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a b s t r a c t

Reaction of [Pt(But
3tpy)Cl]+ (But

3tpy = 4,40 ,40 0-tri-tert-butyl-2,20:60,20 0-terpyridine) with 5-ethynyl-2,20-
bipyridine (HC„Cbpy) or 5,50-bis(trimethylsilylethynyl)-2,20-bipyridine (Me3SiC„CbpyC„CSiMe3) in
the presence of cuprous iodide gives [Pt(tBu3tpy)(C„Cbpy)]+ (1) or [{Pt(But

3tpy)}2(C„CbpyC„C)]2+ (2)
through Pt-acetylide r-coordination, respectively. Incorporating 1 or 2 with Ln(hfac)3(H2O)2 through
2,20-bipyridyl chelating the LnIII (Ln = Nd, Eu, and Yb) centers induces formation of a series of
[Pt(But

3tpy)(C„Cbpy){Ln(hfac)3}]+ (PtLn) or [{Pt(But
3tpy)}2(C„CbpyC„C){Ln(hfac)3}]2+ (Pt2Ln) com-

plexes, respectively. The structures of binuclear platinum(II) complex 2(PF6)2 and heterobinuclear PtNd
complex 3(CF3COO) were determined by single crystal X-ray diffraction. Both 1 and 2 exhibit typical
low-energy absorption bands in near UV–Vis region, ascribed to dp(Pt) ? p*(But

3tpy) MLCT and
p(C„Cbpy/C„CbpyC„C) ? p*(But

3tpy) LLCT transitions. Upon formation of the PtLn or PtLn2 complexes,
the low-energy absorption bands are obviously blue-shifted (15–20 nm) compared with those in the PtII

precursor 1 or 2. With excitation at 350 nm < k < 550 nm which is the absorption region of MLCT and LLCT
transitions, sensitized luminescence that is characteristic of the corresponding lanthanide(III) ions occurs
in both PtLn and Pt2Ln complexes. In contrast, Pt-based luminescence from the MLCT and LLCT states are
mostly quenched in these Pt–Ln heteronuclear complexes, revealing that quite effective Pt ? Ln energy
transfer is operating from the Pt(But

3tpy)(acetylide) chromophore to the lanthanide(III) centers.
� 2008 Elsevier B.V. All rights reserved.
1. Introduction

The chemistry of metal alkynyl complexes is of intense current
interest in view of the extensive applications of these compounds
as molecular wires, luminescent sensors, light emitting materials
and nonlinear optical materials [1–8]. Compared with the simple
alkynes, functionalized alkynyl ligands are more favorable for
fabrication of heteronuclear and/or multicomponent complexes
that contain different types of organometallic subunits as
chromophores and/or emitters. Of various functionalized alkynes,
polypyridyl alkynyl ligands are particularly useful in design of
heteronuclear and/or multicomponent complexes with desired
electronic and optical properties [9,10]. On the one hand, the favor-
able p-conjugacy makes them excellent candidates as mediators
for intercomponent electron/energy transfer. On the other hand,
All rights reserved.
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the bifunctional character favors multicomponent structural fabri-
cation in a stepwise approach, in which the ‘‘soft” alkynyl is always
bound to d-block organometallic subunit through r-coordination
and the ‘‘hard” polypyridyl frequently associated with another
transition metal or lanthanide component. This opens a feasible
strategy to access d–f heterometallic arrays containing both d-
block metal alkynyl chromphores and lanthanide emitters, allow-
ing effective d ? f energy transfer to occur from the former to
the latter and thus achieving sensitized luminescence from the cor-
responding lanthanide ions [11–16].

Platinum(II) terpyridyl alkynyl complexes exhibit intense
absorption spectral bands in near UV region extended to visible re-
gion, arising from both dp (Pt) ? p*(tpy) MLCT and p (alky-
nyl) ? p*(tpy) LLCT transitions [17,18]. Upon excitation of these
platinum(II) complexes at near UV region, they emit brightly visi-
ble light. By judicious modification of substituents in the terpyridyl
and/or alkynyl ligands, the light emitting colors are changeable
[17–23]. The intense light absorption character in UV–Vis region
makes them act as excellent light-harvesting antennae to
photosensitize d-block metal emitting or lanthanide luminescence
[16,24–26]. Particularly, as a consequence of Pt ? Ln energy
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transfer from platinum(II) terpyridyl alkynyl subunits to lantha-
nide(II) centers, sensitized lanthanide luminescence would be
achieved. By these considerations, a series of PtLn and Pt2Ln heter-
nuclear complexes were prepared using 5-ethynyl-2,20-bipyridine
(HC„Cbpy) and 5,50-diethynyl-2,20-bipyridine (HC„CbpyC„CH)
as bridging ligands, respectively. The platinum(II) terpyridyl chro-
mophore is bonded to the 2,20-bipyridyl alkynyl ligand through Pt-
acetylide r-coordination whereas Ln(hafc)3 subunit is chelated by
2,20-bipyridyl. These Pt–Ln complexes exhibit luminescence that is
characteristic of the corresponding lanthanide(III) ions whereas
the emission from platinum(II) terpyridyl alkynyl chromophore is
mostly quenched, revealing that quite effective Pt?Ln energy
transfer is operating in these bicomponent arrays.
2. Experimental

