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Synthesis, Characterization, and Photophysical Properties of Some
Heterodimetallic Bisporphyrins of Ytterbium and Transition Metals —
Enhancement and Lifetime Extension of Yb®>* Emission by Transition-Metal
Porphyrin Sensitization
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A series of d-f heterodimetallic bisporphyrin complexes
(YbZn, YbPd, and YbPt), in which a Yb™ porphyrinate moi-
ety is linked to a transition-metal porphyrinate moiety by a
flexible three-carbon chain, were synthesized. They were
fully characterized by high-resolution mass spectrometry, 'H
and 3*'P NMR spectroscopy, electronic absorption, and
fluorescence methods. Variable-temperature near-infrared
photoluminescence studies showed that the transition-metal
porphyrinate moiety would enhance the ytterbium(IIl) emis-
sion centered at about 998 nm and extend its emission life-

time. YbPd and YbPt showed large two-photon absorption
cross-section values because of the interaction between the
porphyrin units, which caused a loss of centrosymmetry. Op-
tical limiting investigation demonstrated that [Yb(TPP)-
(Lonme)] and YbPt have comparable performance to Cgy by
virtue of their heavy-metal effect. Our results indicate that
these bisporphyrin dimetallic complexes will find valuable
applications in the field of nonlinear optics.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2007)

Introduction

In the late 1970s, bisporphyrins with four linkages each
on the meso position!'® and B position!'®! were reported.
Later on, bisporphyrins and their metal complexes were
synthesized to study the photoinduced energy transfer from
porphyrin to O,.[! Bisporphyrins are basically divided into
two classes by virtue of their conformations: cofacial
(mostly linked on the ortho position of the meso-phenyl
group of porphyrin macrocycles) and linear (mostly linked
on the para position of the meso-phenyl group of porphyrin
macrocycles). Other than the linkage at the meso-phenyl
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group, there are bisporphyrins with linkages at the  posi-
tion of the pyrrole unit as well.[?] Bisporphyrins with vari-
ous kinds of linkages and different central metal ions have
attracted much attention because of their potential applica-
tion in host-guest chemistry,™ chemical sensing,! supra-
molecular chirogenesis,! catalytic photooxidation,!”! molec-
ular switches,®! photoinduced energy transfer,”! two-pho-
ton absorption,!'% etc. Linear bisporphyrins were mainly in-
vestigated on the energy transfer from one porphyrin unit
to the other one by varying the rigid linkages, such as the
phenylene and alkyne units.!'!]

Trivalent lanthanide ions continue to attract considerable
interest because of their unique optical properties such as
line-like emission bands and relatively long luminescence
lifetimes.l'?! However, while it was recently reported that
Sm?* complexes can be directly excited because the transi-
tions are allowed,!'3 it is generally difficult to excite lan-
thanide ions directly because of the forbidden nature of
their electronic transitions.' In order to overcome this
problem, lanthanide ions are usually excited by the energy
transferred from organic chromophores, which can encap-
sulate the lanthanide ions. Porphyrin can act as an antenna
for photoluminescence (PL) in light of its highly conjugated
system, which absorbs strongly in the UV/Vis region. Ytter-
bium(I1II) complexes, which emit in the near-infrared (NIR)
region centered at about 998 nm, where biological tissues
and fluids are relatively transparent, are promising probes
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for fluoroimmunoassays. We have shown that porphyrinato
ligands could act as antennae and sensitize NIR emission
of Nd**, Er**, and Yb** ions.['¥ Recently, there has been
considerable interest in extending the lifetimes of Nd',
Er''l, and Yb"!. Transition-metal ions with long lifetimes,
such as Cr'!!, Ru!l, and Pt!!, were inserted into d-f heterodi-

YbIN(SiMe3),15-[LICI(THF 3],

metallic complexes and found to serve as sensitizers for lan-
thanide ions.['>"'71 The best result of lifetime extension was
observed for the CrLn (Ln = Nd, Yb) complex,!!”] which
showed that Cr''—Ln'! intramolecular energy transfer
could extend the lifetimes of lanthanide ions from the
microsecond to millisecond timescale at 10 K. However, the
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Scheme 1. Preparation of the dyads YbFb, YbZn, YbPd, and YbPt.
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ligands only absorbed light in the high-energy region at 247
and 334 nm. To this end, we want to develop a strategy to
extend the lanthanide lifetime by using sensitizers that ab-
sorb strongly in the UV/Vis region, such as metalloporphyr-
ins of transition metals. To the best of our knowledge, there
is no report in the literature on the synthesis of bisporphy-
rin complexes containing a lanthanide and a d-block transi-
tion metal. Herein, we report the synthesis, and photophysi-
cal and optical limiting properties of several bisporphyrin
complexes, in which a Yb™ porphyrinate moiety is linked
to a transition-metal porphyrinate moiety by a flexible
three-carbon chain.

Results and Discussion

Synthesis

Ytterbium(IIl) bisporphyrinate complexes YbFb (1),
YbZn (2), YbPd (3), and YbPt (4) were prepared as shown
in  Scheme I. When 5-(p-hydroxyphenyl)-10,15,20-tri-
phenylporphyrin (p-OH-TPPH,) was treated with excess
YDB[N(SiMes), 5 [LICI(THF);], under nitrogen in refluxing
toluene for 12 h followed by the addition of excess Na{(n’-
CsH;5)Co[P(=0)(OMe),]3} (NaLgpe) to the reaction mix-
ture at room temperature (room temp.), workup gave purple
air-stable crystals of [Yb(p-OH-TPP)(Loye)] in 84% yield.
The complex [Yb(p-OH-TPP)(Loae)] was quite stable
towards moisture and could be purified by column
chromatography on silica gel. In the presence of K,COs,
reaction of p-OH-TPPH, with excess 1,3-dibromopropane
in dry DMF under nitrogen at room temp. overnight gave
5-[p-(3-bromopropoxy)phenyl]-10,15,20-triphenylporphyrin
(p-BrC;0-TPPH,) in 94% yield. The interaction of [Yb(p-
OH-TPP)(Lome)] with p-BrC;O-TPPH,, in the presence of

