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Conducting metallopolymers are a new and fascinating class of materials that
incorporate metals into conducting polymer systems. These new materials combine the
processing advantages of polymers with the electronic, optical and catalytic properties
provided by the presence of metal centers. A large number of conducting
metallopolymers have been synthesized and studied and have found applications in areas
such as sensors, memory and light-emitting devices, solar cells, and catalysis. Among the
various applications, conducting metallopolymers as emitting layers in high-efficiency
polymer light-emitting diodes (PLEDs) attract great research interest. In order to get
PLEDs with long lifetime, high quantum efficiency, and excellent color purity, we have
developed an approach to synthesize well-defined conducting metallopolymers that
incorporate lanthanide complexes in an inner sphere fashion. As such, we aim to take full
advantage of the properties of both organic and inorganic components with high
efficiency due to the direct electronic interface this configuration creates. Lanthanide
complexes with polymerizable groups have been synthesized, characterized and utilized
vi

as precursors for conducting metallopolymers. These lanthanide monomers and
corresponding metallopolymers display visible and near-infrared luminescence at room
temperature that is consistent with efficient energy transfer from the organic polymer
matrix to the lanthanide metal ion followed by lanthanide luminescence.
As a second but closely related area, electrogenerated chemiluminescence (ECL)
of polymers is attractive for light-emitting devices. Up to now, there are limited studies
dealing with ECL from pure active materials deposited as solid films on electrodes. The
operation theory and degradation mechanism are still under investigation. To advance the
development of ECL of conducting metallopolymers, we prepared cyclometalated Pt(II)
complexes with polythiophene system. Conducting metallopolymer films are prepared
through controlled electropolymerization. ECL of the Pt(II) containing conducting
polymers are observed for the first time.
Finally, a preliminary study of magnetism and conductivity of conducting
metallopolymers has been done. We incorporate Fe(II)/Fe(III) into our newly designed
ligand systems with polymerizable thiophene derivatives. Three complexes show spin
crossover (SCO) phenomena with the highest transition temperature at 265 K, which are
further verified by variable temperature electron paramagnetic resonance spectra.
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Chapter 1: Synthesis, Characterization, and Application of Conducting
Metallopolymers
INTRODUCTION
Conducting polymers are organic polymers that exhibit near metallic electrical
conductivity while maintain the unique features of polymer materials, such as high
mechanical strength, flexibility, low weight, and ease of processing. These materials were
proclaimed as futuristic new polymeric materials that would lead to the next generation
of electronic and optical devices. The first conducting polymer, poly(acetylene), was
synthesized by Natta et al. as black powder in 1958.1 Although Prof. Heeger et al.
announced the discovery of the ability to dope poly(acetylene) over the full range from
insulator to metal in 1977,2 commercialization of conducting polymers was impeded by
poor stability, and research activity decreased until a light-emitting diode with poly(pphenylenevinylene) as the light-emitting layer was reported in 1990.3 Since then, a tidal
wave of renewed and amplified interest in these materials has catalyzed many new
developments both on a fundamental level and from the manufacturing side. Conducting
polymers provide benefits to industries such as electronics by shielding against
electromagnetic interference.4 Conducting polymers are also already used in devices that
detect environmentally hazardous chemicals, factory emissions, and flavors or aromas in
food products.5 Recently, their conductivity is being explored in electrostatic materials,
conducting adhesives, electromagnetic shielding, artificial nerves, aircraft structures,
diodes, and transistors.6 Notably, the most exciting application of conducting polymers is
the use of them in polymer light-emitting diodes (PLEDs), replacing silicon as the
traditional substrate material for clock radios, audio equipments, televisions, cellular
telephones, automotive dashboard displays, and aircraft cockpit displays.6
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While many advances have been made, long-standing issues including limited
lifetime, low quantum efficiencies, and poor color purity continue to plague many
conjugated polymer materials/devices. The internal quantum efficiency of the PLED
device with poly(p-phenylenevinylene) mentioned above was as low as 0.01%. Among
the various efforts made towards the goal of high efficiency PLEDs, the combination of
organic polymers and inorganic metals into the same molecular backbone has captivated
many groups and is likely to lead to a wide variety of advanced materials.7-9 The
introduction of metals into conducting polymer systems can be achieved in different
ways. The two main routes to include metals into polymers are:
(1) Dissolution or dispersion of discrete metal complexes in the polymer matrix.
The materials synthesized by this approach should be more accurately defined as
inorganic/organic composite materials. The metallic centers in these systems are
appended to the polymer backbone in such a manner that little if any direct electronic
communication between the metal and the polymer’s extended π-system can exist. This
approach offers the advantage of versatility. Both the polymer matrix and the metal
complexes can be chosen independently. For example by varying the metal centers,
luminescent materials emitting at different wavelengths can be produced: when red
emissive europium β-diketonate complexes were blended with a blue-emitting, alkoxy
nitrile-functionalized, polyphenylene host, red emission was observed.10 When a
lissamine complex of Nd3+ is mixed with a blue-emitting polyfluorene-based copolymer
host, near-infrared (NIR) emission can be observed.11 But it is difficult to obtain a
uniform distribution of the metal complex in the polymer matrix. Some problems
including concentration limitation of entrapped species, inhomogeneous dispersion of
both components and leaching of metal complexes can not be avoided due to the weak
interaction between the metal complex and the polymer matrix.12,13 In the case of
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lanthanide/polymer composites, the nonhomogeneous distribution of lanthanides leads to
clustering of lanthanide ions and hence a decrease of the luminescent intensity.14,15
(2) Attachment of metal complexes to the polymer matrix through covalent bonds.
This route rules out phase separation or aggregation during device processing/operation.
Furthermore, energy transfer in a covalently bound system is anticipated to be more
efficient due to the close proximity of the two components. In many cases, an increase in
structural complexity gives rise to new properties, which cannot be foreseen on the basis
of the independent constituting moieties.16,17 The covalently bound metals impart many
properties including luminescence, electro- and photochemistry, catalysis, charge,
magnetism, and thermochromism.18 A new category of materials emerges as conducting
metallopolymers, which are conducting polymers containing metal atoms in the repeating
monomer, either as part of the backbone or in the side chains. The incorporation o f