2.1. Materials and reagents

All operations were carried out under a dry argon atmosphere
using vacuum-line systems and Schlenk techniques unless other-
wise specified. The solvents were dried, distilled, and degassed
prior to use except that those for spectroscopic measurements
were of spectroscopic grade. The 5,50-bis(trimethylsilylethynyl)-
2,20-bipyridine (Me3SiC„CbpyC„CSiMe3) [27], 5-ethynyl-2,
20-bipyridine (HC„Cbpy) [27], 4,40,40 0-tri-tert-butyl-2,20:60,200-ter-
pyridine (But

3tpy) [28], [Pt(But
3tpy)Cl]X (X = PF6, ClO4) [29], and

Ln(hfac)3(H2O)2 [30] were prepared by the procedures described
in literatures.

CAUTION: Perchlorate salts are potentially explosive and should
be handled with care and in small amounts.

2.2. Preparation of [{PtðBut
3tpyÞ}(C„Cbpy)](PF6) (1)

[Pt(But
3tpy)Cl](PF6) (77.7 mg, 0.10 mmol), HC„Cbpy (18 mg,

0.1 mmol), CuI (1 mg) and diisopropylamine (2 mL) in 50 mL of
dichloromethane were stirred at room temperature for 1 d. After
the solvents were removed in vacuo, the residue was dissolved in
a small amount of dichloromethane. The product was then purified
by chromatography on a silica gel column using dichloromethane–
methanol (10:1 v/v) as eluent to give an air-stable yellow solid.
Yield: 60% (65 mg). Anal. Calc. for C39H42F6N5PPt � 2CH2Cl2: C,
45.15; H, 4.25; N, 6.42. Found: C, 44.83; H, 4.46; N, 6.55%. ESI-
MS (m/z): 776 [M�PF6]+. 1H NMR spectrum (300 MHz, DMSO-d6,
ppm): 1.42 (s, 18H, C4H9), 1.51 (s, 9H, C4H9), 7.44 (s, 1H, bpy),
7.85 (d, 2H, J = 5.1 Hz, bpy), 7.94 (d, 2H, J = 7.5 Hz, bpy), 8.36 (s,
2H, tpy), 8.69 (d, 4H, J = 4.5 Hz, bpy and tpy), 8.78 (s, 2H, tpy),
8.98 (d, 2H, J = 6 Hz, tpy). IR (KBr disk, cm�1): 2116 m (C„C),
838 m (PF6).

2.3. Preparation of [{PtðBut
3tpyÞ}2(C„CbpyC„C)](ClO4)2 (2)

To a dichloromethane (40 mL) solution of Me3SiC„CbpyC„CSi-
Me3 (34.8 mg, 0.10 mmol) was added a methanol (10 mL) solution
of potassium fluoride (17 mg, 0.30 mmol) with stirring for 30 min.
[Pt(But

3tpy)Cl](ClO4) (146 mg, 0.20 mmol), CuI (2 mg) and diisopro-
pylamine (2 mL) were then added successively. After the solution
was stirred at room temperature for 12 h, the solvents were
removed in vacuo. The crude product was purified by chromato-
graphy on a silica gel column using dichloromethane–methanol
(v/v = 10:1) as eluent. Yield: 73% (116 mg). Anal. Calc. for
C68H76Cl2N8O8Pt2: C, 51.22; H, 4.80; N, 7.03. Found: C, 51.44; H,
4.66; N, 6.98%. ESI-MS (m/z): 697 [M�2ClO4]2+. 1H NMR
(500 MHz, CD3CN, ppm): 1.46 (s, 36H, tpy), 1.54 (s, 18H, tpy),
7.90 (d, 4H, J = 5.7 Hz, tpy), 7.98 (dd, 2H, J = 2.5 Hz, J = 2.5 Hz,
bpy), 8.33 (d, 2H, J = 7 Hz, bpy), 8.71 (s, 8H, tpy), 8.80 (s, 2H,
bpy), 9.06 (d, 4H, J = 5.5 Hz, tpy). IR (KBr disk, cm�1): 2117 m
(C„C), 1100 m (ClO4).