K,COj3 in dry DMF at 60 °C overnight, gave the porphyrin
complex YbFb (1), in which a porphyrin free base is ap-
pended to the Yb™ porphyrinate complex by a flexible link-
age, -OCH,CH,CH,O-, in 58% yield. YbFb could also be
prepared by the reaction of p-OH-H,TPP with [Yb(p-
BrC;0-TPP)(Lowme)], which was synthesized by the reaction
of [Yb(p-OH-TPP)(Lowe)] with 1,3-dibromopropane in the
presence of K>COj3. All the above porphyrin free bases and
Yb porphyrinate complexes were fully characterized by 'H
and 3'P (if applicable) NMR, MS, and UV/Vis spec-
troscopy. The solid-state structure of [Yb(p-BrC;0O-
TPP)(Lome)] (Figure 1), ascertained by X-ray crystallogra-
phy, is very similar to that of [Yb(TMPP)(Log)].l'"*! Crys-
tal structure analysis revealed that the Yb ion is seven-coor-
dinate, surrounded by four N atoms of the porphyrinate
dianion and three O atoms of the three phosphito groups.
The Yb-N and Yb-O distances are in the ranges 2.343(6)-
2.367(5) and 2.260(7)-2.281(7) A, respectively. The bond
lengths and bond angles are almost the same as those in
[Yb(TMPP)(Log,)]'*!

When YbFb was treated with M(OAc),2H,O (M = Zn,
Pd) in a refluxing CHCl3/MeOH (1:1, v/v) mixture for 24 h,
YbZn (2) and YbPd (3) were obtained in 83% and 88%
yields, respectively; and with PtCly,(PhCN), in refluxing
PhCN, YbPt (4) was obtained in 60% yield. Complexes 1-4
are thermally and air-stable and can be purified by column
chromatography. The four bisporphyrins were fully charac-
terized by mass spectrometry, 'H and 3'P (if applicable)
NMR, and UV/Vis spectroscopy. The MALDI-TOF mass
spectra of complexes 1-4 exhibit the [M + 1]* peaks at m/z
= 1924.4353, 1988.3409, 2028.3187, and 2117.3801, respec-
tively, which deviate less than 5 ppm from the theoretical
values of 1924.4363, 1988.3490, 2028.3251, and 2117.3859,
respectively, and their isotopic distribution patterns match

Figure 1. Perspective drawing of [Yb(p-BrC;0-TPP)(Lome)]. Hydrogen atoms were omitted for clarity. Selected bond lengths [A] and
bond angles [°]: N(1)-Yb(1) 2.367(5), N(2)-Yb(1) 2.350(6), N(3)-Yb(1) 2.343(6), N(4)-Yb(1) 2.350(5), O(8)-Yb(1) 2.260(7), O(9)-Yb(1)
2.280(7), O(10)-Yb(1) 2.281(7); O(8)-Yb(1)-O(9) 76.4(3), O(8)-Yb(1)-O(10) 78.9(3), O(9)-Yb(1)-O(10) 80.7(3), N(3)-Yb(1)-N(2)
77.99(19), N(3)-Yb(1)-N(4) 75.51(19), N(2)-Yb(1)-N(4) 122.5(2), N(3)-Yb(1)-N(1) 121.9(2), N(2)-Yb(1)-N(1) 76.17(18), N(4)-Yb(1)-
N(1) 76.23(17).
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the theoretical distribution. The 'H NMR spectrum (in
CDCl;) of 1 shows a singlet at 6 = —2.64 ppm for the inner
NH groups of the porphyrin free base moiety. This peak is
absent in the '"H NMR spectra of dyads 2-4, which indi-
cates that the transition metals are coordinated to the four
nitrogen atoms of the appended porphyrin free base. The
'"H NMR spectra of the four dyads exhibit single peaks at
0 = —4.52 ppm for the five cyclopentadienyl protons, quar-
tets at 0 = 3.34 ppm for the -OCH,CH,CH,O- protons,
and two triplets at 0 = 520 and 5.64 ppm for the
—-OCH,CH,CH,O- protons. The *'P{'H} NMR spectra
(vs. 85% H3PO,) of 1-4 show single peaks at 6 = 69.2, 69.2,
69.2, and 69.0 ppm, respectively, for the phosphito groups
of the anionic Loy ligand.

Photophysical Properties

The photophysical properties of the four dyads 1-4 have
been examined and the data are summarized in Table 1. The
absorption spectrum of each of the four dyads 1-4 is the
sum of the absorption spectra of the two separate porphy-
rinate moieties, [Yb(TPP)(Lome)] and [M(TPP)] (M = H,,
Zn, Pd or Pt). Figure 2 shows the absorption spectra of

[Yb(TPP)(Lome)], [Pt(TPP)], and 4 (YbPt) in toluene at 06

room temp. The room-temperature solution electronic ab- ' et
sorption, excitation, and emission spectra of 1-4 in the UV/ R I N — [Yb(TPP)(L,, )]
Vis region are characteristic of intraligand transitions of g 0al [PLTPP]
normal porphyrinate complexes. The absorption bands (So- g

ret and Q bands) and emission peaks in the visible region s 031

are typical of the intraligand m—7* transitions of the por- 8 ol

phyrinato ligand. The visible emissions, which have a decay E

time (7) of about 3.79-9.17 ns and quantum yields (@) 0.17

of (1.1-9.1) X 102, can be assigned to the S;—S, ligand- 0.0

centered singlet ('LC) fluorescence. The photoluminescence
intensity of the four dyads strongly increases at 77 K and
other than for YbFb, which exhibits no bathochromicity,
the emission peaks of the dyads are redshifted by about
10 nm as compared with their emission bands at room