Scheme 1. Outer sphere conducting metallopolymer. Diagram adapted from reference 19.
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metals greatly expands the function and ultimate applications of conducting polymer
systems. For example, the incorporation of redox-active metal centers into conducting
polymer structures can create highly efficient redox conductivity for sensory, catalytic,
photochemical, and photoelectronic applications.19 During the development of
conducting metallopolymers, a central issue is to understand the nature of the interactions
of the metal centers with the conducting organic polymer and how the interactions
between the associated metal centers affect the overall bulk conductive property of the
polymer. Based on the degree of interaction between the metal and the organic π systems,
conducting metallopolymers can be divided into two groups, outer sphere and inner
sphere conducting metallopolymers.
In outer sphere conducting metallopolymers, the metal is linked to the polymer
chain through a non-π-conjugated linker resulting in indirect communication between the
π electrons of the conducting polymer and the metal center (Scheme 1).19 The outer
sphere conducting metallopolymers are more widely studied compared with inner sphere
ones. In the outer sphere arrangement although the metal complexes are not directly
involved in the conductivity pathway, in many cases the metal centers remain in

Scheme 2. Inner sphere conducting metallopolymer. Diagram adapted from reference 19.
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electronic communication with the conducting polymer backbone through inductive
effects. As shown in Scheme 1, the length and nature of the tether has been varied as well
as the nature of the conducting polymer backbone. In most cases, a saturated tether has
been employed resulting in electronic isolation of the metal complexes from the polymer
backbone.
In the inner sphere conducting metallopolymers, the metal is bound to the
polymer chain by a π-conjugated linker (Scheme 2). The metal is inserted into the
polymer main chain, or binds directly to the polymer chain via metal-carbon or metalheteroatom bonds. In this way, the metal centers are part of intrapolymer conductive
pathway. Although the inner sphere conducting metallopolymers are less explored, there
are a handful of structural varieties. As shown in Scheme 2, different types of chelating
ligands have been adopted as metal binding groups, such as schiff base ligands, 2,2’bipyridine, and 2,2';6',2"-terpyridine.
Our interest is focused on the inner sphere conducting metallopolymers because
these polymers can take full advantage of the properties of both components with high
efficiency due to the direct electronic interface this configuration creates. Herein I will
discuss the synthesis, characterization, and application of conducting metallopolymers
based on lanthanides, platinum and other transition metals. Specifically this dissertation
will focus on the photoluminescence, electrogenerated chemiluminescence and magnetic
properties of conducting metallopolymers.
CONDUCTING METALLOPOLYMERS WITH LANTHANIDE IONS
Lanthanide Complex Luminescence
The lanthanide elements are those in which the 4f orbitals are sequentially filled,
thus possessing accessible 4f energy levels.20 The lanthanides are unique in that they have
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very similar properties across the series, such as hydration enthalpies, common oxidation
states, ionic radius, and wide range of coordination numbers (i.e. 2 - 12) with an
empirical tendency towards high coordination numbers of 8 and 9.21 One significant
aspect of the lanthanides is their unusual spectroscopic properties. Trivalent cations of
lanthanides display absorption and emission bands that correspond to Laporte-forbidden
(transition between d orbitals are forbidden in octahedral complexes) f-f transitions.
Additionally, these f-f transitions are parity forbidden (electronic transitions with a
change of multiplicity are forbidden), resulting in very long lived excited states, with
typical luminescence lifetimes on the micro- to millisecond timescale. Since 4f orbitals
are effectively shielded from the influence of the external forces by the overlying 5s2 and
5p6 orbitals, the various excited states arising from the fn configurations are splitted by
external fields only to the extent of 100 cm-1. Therefore, emission bands as well as
absorption bands (f−f transitions) are extremely sharp when electronic transitions occur
from one J state of an fn configuration to another J state of the same configuration.22
Unfortunately, as another consequence of the parity (Laporte) forbidden nature of the 4f
transitions, the lanthanide absorptions have very low molar absorptivity (less than 1 M1