2.4. Preparation of ½PtðBut
3tpyÞ(C„Cbpy){Ln(hfac)3}](PF6) (Ln = Nd 3,

Eu 4, Yb 5)

These compounds were prepared by reactions of 1 with
1.2 equiv. of Ln(hfac)3(H2O)2 in dichloromethane with stirring for
30 min at room temperature. After filtered, the solutions were con-
centrated to precipitate the yellow products by addition of n-hex-
ane. Layering n-hexane onto the concentrated dichloromethane
solutions in the absence of light gave the products as yellow crys-
tals in a few days.

3. Yield 72%. Anal. Calc. for C54H45F24N5NdO6PPt: C, 38.46; H, 2.69;
N, 4.15. Found: C, 38.55; H, 2.73; N, 4.18%. IR (KBr disk, cm�1):
2123m (C„C); 836s (PF6); 1654s (C@O).

4. Yield 80%. Anal. Calc. for C54H45EuF24N5O6PPt: C, 38.29; H, 2.68;
N, 4.13. Found: C, 38.42; H, 2.58; N, 4.10%. IR (KBr disk, cm�1):
2125m (C„C); 833s (PF6); 1650s (C@O).

5. Yield 75%. Anal. Calc. for C54H45F24N5O6PPtYb � CH2Cl2: C, 36.70;
H, 2.63; N, 3.89. Found: C, 36.88; H, 2.68; N, 3.85%. IR (KBr disk,
cm�1): 2125m (C„C); 833s (PF6); 1650s (C@O).

2.5. Preparation of [{PtðBut
3tpyÞ}2(C„CbpyC„C){Ln(hfac)3}](ClO4)2

(Ln = Nd 6, Eu 7, Yb 8)

These Pt2Ln complexes were prepared by the same synthetic
procedures as those of the corresponding PtLn complexes except
using 2 instead of 1 as the starting material.

3. Yield 85%. Anal. Calc. for C83H79Cl2F18N8NdO14Pt2 � 2H2O: C,
41.61; H, 3.49; N, 4.68. Found: C, 41.68; H, 3.41; N, 4.78%. IR
(KBr disk, cm�1): 2119m (C„C); 1100s (ClO4); 1652s (C@O).

4. Yield 82%. Anal. Calc. for C83H79Cl2EuF18N8O14Pt2: C, 42.11; H,
3.36; N, 4.73. Found: C, 41.95; H, 3.47; N, 4.55%. IR (KBr disk,
cm�1): 2120m (C„C); 1098s (ClO4); 1654s (C@O).

5. Yield 79%. Anal. Calc. for C83H79Cl2F18N8O14Pt2Yb � CH2Cl2:
C, 40.79; H, 3.30; N, 4.53. Found: C, 40.88; H, 3.27; N, 4.48%.
IR (KBr disk, cm�1): 2123m (C„C); 1099s (ClO4); 1654s
(C@O).

2.6. Crystal structure determination

Crystals suitable for X-ray diffraction studies were obtained by
layering diethyl ether onto the acetonitrile solution for 2(PF6)2

(prepared by metathesis of perchlorate in 2 with sodium hexa-
fluorophosphate) and by layering n-heptane onto the dichloro-
methane solution for 3(CF3COO) (prepared by metathesis of
hexafluorophosphate in 3 with sodium trifluoroacetate). Single
crystals sealed in capillaries with mother liquors were measured
on a RIGAKU MERCURY CCD diffractometer by x scan technique
at room temperature with graphite-monochromated Mo Ka radia-
tion (k = 0.71073 Å). The CRYSTALCLEAR software package was used for
data reduction and empirical absorption correction. The structures
were solved by direct method. The heavy atoms were located from
E-map, and the rest of the non-hydrogen atoms were found in sub-
sequent Fourier maps. Most of the non-hydrogen atoms were re-
fined anisotropically except for some disordered F atoms,
whereas the hydrogen atoms were generated geometrically with
isotropic thermal parameters. The structures were refined on F2

by full-matrix least-squares methods using the SHELXTL-97 program
package [31]. For some disordered –CF3 groups, restrained refine-
ments were carried out by fixing the C–F distances at 1.31 Å with



Table 1
Crystallographic data for 2(PF6)2 and 3(CF3COO).