temp. Lifetime measurements at 77 K showed that unlike
dyads YbFb and YbZn, which exhibit only 'LC fluorescence
at 652 (r = 12.96 ns) and 611 (z = 3.88 ns) nm, respectively,
dyads YbPd and YbPt also exhibit phosphorescence at 693
(r = 950 ps) and 660 (z = 100 pus) nm, which almost coin-
cides with the ligand-centered triplet (*LC) emission of
[PA(TPP)] and [Pt(TPP)] complexes, respectively, and could
be assigned to the *LC emission of the [M(TPP)] moiety of
the dyads. Figure 3 shows the solution excitation and emis-
sion spectra of dyad YbPd and the [Pd(TPP)] complex in
the visible region at both room temp. and 77 K. The lowest
3LC state of the [Yb(TPP)(Lowme)] moiety of the dyads can
be identified by measuring the emission spectrum and decay
time of the [GA(TPP)(Lowme)] complex.t'8-21 This is possible
because the metal-centered (MC) electronic levels of Gd3*
are known to be located at 31000 cm™, typically well above
the LC electronic levels of the aromatic ligands.”?! There-
fore, ligand-to-metal energy transfer and the consequent
MC luminescence cannot be observed. The time-resolved
spectrum of the [GA(TPP)(Lome)] complex at 77 K shows
that the LC long-lived phosphorescence is detected at
792 nm (r = 136 ps).2?

300 4(I)0 5(|)0 6(|)0 7(|)0
Wavelength (nm}

Figure 2. Absorption spectra of YbPt, [Yb(TPP)(Lome)], and
[Pt(TPP)].

Table 1. Photophysical data of YbFb, YbZn, YbPd, and YbPt in toluene.[?!

Compound Absorption Excitation Emission at 298 K Emission at 77 K
Jmax (loge) [nm (dm*mol 'em 1] Jexe [NM] e [nM] (7, Py X 10710 /em [nM] (7)
YbFb 428 (5.86), 517 (4.34), 556 (4.48) 419 652 (9.02 ns, 9.1), 717 652 (12.96 ns), 717
595 (4.06), 646 (3.71) 998 (30 ps) 998 (30 ps)
YbZn 427 (5.95), 557 (4.61), 595 (4.12) 422 601, 651 (3.79 ns, 1.1) 611 (3.88 ns), 670
998 (30 ps) 998 (30 ps)
YbPd 428 (5.81), 524 (4.51), 557 (4.43) 420 654 (9.17 ns, 1.6), 721 648, 693 (950 ps), 772
596 (3.92) 998 (40 ps) 998 (40 ps)
YbPt 403 (5.46), 428 (5.75), 511 (4.49) 420 652 (8.72 ns, 2.0), 716 660 (100 ps), 726
558 (4.36), 596 (3.88) 998 (30 ps) 998 (70 ps)
[YB(TPP)(Lone)] 428 (5.79), 558 (4.40), 597 (3.85) 419 652 (6.93 ns), 718 652 (9.15 ns), 718
998 (30 ps) 998 (30 ps)
[GA(TPP)(Lome)] 428 (5.86), 559 (4.35), 597 (3.76) 420 656 (9.92 ns), 720 650 (12.71 ns), 792 (136 ps)
[PA(TPP)] 416, 524 420 610, 652, 715 698 (1340 ps)
[Pt(TPP)] 402, 509, 540 403 662 660 (120 ps)

[a] Measurements were carried out at a concentration of 1 X 10°M in toluene. [b] The quantum yield standard used in this study was
tetraphenylporphyrin (H,TPP) in anhydrous benzene in air (@ = 0.11 at 298 K). Quantum yields were calculated using standard methods.
[c] Near-infrared (NIR) photoluminescence measurements were carried out in toluene at a concentration of 1 X 10°° M excited at 514 nm.
[d] The wavelength of the laser for lifetime measurement was 337 nm.
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Figure 3. Excitation and emission spectra of YbPd and [Pd(TPP)]
at 77 K and room temperature.

Other than the visible emission, dyads 1-4 also exhibit
Yb3* ion emission in the NIR region. The emissions at
998 nm can be assigned to the 2Fs,—2F5, transition of
Yb3*. These NIR emissions are very similar to those re-
ported for Yb'" monoporphyrinate complexes, and the life-
time values are in good agreement with the literature val-
ues.’#231 The Yb3* luminescence lifetimes at room temp. lie
within 30-40 ps for the four dyads and are much longer
than the lifetime of the porphyrinate emission. Figure 4
shows the visible and NIR emission and the excitation spec-
tra of YbPd in toluene. The excitation spectrum of YbPd
monitored at 998 nm is identical to that monitored at
654 nm, and its excitation bands at 526, 560, and 602 nm
almost coincide with its visible absorption bands at 524,
557, and 596 nm. This clearly shows that both the visible
and NIR emissions originate from the n=—n* transitions of
the porphyrinate antenna, and excitation of porphyrin is
the photophysical pathway leading to the observable NIR
luminescence. A comparison of the NIR luminescence in-
tensity of the dyads with that of the [Yb(TPP)(Lomc)] com-
plex at room temp. shows that the relative intensity in-
creases in the order of [Yb(TPP)(Lowme)] (1.0) < YbZn (1.8)
< YbPd (4.0) < YbPt (5.0) (Figure 5). This suggests that

0.35+
- Absorption

Pt NIR emission

B Excitation [

e Visible emission |

i [

0.30
0.25
0.20
0.15

0.10 4

Normalized Intensity

0054 "

0.00

T T T T T T
700 800 900 1000 1100 1200
Wavelength {nm)

Figure 4. Room-temperature absorption, NIR emission (excited at
514 nm) and excitation (monitored at 998 nm) spectra of YbPd in
toluene.
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the [M(TPP)] (M = Zn, Pd and Pt) moiety, which contrib-
utes to the enhancement of NIR emission, transfers its en-
ergy to the Yb** ion. Fluorescence studies at room temp.
further support the above donor-acceptor-based hypothesis.
The visible fluorescence intensity of the YbPd dyad is much
weaker than that of the [Pd(TPP)] complex (Figure 6). This
indicates that the [Pd(TPP)] moiety (donor) of the YbPd
dyad is quenched by the [Yb(TPP)(Lone)] moiety, probably
by the transfer of the 'LC energy to the Yb?* ion center
(acceptor).