cm-1) which makes the direct excitation of lanthanides very difficult, thus limiting their

practical use. In order to circumvent these low extinction coefficients, the luminescent
lanthanide ion can be chelated to a chromophore-containing group which functions as an
'antenna' absorbing incident light then transferring energy to the Ln(III), thus populating
the metal centered excited state, which can then deactivate by undergoing its typical
luminescent emission (Figure 1).23 In addition to directing energy to the metal, chelation
also serves to exclude solvent molecules from the first coordination sphere, which is
essential to avoid quenching of the lanthanide luminescence through non-radiative decay
6

Figure 1. The antenna effect for Ln(III) sensitization, illustrated using the chromophoric
chelate (left) and pendant chromophore (right) ligand designs. Illustration
adapted from reference 23.

ET

ISC

Figure 2. The antenna effect of excitation in lanthanide complexes.
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via vibronic coupling to vibrational states of O-H and N-H bonds, and also to provide
stable metal complexes.
The excitation mechanism of lanthanide differs from organic compounds. The
energy transfer in lanthanide complexes is shown in Figure 2. During the
photoluminescence process, the ground state of the organic compound is excited to the
singlet excited state by absorption of energy. The singlet excited state may return to the
ground state by reemission called fluorescence, or undergo a change of spin to the triplet
called intersystem crossing (ISC). The energy of triplet excited state can be degraded
through thermal deactivation process without the emission of photons. During
electroluminescence, the singlet state and triplet are excited at the same time. According
to spin statistics, the internal quantum efficiency for light-emitting diode devices using
organic fluorescent compounds is limited to 25%.24 In contrast, for lanthanide complexes,

Figure 3. Ground and excited states for Ln(III).
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lanthanide ions are excited via intramolecular energy transfer (ET) from the triple t
excited state of the organic ligand. So the typically non-emissive triplet excited state
energy can be transferred to f levels of the lanthanides to emit light. In theory internal
quantum efficiencies of 100% should thus be possible in electroluminescent stimulation
sceneries.25
Based on the emission wavelength, lanthanides can be generally divided into two
categories: visible emitting lanthanides (Sm, Eu, Tb, Dy) and near-infrared emitting
(NIR) lanthanides (Nd, Er, Yb). The ground and excited states of these lanthanides are
shown in Figure 3.
Incorporation of Lanthanide Ions into Light-emitting Diodes (LEDs)
The unique photophysical properties of lanthanide ions triggered efforts to use
them as the emissive materials in LEDs.26 Due to the intrinsic and characteristic emission
of lanthanide ions, they are excellent candidates for this application. First, the emission
from organic compounds and transition metal complexes is usually broad, thus requiring
filters to get monochromatic color. Also tuning the parameters of the devices can change
the color. The lanthanide metal ions exhibit extremely sharp emission bands due to the
well-shielded 4f electrons. Little vibrational coupling with the environment is seen, and
the emission bands are narrow and ion specific. Next, the energy of the singlets and
triplets that form on the ligands can be transferred to the f levels of the lanthanide ion to
generate light. Theoretically, we can obtain an internal quantum efficiency of 100% due
to spin statistics (see above).
Numerous studies about organo lanthanide complexes for electroluminescent
materials have been done. We will only give a few examples here. Kido et al. reported
the first OLED containing Tb-tris-(acetylacetonato), Tb(acac)3 in 1990.27 This report
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detailed a double-layer device with N-N′-diphenyl-N,N′-(bis(3-methylphenyl)-1,1′biphenyl-4,4′-diamine (TPD) as the hole-transport layer, i.e. ITO/TPD/Tb(acac)3/Al.
Bright green emission was observed from the OLED when operated in a continuous dc
mode (biased Al negative). The device showed a luminance of 7 cd m −2 at a current
density of 0.4 mA cm−2. In the following year Kido et al. discussed the
electroluminescent properties of Eu(TTA)3 (TTA = thenoyltrifluoroacetone) incorporated
into a device. Red emission was observed with a turn-on voltage of 12 V and a maximum
intensity of 0.3 cd m−2 at 18 V.28 Takada and co-workers have also developed a similar
OLED based on a sublimable Eu complex, Eu(TTA)3(Phen).29 The device utilized a
microcavity design with a cell structure of (SiO2/TiO2 bilayers)/ITO/TPD/Eu
complex/Alq3/Mg:Ag. This device showed a line emission from the Eu complex with a
maximum brightness value greater than 100 cd/m2. These visible luminescence
lanthanides have the potential for television screens and LEDs,30-34 in liquid crystals,35 as
well as in fluoroimmunoassays36 and in biophysical applications.37-40
NIR electroluminescence has become increasingly important, as materials capable
of emitting in this region of the spectrum can be utilized in the area of
telecommunications and optical amplifiers.41-43 Nd-containing systems are regarded as
the most promising NIR luminescent materials for application in laser systems.
Additionally, the relative transparency of human tissue at ~1000 nm suggests the
luminescent probes at this wavelength could have diagnostic value.44,45 The NIR emission
at 1530 nm of the Er ion is particularly interesting for fiber-optic communications,
because of the narrow line width of the emission at room temperature and the high
bandwidth capacity.46
Several investigators have fabricated NIR OLEDs containing Nd, Er, and Yb ions.
Yanagida