Compound 2(PF6)2 3(CF3COO)
Empirical formula C68H76F12N8P2Pt2 C56H45F21N5NdO8Pt
Temperature (K) 293(2) 293(2)
Space group P21/c C2/c
a (Å) 10.656(4) 20.397(7)
b (Å) 16.212(6) 23.576(8)
c (Å) 19.917(8) 28.287(10)
b (�) 100.29(1) 110.379(5)
V (Å3) 3385(2) 12751(8)
Z 2 8
qcalcd, (g/cm�3) 1.653 1.723
l (mm�1) 4.255 3.113
Radiation (k, Å) 0.71073 0.71073
R1(Fo)a 0.0535 0.0787
wR2(Fo)b 0.1327 0.2144
Goodness-of-fit (GOF) 1.164 1.053

a R1 = R|Fo � Fc|/RFo.
b wR2 ¼

P
½wðF2

o � F2
c Þ

2�=
P
½wðF2

oÞ�
1=2.
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the occupancy factors of a pair of the corresponding F atoms being
0.50, respectively. The crystallographic data of 2(PF6) and
3(CF3COO) are summarized in Table 1.

2.7. Physical measurements

Elemental analyses (C, H, N) were carried out on a Perkin–Elmer
model 240C elemental analyzer. Infrared (IR) spectra were re-
corded on a Magna750 FT-IR spectrophotometer with KBr pellet.
Electrospray ion mass spectra (ESI-MS) were performed on a Finn-
igan LCQ mass spectrometer using dichloromethane–methanol
mixture as mobile phases. 1H NMR spectra were performed on a
Bruker-300 (for 1) or Bruker-500 (for 2) in DMSO-d6 (for 1) or
CD3CN (for 2) solution with SiMe4 as the internal reference. UV–
Scheme 1. Synthetic
Vis absorption spectra in dichloromethane solutions were mea-
sured on a Perkin–Elmer Lambda 25 UV–Vis spectrometer. Emis-
sion and excitation spectra in the UV–Vis region were recorded
on a Perkin–Elmer LS 55 luminescence spectrometer with a red-
sensitive photomultiplier type R928. Near-infrared (NIR) emission
spectra were measured on an Edinburgh FLS920 fluorescence spec-
trometer equipped with a Hamamatsu R5509-72 supercooled pho-
tomultiplier tube at 193 K and a TM300 emission monochromator
with NIR grating blazed at 1000 nm. The NIR emission spectra were
corrected via a calibration curve supplied with the instrument. The
emission lifetimes above 10 ls were measured on an Edinburgh
Xe900 450 W pulse xenon lamp as the excitation light source.
The emission lifetimes below 10 ls were determined on an Edin-
burgh Analytical Instrument (F900 fluorescence spectrometer)
using LED laser at 397 nm excitation and the resulting emission
was detected by a thermoelectrically-cooled Hamamatsu R3809
photomultiplier tube. The instrument response function at the
excitation wavelength was deconvolved from the luminescence
decay. The emission quantum yields (U) of 1, 2, 4, and 7 in de-
gassed dichloromethane solutions at room temperature were cal-
culated by Us = Ur(Br/Bs)(ns/nr)2(Ds/Dr) using [Ru(bpy)3](PF6)2 in
acetonitrile as the standard (Uem = 0.062) [32,33], where the sub-
scripts r and s denote reference standard and the sample solution,
respectively; and n, D and U are the refractive index of the sol-
vents, the integrated intensity and the luminescence quantum
yield, respectively. The quantity B is calculated by B = 1 � 10�AL,
where A is the absorbance at the excitation wavelength and L is
the optical path length. All the solutions used for determination
of emission lifetimes and quantum yields were prepared under
vacuum in a 10 cm3 round bottom flask equipped with a side
arm 1 cm fluorescence cuvette and sealed from the atmosphere
by a quick-release teflon stopper. Solutions used for luminescence
determination were prepared after rigorous removal of oxygen by
three successive freeze-pump-thaw cycles.
routes to 1–9.
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3. Results and discussion

3.1. Syntheses and characterization

As shown in Scheme 1, platinum(II) precursor complexes 1 and 2
were prepared by reactions of [Pt(But

3tpy)Cl]+ with HC„Cbpy or
Me3SiC„CbpyC„CSiMe3 in dichloromethane solutions in the pres-
ence of diisopropylamine, catalyzed by copper(I) iodide, respec-
tively. They were readily purified through chromatography on
silica gel columns using dichloromethane–methanol (v/v = 10:1)
Table 2
Selected bond distances (Å) and angles (�) for 2(PF6)2 and 3(CF3COO).