0.0016+
YbPt
\\/
;N _YbPd
. 00012 S
3 ; /
8 |
2
@ 0.0008-
g
ol 3
= . YbZn
2 0.0004-] v
) [Yb(TPP)(L,, )]
0.0000+

900 1000 1100 1200

Wavelength (nm)

800

Figure 5. Near-infrared photoluminescence spectra excited at
514 nm at the same concentration in toluene.
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Figure 6. Emission spectra of YbPd, [Yb(TPP)(Lowme)], and
[PA(TPP)] at the same concentration at room temperature.

Optical absorption of the 'M(TPP) unit leads to an
Sy—S; transition to the singlet excited state 'M(TPP)*, fol-
lowed by a fluorescent emission or intersystem crossing to
the triplet excited state *M(TPP)*, which results in the
phosphorescent emission and nonradiative deactivation
with rate constants k, and k,,, respectively. The energy of
the *M(TPP)* excited state can be transferred to (Yb3*)*
with rate constant kgt so that the Yb!™! NIR emission is
enhanced and the lifetime extended (Figure 7). At 77 K, the
Yb3" luminescence lifetime of dyads YbFb and YbZn re-
mains unchanged (30 us) and is the same as that of
[Yb(TPP)(Lome)], whereas that of YbPd and YbPt is ex-
tended from 30 to 40 and 70 ps, respectively. This may be
3369
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due to the presence of a very intense, long-lived *M(TPP)*
state in YbPd (A = 693 nm, t = 950 us) and YbPt (1 =
660 nm, 7 = 100 ps), which sensitizes and prolongs the life-
time of the Yb>* luminescence. Such a long-lived *M(TPP)*
state is absent in YbFb and YbZn. The better extension of
the Yb'"! lifetime of YbPt than YbPd clearly shows that the
efficiency of energy transfer by the triplet excited state is
better in the former than in the latter.

s, LC* 1L.c
3Lc*_/
31 on
LC Ker
N e
T 's» k+k,
792 nm 998 nm 693 nm
S, Frn
[Yb(TPP)(Lyy,)] moiety M(TPP) moiety

Figure 7. Scheme for the energy transfer from the transition-metal
porphyrin unit {[Pd(TPP)] for example} to the Yb porphyrin unit
(LC = ligand center). kgt is the rate constant for energy transfer;
k. is the rate constant for radiative deactivation; k,, is the rate con-

stant for nonradiative deactivation. k, + k,, = 7o' and k, + k,, +

kET =7l

H,TPP and [Zn(TPP)] are strongly fluorescent while
[Pd(TPP)] and [Pt(TPP)] are strongly phosphorescent.]
Brookfield et al.?”) investigated the energy transfer in Zn-
metal-free porphyrin dimers and found that the Zn porphy-
rin unit transfers singlet-state excitation energy to the free-
base porphyrin unit. For the bisporphyrins here, dipole—di-
pole energy transfer is the dominant mechanism. Here, the
Yb'"! ion is sensitized by two species: one is the porphyrin
chromophore, which is coordinated to it; the other is the
triplet excited state of the transition-metal porphyrinate
unit, which enhances its NIR luminescence. Because the
lifetimes of YbPd at 693 nm and YbPt at 660 nm at 77 K
are mainly contributed by the triplet excited state 3M(TPP)*
lifetimes of the [Pd(TPP)] and [Pt(TPP)] moiety, respec-
tively, the rate constants for the energy transfer from the
[M(TPP)] chromophores to the Yb3* ion, kg, can be calcu-
lated from Equation (1), where 7 and 7 are the lifetimes of

Table 2. TPA cross-section ¢® (GM) values.[)

the donor-acceptor dyad (YbPd and YbPt) and the donor
chromophore [M(TPP)] (M = Pd and Pt), respectively.

1 1
k[;[ = (___)

T 7 (])
As a result, kgt for YbPd and YbPt is 306 and 1667 s!,
respectively. Comparing the kgt values, triplet excited state
energy transfer of YbPt is much faster than that of YbPd.

Two-Photon Absorption

Porphyrin derivatives have attracted increasing attention
because of their two-photon absorption (TPA) properties,
which could be applied in many research fields, such as 3D
microfabrication,?8! photodynamic therapy?®! and optical
limiting.*®! The TPA efficacy, which is evaluated by the
TPA cross-section value, ¢, is defined as the excitation
obtained by the simultaneous absorption of two photons at
a longer wavelength followed by the emission at a shorter
wavelength (Figure §). Because of the low quantum yield of
porphyrin, the nonlinear transmittance method was used to
determine ¢®. In this paper, 6® was measured at 800 nm
with 100-fs pulses by an open-aperture Z-scan method. Por-
phyrin is supposed to be excited to the singlet excited state
by simultaneously absorbing two photons at 800 nm. It can
then emit photons at 650 nm or relax to the triplet excited
state through intersystem crossing; thereafter energy could

s, ISC
™
T — %k
62
800 nm 650 nm 792 nm 998 nm
Q J o
Porphyrin Ytterbium

Figure 8. Scheme for the two-photon absorption of Yb porphy-
rinate complexes.

Compound Concentration B Cross section ¢!
[mol L] [cmGW ] [GM]

YbFb 25%104 0.00061 101
YbZn 2.5%x10+ too weak too weak
YbPd 25X104 0.00088 145
YbPt 25X104 0.00147 247
[YB(TPP)(Lome)] 2.5%X10% too weak too weak
H,TPP 1x10°3 0.00068 28
[Zn(TPP)] 1x10°3 0.00036 15
[Pd(TPP)] 1x10°3 0.00060 25
[Pt(TPP)] 1x10° 0.00067 28

[a] The TPA measurements were carried out at an excitation wavelength of 800 nm. [b] 1 GM = 10°° cm*sphoton ™.
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be transferred to the Yb™ ion, which emits at 998 nm.
While the ¢ value is wavelength-dependent, it is 28 GM
for H,TPP at 800 nm in this work (cf. the reported value of
15 GM at 780 nm).B [Yb(TPP)(Lowme)] has a very low ¢®
value, whereas the dyads YbFb, YbPd, and YbPt have four
to eight times larger ¢ values than the corresponding
transition-metal porphyrin [M(TPP)] monomers (Table 2).

