: 1248.91 (100%), 1185.90 (39%). For 6:
yield: 0.092 g, 68%. Calc. for Cs4HysNoO4Zn,Yb: C, 48.01;
H, 3.58; N, 9.33%; found: C, 48.12; H, 3.67; N, 9.21%. IR
(KBr, cm™Y): 2971 (w), 2854 (w), 1615 (vs), 1546 (m), 1514 (m),
1470 (vs), 1386 (m), 1300 (s), 1184 (m), 1156 (m), 1120 (m),
1023 (m), 976 (w), 915 (m), 793 (w), 757 (s), 694 (w), 601 (W),
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532 (m), 494 (m). ESI-MS (CH;CN) m/z: 1277.71 (100%),
1214.70 (55%). For 7: yield: 0.099 g, 74%. Calc. for
Cs54H4gNoO14ZnsEr: C, 48.22; H, 3.60; N, 9.37%; found: C,
48.14; H, 3.66; N, 9.24%. IR (KBr, cm™'): 2972 (w), 2856 (w),
1615 (vs), 1546 (m), 1522 (m), 1470 (vs), 1386 (m), 1286 (s),
1184 (m), 1156 (m), 1120 (m), 1022 (m), 975 (w), 915 (w), 791
(w), 755 (s), 700 (w), 602 (w), 534 (m), 496 (m). ESI-MS
(CH;CN) m/z: 1271.93 (100%), 1208.92 (41%). For 8: yield:
0.088 g, 66%. Calc. for C54H43N9014ZH2Gd: C, 4858, H,
3.62; N, 9.44%; found: C, 48.41; H, 3.78; N, 9.37%. IR
(KBr, cm™"): 2971 (w), 2854 (w), 1614 (vs), 1546 (m), 1509
(m), 1470 (vs), 1386 (m), 1286 (s), 1183 (m), 1155 (m), 1120 (m),
1020 (m), 976 (w), 914 (m), 793 (w), 757 (s), 693(w), 600 (W),
531 (m), 492 (m). ESI-MS (CH;CN) m/z: 1261.92 (100%),
1198.91 (46%).

X-Ray crystallography

Single crystals of 1 and 5 of suitable dimensions were mounted
onto thin glass fibers. All the intensity data were collected on a
Bruker SMART CCD diffractometer (Cu-Ka radiation and
J = 1.54184 A for 1, Mo-Ka radiation and 4 = 0.71073 A for 5)
in @ and w scan modes. Structures were solved by Patterson
methods followed by difference Fourier syntheses, and then
refined by full-matrix least-squares techniques against F2 using
SHELXTL.*® All other non-hydrogen atoms were refined with
anisotropic thermal parameters. Absorption corrections were
applied using SADABS.> All hydrogen atoms were placed in
calculated positions and refined isotropically using a riding
model. Crystallographic data and refinement parameters for
the complexes are presented in Table 1. Relevant atomic
distances and bond angles are collected in Table 2. CCDC
reference number 725680 (for 1) and 725681 (for 5).
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