2(PF6)2

Pt1–N1 2.036(9) Pt1–N1 2.031(9)
Pt1–N1 1.951(8) Pt1–C28 1.977(9)
C28–C29 1.194(13)
N2–Pt1–C28 178.9(4) C28–Pt1–N3 100.8(4)
N2–Pt1–N1 79.5(3) C28–Pt1–N1 99.5(4)
N3–Pt1–N1 159.7(3) N2–Pt1–N3 80.2(3)
C29–C28–Pt 170.08(9)

3(CF3COO)
Pt1–N2 1.968(9) Pt1–C28 1.996(13)
Pt1–N1 1.998(11) Pt1–N3 2.015(12)
Nd1–O1 2.476(8) Nd1–O2 2.395(7)
Nd1–O3 2.496(10) Nd1–O4 2.457(8)
Nd1–O5 2.507(9) Nd1–O6 2.444(10)
Nd1–O7 2.359(8) Nd1–N4 2.668(8)
Nd1–N5 2.708(7) C28–C29 1.212(16)
N2–Pt1–C28 178.4(4) N2–Pt1–N1 80.9(4)
C28–Pt1–N1 99.5(5) N2–Pt1–N3 79.5(4)
C28–Pt1–N3 100.1(5) N1–Pt1–N3 160.4(4)
C29–C28–Pt1 171.8(13) O7–Nd1–O2 79.9(3)
O7–Nd1–O6 146.3(3) O2–Nd1–O6 131.3(3)
O7–Nd1–O4 100.4(3) O2–Nd1–O4 136.6(3)
O6–Nd1–O4 67.0(4) O7–Nd1–O1 136.2(3)
O2–Nd1–O1 73.6(3) O6–Nd1–O1 73.7(3)
O4–Nd1–O1 77.5(3) O7–Nd1–O3 74.0(3)
O2–Nd1–O3 71.8(4) O6–Nd1–O3 122.8(4)
O4–Nd1–O3 66.9(5) O1–Nd1–O3 64.9(3)
O7–Nd1–O5 130.2(3) O2–Nd1–O5 69.4(3)
O6–Nd1–O5 66.3(4) O4–Nd1–O5 128.9(4)
O1–Nd1–O5 70.8(3) O3–Nd1–O5 127.2(3)
O7––Nd1–N4 72.3(3) O2–Nd1–N4 83.7(3)
O6–Nd1–N4 96.1(3) O4–Nd1–N4 138.2(3)
O1–Nd1–N4 136.4(3) O3–Nd1–N4 141.1(4)
O5–Nd1–N4 66.4(3) O7–Nd1–N5 74.7(3)
O2–Nd1–N5 141.1(3) O6–Nd1–N5 72.1(3)
O4–Nd1–N5 77.5(3) O1–Nd1–N5 143.4(3)
O3–Nd1–N5 126.4(3) O5–Nd1–N5 106.2(3)
N4–Nd1–N5 60.8(2)

Fig. 1. ORTEP drawing of 2(PF6)2 with atom-labeling scheme showing 30%
as eluent. Complexation of 1 or 2 with Ln(hafc)3 units through
2,20-bipyridyl chelation induced isolation of the corresponding
Pt–Ln heterometallic complexes as yellow crystals by layering
n-hexane onto the concentrated dichloromethane solutions in a
few days.

These complexes were characterized by element analyses, ESI-
MS spectrometry, IR, 1H NMR and/or UV–Vis spectroscopy. The
structures of 2(PF6) and 3(CF3COO) were determined by single
crystal X-ray diffraction. The IR spectra of 1–8 exhibit typical
m(C„C) bands in the range 2110–2125 cm�1. For Pt–Ln complexes
3–8, the m(C@O) frequency of hfac occurs at ca. 1650 cm�1, con-
firming the incorporation of Ln(hfac)3 units with 1 or 2 through
2,20-bipyridyl chelation.