Optical Limiting Properties

Optical limiters are typically those dyes with nonlinear
optical properties in which the light transmittance will de-
crease sharply under high light flux so that they can protect
sensors from high optical power. Optical limiting (OL) ef-
fect can be explained by a mechanism known as reverse
saturable absorption (RSA)P? (see Supporting Infor-
mation). Until now, indium tetra-zert-butylphthalocyanine
chloride (InClPc) has been considered to be one of the best
optical limiters.[>] Among many different kinds of OL ma-
terials, porphyrins continue to attract considerable attention
because the structure-property relationships can be investi-
gated easily through structural modification by changing
the central metal center, ligand substituents etc. In general,
porphyrins exhibit strong excited-state absorptions and
long-lived triplet excited states.3”) In addition, they allow
high transmission in the visible region because their
ground-state absorptions are mainly confined to a few nar-
row regions (Soret and Q bands). Recently, the optical lim-
iting properties of metalloporphyrins have been exam-
ined.’* Herein, we studied the OL effect of our porphyrin
dyads with the Z-scan technique®! at 532 nm. The trans-
mittances for YbPd, YbZn, YbPt, and [Yb(TPP)(Loe)] de-
crease to 55%, 54%, 44%, and 40%, respectively, of their
original linear transmission (Figure 9). The OL perform-
ance of [Yb(TPP)(Lowme)] and 4 is comparable to the bench-
mark material Cg.
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Figure 9. Open-aperture Z-scans at 532 nm for optical limiting
measurements at a linear transmittance of 85%.

Conclusions

We have prepared and characterized a series of d-f
heterodimetallic bisporphyrin complexes, in which a Yb'!

Eur. J. Inorg. Chem. 2007, 3365-3374

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

porphyrinate moiety was linked to a transition-metal por-
phyrinate moiety by a flexible three-carbon chain. Upon
excitation at 514 nm, the four dyads gave NIR emission cen-
tered at 998 nm, with the emission intensity increasing in
the order of YbZn < YbPd < YbPt. Photophysical studies
showed that the transition-metal porphyrinate moiety sensi-
tized NIR emission and enhanced the Yb'! emission inten-
sity and lifetime. Two-photon absorption (TPA) measure-
ments at 800 nm showed that, except for YbZn, the bispor-
phyrins had much larger TPA cross-section values, ¢‘®, than
those of [Yb(TPP)(Lowm.)] and [M(TPP)] (M = H,, Zn, Pd,
and Pt) complexes. The optical limiting (OP) measurements
at 532 nm showed that the OL property was enhanced in
the order of YbPd < YbZn < YbPt < [Yb(TPP)(Lowme)],
and the OL performance of [Yb(TPP)(Lowme)] and YbPt is
comparable to that of Cgy.

Experimental Section

General: All reactions were carried out in dry nitrogen. Solvents
were dried by standard procedures, distilled, and deaerated prior
to use. All chemicals used were obtained from Aldrich Chemical
Company. PtCl,(PhCN),,B¢  Yb[N(SiMejs),]5 [LiCI(THF);],,14d!
and [Yb(TPP)(Lowme)]'#! were prepared according to literature
methods. Electronic absorption spectra in the UV/Vis region were
recorded with a Varian Cary 100 UV/Vis spectrophotometer,
steady-state visible fluorescence and PL excitation spectra were re-
corded with a Photon Technology International (PTI) Alphascan
spectrofluorimeter, and visible decay spectra with a pico-N, laser
system (PTI TimeMaster) using A.,. = 337 nm. NIR emission was
detected by a liquid-nitrogen-cooled InSb IR detector (EG & G)
with a preamplifier and recorded by a lock-in amplifier system as
the third harmonics. Quantum yields of the visible emissions were
computed according to the literature method®” using tetraphen-
ylporphyrin (H,TPP) as the reference standard (@ = 0.11 at 419 nm
in benzene in air). NMR spectra were recorded with a Varian Unity
Inova 400 MHz spectrometer. '"H NMR chemical shifts were refer-
enced to internal deuteriated chloroform and then recalculated to
TMS (6 = 0.00 ppm) and those from the 3'P{'H} NMR spectra
to external 85% H3;PO,. High- and low-resolution mass spectra,
reported as m/z, were obtained with an Autoflex Bruker MALDI-
TOF system and a Finnigan MAT SSQ710 mass spectrometer,
respectively. Elemental analyses carried out at the Department of
Chemistry, Shanxi University, P. R. China.

Two-Photon Absorption Measurement: The two-photon absorption
spectra were measured at 800 nm by using the open-aperture Z-
scan method with 100-fs pulses with a peak power of 276 GW cm 2
from an optical parametric amplifier operating at a 1-kHz repeti-
tion rate generated from a Ti:sapphire regenerative amplifier sys-
tem. The laser beam was split into two parts by a beam splitter.
One was monitored by a photodiode (D1) as the incident intensity
reference, and the other (D2) was detected for the transmitted in-
tensity. After passing through a lens with /= 20 cm, the laser beam
was focused and passed through a quartz cell. The position of the
sample cell was moved along the laser-beam direction (z axis) by a
computer-controlled translatable table, so the local power density
within the sample cell would be changed under the constant inci-
dent intensity laser power level. Finally, the transmitted intensity
from the sample cell was detected by the photodiode (D2). The
photodiode (D2) was connected to the computer, so each trans-
mitted intensity would be taken over 100 times iteration by the
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computer. Assuming a Gaussian beam profile, the nonlinear ab-
sorption coefficient f can be obtained by curve fitting to the ob-
served open-aperture traces with Equation (2), where a, is the lin-
ear absorption coefficient, / is the sample length, and z is the dif-
fraction length of the incident beam.

—oyl

reyo1 L=

2a,(1+(z/z,)) 2)
After obtaining the nonlinear absorption coefficient f, the TPA
cross-section ¢® of one solute molecule (in units of 1 GM =
103° cm*sphoton!) can be determined by using Equation (3),
where N, is the Avogadro constant, d is the concentration of the
TPA compound in solution, / is the Planck constant, and v is the
frequency of the incident laser beam.

o 1000 ghv
N, d 3)

Optical Limiting Measurement: The investigation of optical limiting
properties was performed with a Q-switched Nd:YAG laser at the
repetition of 10 Hz. The arrangement of the system is shown in the
Supporting Information. The laser was frequency-doubled with an
output wavelength of 532 nm with 10-ns pulse width for Gaussian
mode by a frequency double crystal (FDC). Then the laser beam
was split into two beams by a beam splitter (BS). One was used as
the reference beam, which was received by a detector (D), and the
other was for the sample measurement and was focused with a lens
(L1, f= 20 cm). After transmitting the light beam through the sam-
ple (S), it entered another detector (D,). The sample to be mea-
sured was moved along a rail to change the incidence irradiance
on it. The incident and transmitted energies were detected simulta-
neously by the two detectors D; and D, (LPE-1A) individually.
The solution samples were measured in a 1-mm quartz cell.

Preparation of Porphyrin Free Bases

5-(p-Hydroxyphenyl)-10,15,20-triphenylporphyrin (p-OH-TPPH,):
This compound was prepared according to a modified literature
method.['*?! A solution of benzaldehyde (18.29 mL, 180 mmol) and
p-hydroxybenzaldehyde (7.32 g, 60 mmol) in propionic acid
(700 mL) was heated to 130 °C. Then freshly distilled pyrrole
(16.65 mL, 240 mmol) in propionic acid (50 mL) was added slowly
to the solution over a period of 0.5 h. The reaction mixture was
heated to reflux for another 0.5 h and then cooled to room temp.
Then the volume of the reaction mixture was reduced to about
half of its original volume under reduced pressure, and methanol
(300 mL) was added to the concentrated solution. The resultant
solution was kept in a refrigerator overnight. Filtration gave about
4.5 g of crude product, which was redissolved in a minimum
amount of chloroform and chromatographed on a silica gel column
with dichloromethane as eluent. The second band gave the desired
p-OH-TPPH,. Yield: 1.9 g (5%). FAB-MS: 631 [M + H]*. 'H
NMR (CDCls): 6 = -2.78 (s, 2 H), 4.14 (s, 1 H), 7.19 (m, 2 H),
7.74 (m, 9 H), 8.05 (m, 2 H), 8.21 (m, 6 H), 8.85 (m, 8 H) ppm.
UV/Vis (toluene): ., (loge) = 419 (5.48), 515 (4.20), 550 (3.88),
592 (3.64), 651 (3.71 dm3*mol'cm™!) nm.

5-|p-(3-Bromopropoxy)phenyl]-10,15,20-triphenylporphyrin (p-
BrC;0-TPPH,): This compound was prepared according to a
modified literature method.l'*?! 1,3-Dibromopropane (2 mL,
800 puL, 7.9 mmol) was added to a suspension of p-OH-TPPH,
(0.50 g, 0.8 mmol) and anhydrous K,CO; in dry DMF (20 mL).
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The mixture was stirred at room temp., and the progress of the
reaction was monitored by TLC. After 24 h, dichloromethane
(20 mL) was added to the reaction mixture, which was then washed
with water (6 X20 mL) until all of the DMF and potassium car-
bonate were removed. The organic phase was dried with sodium
sulfate, filtered and the solvents were evaporated to dryness in
vacuo. The residue was redissolved in a chloroform/hexane mixture
(1:1, v/v) and chromatographed on a silica gel column using chloro-
form/hexane (5:1, v/v) as eluent. The first band gave the product
p-BrC;0-TPPH,. Yield: 560 mg (94%). FAB-MS: 752 [M + HJ]".
'H NMR (CDCl,): 6 = -2.77 (s, 2 H), 2.50 (m, 2 H), 3.77 (q, 2 H),
4.38 (q, 2 H), 7.28 (m, 2 H), 7.74 (m, 9 H), 8.12 (m, 2 H), 8.21 (m,
6 H), 8.86 (m, 8 H) ppm. UV/Vis (toluene): 4., (loge) = 420
(5.43), 515 (4.07), 550 (3.74), 594 (3.50), 650 (3.44 dm*molcm™)
nm.

Preparation of Yb Porphyrinate Complexes

[Yb(p-OH-TPP)(Lonme)l: This compound was prepared according
to a modification of the literature method.l'*! After p-OH-TPPH,
(518 mg, 0.82 mmol) had been treated with excess Yb[N(SiMes),]5*
[LiC(THF)3], (0.16 molL"!, 10 mL) under nitrogen in refluxing
toluene for 12 h, the mixture was cooled down to room temp., fol-
lowed by the addition of excess NaLgy. The reaction mixture was
concentrated under reduced pressure to remove toluene and puri-
fied by column chromatography on silica to give purple crystals of
[Yb(p-OH-TPP)(Lome)] after recrystallization. Yield: 863 mg
(84%). MALDI-TOF MS: calcd. for [M*] 1253.1549, found
1253.1516. '"H NMR (CDCl3): 6 = —4.62 (s, 5 H), 6.98 (s, 18 H),
8.13 (s, 1 H), 8.57-8.76 (br., 8 H), 9.36-9.42 (br., 3 H), 9.93 (br., 1
H), 10.56 (br., 3 H), 15.29 (br., 8 H), 16.56 (br., 1 H), 16.85 (br., 3
H) ppm. *'P{'H} NMR (CDCl;): 6 = 69.2 ppm. UV/Vis (toluene):
Jmax (loge) = 429 (5.80), 558 (4.37), 599 (3.82 dm3*mol 'cm ') nm.