Selected bond lengths and angles of 2(PF6) and 3(CF3COO) are
presented in Table 2. ORTEP drawings of 2(PF6) and 3(CF3COO)
are depicted in Figs. 1 and 2, respectively. The platinum(II) center
in 2(PF6) adopts a distorted square-planar geometry composed of
three N donors from But

3tpy and one C donor from r-coordinated
acetylide. The sum of the cis-angles around the platinum(II) center
is ca. 360� and the mean deviation of the PtCN3 atoms from the
least-squares plane is 0.008 Å, revealing an excellent coplanarity.
The Pt–C„C–C array is quasi-linear with Pt–C28–C29 = 179.0(1)�
and C28–C29–C30 = 176.7(1)�. The Pt–N (1.952(8)–2.036(9) Å)
and Pt–C (1.975(10) Å) distances are comparable to those in other
platinum(II) terpyridyl acetylide analogues [18,24,25,34]. The 2,20-
bipyridyl rings in the C„CbpyC„C form a dihedral angle of 12.9�
with the PtII coordination plane defined by CN3 donors. The intra-
molecular Pt� � �Pt separation through the bridging C„CbpyC„C is
16.26 Å. The shortest intermolecular Pt� � �Pt distance is 4.88 Å,
excluding the possibility to form intermolecular Pt–Pt contact.

Heterobinuclear complex 3(CF3COO) originates from incorpo-
rating [Pt(But

3tpy)(C„Cbpy)](CF3COO) with Nd(hfac)3 unit by che-
lating NdIII center through 2,20-bipyridyl. The square-planar
platinum(II) center is bonded by CN3 donors with cis-angles in
the range 79.5(4)–100.1(5)� and the sum of cis-angles being ca.
360�. These bonding parameters together with trans-angles around
Pt1 center (N2–Pt1–N3 = 160.4(4)� and N2–Pt1–C28 = 178.4(4)�)
are all comparable to the corresponding values in platinum(II) pre-
cursor complex 2(PF6)2. Upon formation of the PtNd array
3(CF3COO), the dihedral angle (7.0�) between the least-square
plane of terpyridyl and that of C„Cbpy is smaller than that in
2(PF6)2 (12.9�). The NdIII center is nine-coordinated to give a dis-
torted capped square antiprism composed of N2O7 donors with
the trifluoroacetate O donor at the capping site. Intramolecular
Pt� � �Nd separation through the bridging C„Cbpy is 8.89 Å. The
shortest intermolecular Pt� � �Pt distance is 5.62 Å, implying the ab-
sence of Pt–Pt contact.
thermal ellipsoids. The hexafluorophosphates are omitted for clarity.



Fig. 2. ORTEP drawing of 3(CF3COO) with atom-labeling scheme showing 30%
thermal ellipsoids. The F atoms in –CF3 are omitted for clarity.
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3.2. UV–Vis absorption features

The UV–Vis absorption spectral data of 1–8 are listed in Table 3.
The UV–Vis spectra of 1 and 2 exhibit high-energy absorption
bands at 220–290 nm, medium-energy bands at 310–350 nm,
and low-energy bands at ca. 412 nm for 1 and 435 nm for 2 tailing
to ca. 520 nm. With reference to the absorption features of other
platinum(II) terpyridyl alkynyl complexes [18–23], the intense
high-energy absorption bands with extinction coefficients (e) on
the order of 104 M�1 cm�1 are assigned as intraligand (IL) transi-
tions of the terpyridyl and 2,20-bipyridyl ligands. The medium-en-
ergy absorptions are probably from p ? p*(C„C) transition of the
alkynyl ligands. The low-energy absorption bands in UV to visible
region arise most likely from d(Pt) ? p*(But

3tpy) MLCT transition,
mixed probably with some character from p(C„Cbpy/C„CbpyC
„C) ? p*(But

3tpy) LLCT states [19,20,24,25,34,35]. As shown in
Fig. 3, both the medium-energy absorption from p ? p*(C„C)
transition and the low-energy absorption from MLCT/LLCT states
are obviously red-shifted (10–25 nm) and the corresponding
absorption intensity is significantly enhanced in 2 compared with
those in 1. This can be ascribed to the more extended p-system
in 5,50-diethynyl-2,20-bipyridine bridged dinuclear platinum(II)
complex 2 than that in mononuclear platinum(II) complex 1 con-
taining 5-ethynyl-2,20-bipyridine, which induces decrease of the
HOMO–LUMO energy gaps for the corresponding electronic transi-
tions in 2.

Upon formation of the Pt–Ln heteronuclear complexes by incor-
porating 1 or 2 with Ln(hafc)3 units through 2,20-bipyridyl chela-
tion, the absorptions from both p ? p*(C„C) transition and
MLCT/LLCT states show distinctly blue-shift (15–30 nm) to the
Table 3
UV–Vis absorption data of 1–8.