[Yb(p-BrC;O0-TPP)(Lomeo)l:  [Yb(p-OH-TPP)(Lome)] (100 mg,
0.08 mmol) was stirred in dry DMF (10 mL) in the presence of
anhydrous potassium carbonate (300 mg) for 20 min, followed by
addition of 10 equiv. of 1,3-dibromopropane. The reaction mixture
was stirred overnight, and dichloromethane (20 mL) was then
added. The mixture was washed with deionized water (3 X 20 mL)
until all the DMF was washed away. The solution was dried with
anhydrous sodium sulfate, and the residue upon concentration was
purified by column chromatography on silica with dichloromethane
as eluent. The first band gave [Yb(p-BrC;O-TPP)(Lome)]. Yield:
90 mg (82%). MALDI-TOF MS: calcd. for [M + H]* 1374.1178,
found 1374.1234. '"H NMR (CDCl;): § = 4.54 (s, 5 H), 3.25 (q, 2
H), 4.53 (t, 2 H), 5.38 (t, 2 H), 6.62 (s, 18 H), 8.38 (br., 1 H), 8.90—
9.02 (br., 7 H), 9.64 (m, 3 H), 10.24 (br., 1 H), 10.80 (br., 3 H),
15.62 (br., 8 H), 16.87-17.18 (br., 4 H) ppm. 3'P{'H} NMR
(CDCl3): 0 = 68.2 ppm. UV/Vis (toluene): 4. (loge) = 429 (5.68),
558 (4.26), 598 (3.77 dm*mol 'cm ') nm.

Preparation of Yb Bisporphyrin Complexes

YbFb: p-BrC;0-TPPH, (200 mg, 0.27 mmol) was added to a sus-
pension of [Yb(p-OH-TPP)(Lome)] (358 mg, 0.29 mmol) in dry
DMF (10 mL) in the presence of anhydrous potassium carbonate.
The resultant mixture was stirred at 60 °C overnight and cooled to
room temp. Dichloromethane (10 mL) was added to the reaction
mixture, which was then washed with water (6 X 10 mL) until all of
the DMF and potassium carbonate was removed. The organic
phase was dried with sodium sulfate, filtered, and the solvents were
evaporated to dryness in vacuo. The residue was redissolved in
chloroform/hexane (1:1, v/v) and chromatographed on a silica gel
column using chloroform/hexane (5:1, v/v) as eluent to give YbFb
from the first band. Yield: 318 mg (58 %). MALDI-TOF MS: calcd.
for [M + H]* 1924.4363, found 1924.4353. IR (KBr): v = 3446 (s),
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2939 (w), 1701 (w), 1652 (w), 1600 (w), 1511 (m), 1472 (m), 1438
(w), 1240 (m), 1175 (m), 1141 (s), 1035 (m), 1007 (m), 799 (s), 775
(m), 727 (s), 702 (m), 620 (w), 587 (m) cm™'. 'H NMR (CDCls): 6
= -4.52 (s, 5 H), -2.64 (s, 2 H), 3.34 (q, 2 H), 5.20 (t, 2 H), 5.64
(t, 2 H), 6.34 (s, 18 H), 7.20-7.83 (m, 11 H), 8.24-8.30 (m, 6 H),
8.47 (d, 2 H), 8.65-8.73 (br., 8 H), 8.89 (s, 4 H), 9.00 (d, 2 H), 9.19
(d, 2 H), 9.36 (br., 3 H), 10.15 (br., 1 H), 10.52 (br., 3 H), 15.22
(br., 8 H), 16.60-16.78 (br., 4 H) ppm. 3'P{'H} NMR (CDCl;): 6
= 09.2 ppm. YbFb could also be prepared by the reaction of
[Yb(p-BrC;0-TPP)(Lome)] with p-OH-TPPH,. [Yb(p-BrC;O-
TPP)(Lome)] (100 mg, 0.073 mmol) was added to a suspension of
p-OH-TPPH, (70 mg, 0.11 mmol) in dry DMF (10 mL) in the pres-
ence of anhydrous potassium carbonate (300 mg). Then the result-
ant mixture was stirred at 60 °C overnight and cooled to room
temp. Dichloromethane (10 mL) was added to the reaction mixture,
which was then washed with water (6 X 10 mL) until all of the
DMF and potassium carbonate were removed. The organic phase
was dried with sodium sulfate, filtered, and the solvents were
evaporated to dryness in vacuo. The residue was redissolved in
chloroform/hexane (1:1, v/v) and chromatographed on a silica gel
column using chloroform/hexane (5:1, v/v) as eluent to
give YbFb from the first band. Yield: 84 mg (60%).
C02HgsCoNgO;P;Yb-CHCl5-1.5C,Hg-2H,O (2217.32): caled. C
61.48, H 4.64, N 5.05; found C 61.55, H 4.59, N 4.96.