Compound k/nm (e/M�1 cm�1)

1 229(53100), 250(50300), 285(42350), 313(42860), 326(38800),
412(5990), 462(4970)

2 248(48490), 286(35680), 339(42870), 379(13480), 409(12950),
435(15700), 482(7080)

3 228(48710), 250(43430), 303(51050), 422(8980), 452 (5630)
4 229 (38480), 250 (42320), 300 (50810), 422 (8940), 452 (5440)
5 231(31940), 251(39630), 292(54060), 420(8870), 451 (5070)
6 247(54960), 289(54270), 301(60700), 337(37080), 374(27160),

441(19780), 470(9950)
7 246(54200), 289(53050), 311(55780), 337(33900), 374(25720),

442(20400), 471(9860)
8 246(52840), 289(64760), 304(71000), 337(34870), 374(25450),

446(17950) 469(9960)
higher energy region (Figs. S1 and S2, Supplementary material) rel-
ative to those in 1 or 2. As depicted in Fig. S3 (Supplementary
material) or Fig. 4, titration of 1 or 2 by addition of Yb(hfac)3(H2O)2

in dichloromethane induced progressive shifts to higher energy re-
gion for the absorptions from MLCT/LLCT transitions. This is easily
understandable because introducing electron-accepting Ln(hafc)3

units to 1 or 2 would lower the energy level of dp (Pt) orbitals, thus
increasing the energy gap between HOMO (d(Pt)) and LUMO
(p*(But

3tpy)) in the MLCT/LLCT states. By comparison of the absorp-
tion features between heterobinuclear PtLn and heterotrinuclear
Pt2Ln complexes (Fig. S4, Supplementary material), it is found that
both p ? p*(C„C) and MLCT/LLCT absorption bands in the latter
are distinctly red-shifted compared with those in the correspond-
ing former. This is due most likely to the more extended p-systems
in the PtLn2 complexes, causing reduced HOMO–LUMO energy
gaps for the corresponding p ? p*(C„C) and MLCT/LLCT transi-
tions [25,36–39].

3.3. Luminescence properties

Luminescence data including emission wavelengths, quantum
yields and lifetimes of 1–8 are summarized in Table 4. With exci-
tation at kex > 300 nm, both 1 and 2 emit brightly yellow to orange
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Fig. 4. Changes in the UV–Vis absorption spectra by titration of 2 with
Yb(hfac)3(H2O)2 in dichloromethane solutions.
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Fig. 5. Excitation (top) and emission (lower) spectra of 2 (dashes), 6 (dots), 7 (solid
line) and 8 (dash dots) in fluid dichloromethane solutions.
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emission in both solid states and fluid dichloromethane solutions
(Figs. S5 and S6, Supplementary material). The lifetimes are in
the microsecond ranges in both solid states and degassed dichloro-
methane solutions at room temperature. These behaviors are char-
acteristic of platinum(II) tripyridyl alkynyl complexes with the
emissive origins from d(Pt) ? p*(But

3tpy) 3[MLCT] excited triplet
state, mixed probably with some character from p(C„Cbpy/
C„CbpyC„C) ? p*(But

3tpy) 3[LLCT] transition [19,20,24,25,34,35].
The emission of 2 occurs at a lower energy compared with that of 1
in both solid state (Fig. S5, Supplementary material) and fluid
dichloromethane solution (Fig. S6, Supplementary material). As
the more extended p-conjugated system in 2 would raise the en-
ergy level of d(Pt) orbital (HOMO) through pp–dp overlap, the en-
ergy gaps between HOMO [d(Pt)/p(C„CbpyC„C)] and LUMO
[p*(But

3tpy)] would be reduced [25], thus inducing a red shift of
the MLCT/LLCT absorption in diplatinum(II) species 2 compared
with that in PtII mononuclear complex 1.

Upon excitation at 350 nm < kex< 550 nm which is the absorp-
tion region of d(Pt) ? p*(But

3tpy) MLCT and p(C„Cbpy/
C„CbpyC„C) ? p*(But

3tpy) LLCT transitions, Pt–Ln heteronuclear
complexes 3–8 exhibit luminescence that is characteristic of the
corresponding lanthanide(III) ions (Figs. S7–S10, Supplementary
material). The lifetimes of lanthanide-based luminescence are in
the microsecond range in both solid states and dichloromethane
solutions except that Nd-based emissions are too weak to be mea-
sured (Table 4). As indicated in Fig. 5 and Figs. S7–S10 (Supplemen-
tary material), three emission bands are observed for Pt–Nd
complexes at ca. 870, 1060, and 1335 nm due to 4F3/2 ?

4I9/2,
4I11/2, 4I13/2 transitions, four for Pt–Eu complexes at 595, 613,
650, and 695 nm due to 5D0 ?

7F1, 7F2, 7F3 and 7F4, and one for
Pt–Yb complexes at ca. 980 nm due to 2F5/2 ?

2F7/2 transition. As
the model complex Eu(hfac)3(bpyC„C) lacks of intensity at
k > 350 nm in the excitation spectrum (Fig. S11, Supplementary
material), the sensitized lanthanide emission of Pt–Ln heteronu-
clear complexes should originate from energy transfer from the
platinum(II) terpyridyl alkynyl antenna chromophore [10–16].

In contrast with occurrence of sensitized lanthanide lumines-
cence, the PtII-based broad emission in the visible region, however,
is mostly quenched in these Pt–Ln complexes except for Pt2Eu
complex 7 due to the severely spectral overlapping between Pt-
and Eu-based emissions (Figs. S9 and S10, Supplementary mate-
rial) which is unfavorable to Pt ? Eu energy transfer because of
the unmatched energy levels. As shown in Fig. 6, upon formation
of the PtYb array by titration of 1 with Yb(hfac)3(H2O)2 in dichloro-
methane solution, while the Yb-centered emission is progressively
enhanced, the Pt-based emission from MLCT/LLCT states is remark-
ably attenuated so as to be completely quenched when 1 equiv. of
Table 4
Luminescence data of 1–9 at 298 K.

Compound kem/nm (sem/ls) (solid)a kem/nm (sem/ls) (CH2Cl2)a U (%)b,c

1 576 (1.5) 570 (2.1) 3.3
2 577 (2.7), 614sh 578 (2.3) 3.6
3 1061 (weak) 1061 (weak)
4 613 (257) 613 (506) 14.5
5 978 (13.5) 978 (11.5) 0.57
6 1061 (weak) 1061 (weak)
7 613 (125.3, 41.4) 613 (124.8, 31.6) 6.7
8 978 (14.3) 978 (12.2) 0.61

a The excitation wavelength in the lifetime measurement is 397 nm.
b The quantum yields of complexes 1, 2, 4, and 7 in degassed dichloromethane

are determined relative to that of [Ru(bpy)3](PF6)2 (U = 0.062) in degassed aceto-
nitrile [32].

c The quantum yields of YbIII complexes in dichloromethane solution are esti-
mated by the equation U = sobs/s0, in which sobs is the observed emission lifetime
and s0 is the radiative or ‘natural’ lifetime with 2 ms. These values refer to the
lanthanide-based emission process only and take no account for the efficiency of
intersystem crossing and energy transfer processes.
Yb(hfac)3(H2O)2 is added. The entire quenching of Pt-based lumi-
nescence in these Pt–Ln complexes except for 7 in solid state
together with the observation of sensitized lanthanide lumines-
cence with excitation at the absorption region of Pt-based chromo-
phore reveals unambiguously that quite effective Pt ? Ln energy
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Fig. 6. Titration of 1 with Yb(hfac)3(H2O)2 in dichloromethane, showing both
quenching of Pt(But

3tpy)(acetylide) chromophore-based emission and increasing of
Yb-centered emission by gradual addition of Yb(hfac)3(H2O)2.
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transfer is operating in these Pt–Ln heteronuclear complexes [9–
16].

4. Conclusions

Mono- or dinuclear platinum(II) complex of 5-ethynyl-2,20-
bipyridine or 5,50-diethynyl-2,20-bipyridine capped with one or
two [Pt(But

3tpy)2]+ units was synthesized through Pt-acetylide r-
coordination, respectively. They emit brightly yellow to orange
room temperature luminescence, arising from d(Pt) ? p*(But

3tpy)
3[MLCT] and p(C„Cbpy/C„CbpyC„C) ? p*(But

3tpy) 3[LLCT] trip-
let excited states. This makes them serve as favorable energy do-
nors to attain sensitized lanthanide luminescence by energy
transfer from the platinum(II) terpyridyl alkynyl chromophores
to the lanthanide centers in a series of Pt–Ln heteronuclear com-
plexes resulting from incorporation of mono- or dinuclear plati-
num(II) precursors with Ln(hfac)3 units. With excitation kex at
the absorption region of MLCT/LLCT states in platinum(II) terpyr-
idyl alkynyl chromophores, the Pt–Ln heteronuclear complexes
emit characteristic lanthanide luminescence with emissive lifetime
in microsecond ranges whereas the Pt-based luminescence are
mostly quenched because of quite effective Pt ? Ln energy transfer
from Pt-based chromophores to lanthanide(III) centers.
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