YbZn and YbPd: YbFb (100 mg, 0.052 mmol) was treated with
Zn(OAc), hydrate (300 mg, 1.37 mmol) or Pd(OAc), hydrate
(550 mg, 2.45 mmol) in a refluxing solution mixture of chloroform/
methanol (1:1, v/v) (20 mL) for 24 h. Then chloroform and meth-
anol were removed in a rotary evaporator. The resulting solid was
dissolved in chloroform and chromatographed on a silica gel col-
umn using chloroform/hexane (5:1, v/v) as eluent. The second band
gave YbZn (86 mg, 83%) or YbPd (93 mg, 88%) in good yields.
YbZn: MALDI-TOF MS: calcd. for [M + H]" 1988.3490, found
1988.3409. IR (KBr): ¥ = 3449 (s), 2939 (w), 1711 (s), 1600 (w),
1513 (m), 1480 (m), 1436 (w), 1359 (m), 1333 (w), 1225 (m), 1174
(w), 1140 (s), 1097 (w), 1064 (w), 1034 (m), 997 (s), 837 (w), 797
(m), 752 (m), 725 (m), 702 (m), 654 (w), 620 (w), 588 (w), 531 (w)
cm . 'TH NMR (CDCly): 6 = -4.54 (s, 5 H), 3.34 (q, 2 H), 5.21 (t,
3 H), 5.62 (t, 3 H), 6.33 (s, 18 H), 7.76-7.83 (m, 11 H), 8.24-8.31
(m, 6 H), 8.48 (d, 2 H), 8.65-8.73 (br., 8 H), 8.98 (s, 4 H), 9.11 (d,
2 H), 9.30 (d, 2 H), 8.34-8.39 (br.,, 3 H), 10.13 (br., 1 H), 10.51
(br., 3 H), 15.23 (br., 8 H), 16.78 (br., 4 H) ppm. *'P{'H} NMR
(CDCly): 0 = 692ppm. CjpHg3CoNgO;;P;YbZn-CHCl;-
1.5C;Hg'H,0 (2262.68): caled. C 60.25, H 4.36, N 4.95; found C
60.30, H 4.41, N 4.93. YbPd: MALDI-TOF MS: calcd. for [M +
H]* 2028.3251, found 2028.3187. IR (KBr): ¥ = 3445 (s), 2939 (w),
1710 (s), 1599 (m), 1510 (m), 1474 (m), 1440 (m), 1354 (m), 1238
(m), 1140 (s), 1009 (s), 798 (m), 752 (m), 725 (m), 704 (m), 587 (m)
cml. 'TH NMR (CDCl,): § = —4.54 (s, 5 H), 3.30 (q, 2 H), 5.14 (t,
2 H), 5.60 (t, 2 H), 6.34 (s, 18 H), 7.77 (m, 11 H), 8.23 (m, 6 H),
8.40 (d, 2 H), 8.73 (br., 8 H), 8.87 (s, 4 H), 8.97 (d, 2 H), 9.15 (d,
2 H), 9.37 (br., 3 H), 10.12 (br., 1 H), 10.52 (br., 3 H), 15.24 (br.,
8 H), 16.79 (br., 4 H) ppm. 3'P{'H} NMR (CDCl;): 6 = 69.2 ppm.
C02Hg3CoNgO,P;PdYb-CHCl5-C;Hg-H,O  (2257.64): caled. C
58.52, H 4.20, N 4.96; found C 58.51, H 4.18, N 4.88.

YbPt: After YbFb (100 mg, 0.052 mmol) had been treated with
PtCI,(PhCN), (125mg, 0.26 mmol) in refluxing benzonitrile
(5 mL) for 24 h, the solvent was removed under reduced pressure.
The resulting solid was dissolved in a minimum amount of dichlo-
romethane and chromatographed on a silica gel column using
dichloromethane as eluent. The second band gave YbPt in 60%
yield (66 mg). MALDI-TOF MS: calcd. for [M + H]* 2117.3859,
found 2117.3801. IR (KBr): ¥ = 3434 (s), 2925 (m), 1602 (m), 1510
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(w), 1444 (w), 1359 (w), 1325 (w), 1240 (m), 1175 (m), 1142 (s),
1014 (s), 796 (m), 753 (m), 726 (m), 704 (m), 588 (m) cm'. 'H
NMR (CDCly): 6 = -4.53 (s, 5 H), 3.36 (q, 2 H), 5.22 (t, 2 H), 5.67
(t, 2 H), 6.35 (s, 18 H), 7.74-7.82 (m, 11 H), 8.21 (m, 6 H), 8.41
(d, 2 H), 8.55-8.75 (br., 8 H), 8.80 (s, 4 H), 8.91 (d, 2 H), 9.10 (d,
2 H), 9.38 (br., 3 H), 10.14 (br., 1 H), 10.52 (br., 3 H), 15.25 (br.,
8 H), 16.81 (br., 4 H) ppm. 3'P{'H} NMR (CDCl;): § = 69.0 ppm.
C102Hg3CoNgO,  PsPtYb-CHCly+1.5C,Hg (2374.36): caled. C 57.41,
H 4.08, N 4.72; found C 57.57, H 4.02, N 5.08.

X-ray Crystallography: Pertinent crystallographic data and other
experimental details are summarized in Table 3. Crystals of [Yb(p-
BrC;0-TPP)(Lome)]:2CHCI; suitable for X-ray diffraction studies
were grown by slow concentration of a chloroform/methanol solu-
tion of the complex in air. The crystals were wrapped in epoxy glue
to prevent them from losing solvent, and mounted on a thin glass
fiber. Intensity data were collected at 293 K with a Bruker Axs
SMART 100 CCD area-detector diffractometer using graphite-mo-
nochromated Mo-K, radiation (A = 0.71073 A). The collected
frames were processed with the software SAINT,38! and an absorp-
tion correction was applied (SADABS) to the collected reflec-
tions. The space group of the crystal was determined from the sys-
tematic absences and Laue symmetry checks and confirmed by suc-
cessful refinement of the structure. The structure was solved by
direct methods (SHELXTL)“ and refined against 2 by full-ma-
trix least-squares analyses. All non-hydrogen atoms were refined
anisotropically. Hydrogen atoms were generated in their idealized
positions and allowed to ride on their respective parent carbon
atoms. CCDC-635196 contains the supplementary crystallographic
data for this paper. These data can be obtained free of charge
from The Cambridge Crystallographic Data Centre via
www.ccde.cam.ac.uk/data_request/cif.

Table 3. Crystallographic data for [Yb(p-BrC;0-TPP)(Lowme)]
2CHCls.

Empirical formula
Formula mass
Color and habit
Crystal size [mm]

CGOHSgBrC16C0N4010P3Yb
1612.59

purple block
0.30x0.25x0.21

Crystal system monoclinic
Space group P2,/c

a[A] 13.2139(6)

b [A] 43.627(2)

c [A] 12.3255(6)

a [°] 90

AN 109.3310(10)
7] 90

v [A%] 6704.9(6)

z 4

Dcalcd. [gcm*3] 1.598
Absorption coefficient [mm '] 2.597

F(000) 3220

0 range [°] 1.87-25.00
Reflections collected 32118
Independent reflections 11531 (Rine = 0.0429)
Observed reflections [/ > 2.0a(])] 8698
Goodness of fit on F? 1.098

Final R indices [I > 20(])]
R indices (all data)

R, = 0.0785, wR, = 0.1807
R, = 0.1063, wR, = 0.1955

Supporting Information (see footnote on the first page of this arti-
cle): "TH NMR and COSY spectra of [Yb(TPP)(Lowme)], the optical
limiting (OL) mechanism and experimental setup for OL.
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