et

al.

reported

an

OLED based
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on

Nd(DBM)3bath

(DBM

=

dibenzoylmethanido, bath = bathophenanthroline) as the emitting material. TPD and Alq3
were used as the hole- and electrontransport materials, respectively.47 Sharp NIR
emission bands corresponding to f-f transitions of the Nd ion were obtained. However,
the device degraded during the measurement. Gillin and Curry fabricated an Ercontaining OLED with Er-tris(8-hydroxyquinoline) complex as the emitting material.48
They observed 1540 nm sharp emission due to the 4f transition of the Er ion at room
temperature.
With regard to OLED fabrication, researchers quickly realized that the use of pure
compounds can lead to concentration quenching effects in addition to compromising the
long term stability of the device due to recrystallization tendencies of the complexes.
Thus, for practical applications in optical devices, it is advantageous to embed lanthanide
complexes in a matrix. These matrices can be sol-gel glasses, inorganic-organic hybrid
materials, polymers or liquid crystals.49-53 These matrices can additionally act as chargetransport layers to facilitate the formation and confinement of excitons. Using polymer
materials can also make the preparation of light-emitting films easier by allowing the use
of solution processes, such as spin coating, screen printing, and ink-jet printing.
Bazan and co-workers reported a series of Eu(β-diketonate)3Phen complexes
incorporated

into

poly[2-(6’-cyano-6’-methyl-heptyloxy)-1,4-phenylene]

(CN-PPP)

which leads to LEDs with photoluminescence efficiencies in the range 17 - 27%. Devices
with the configuration ITO/PVK/2 wt% complex in CN-PPP/cathode displayed turn-on
voltages around 20 V and highest electroluminescence efficiencies of 1.1%. Reynolds et
al. reported NIR LEDs based on poly(phenylene)/Yb-tris(β-diketonate) complexes. The
maximum NIR external efficiencies of the devices with Yb(DBM)3phen and
Yb(DNM)3phen (DNM = dinaphthoylmethane) are 7 × 10–5 (at 6 V, and 0.81 mA mm–
2

) and 4 × 10–4 (at 7 V, and 0.74 mA mm–2) , respectively.49
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Considering the phase separation or aggregation problems when metals were
blended with matrices, more recently, efforts in the utilization of polymers with
covalently attached emitting complexes have been studied to avoid phase separation
during operation and subsequent loss of the light emission. Despite the potential
advantages, very few metallopolymers with lanthanide complexes linked through
covalent bonds have been explored. Some representative examples are shown in Figure
4.50-53

Figure 4. Lanthanide containing metallopolymers.
CONDUCTING METALLOPOLYMERS WITH TRANSITION METALS
Light-Emitting Materials
Transition metals are elements in the d block of the periodic table. Since
lanthanides have been discussed as a special section above, in this section we will focus
on transition metals other than lanthanides. Transition metal compounds with organic
ligands or organometallic compounds find an increasing level of interest due to their
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large potential for new photophysical and photochemical applications, especially as
triplet emitters where emission colors vary from blue to red and also are observed in the
NIR. The lifetime of transition metal emission is usually orders of magnitude longer than
that of purely organic singlet emitters. The compounds are often photo-redox active
which is important in systems that convert solar energy into electrical or chemical
energy.54-56 Moreover, emission wavelengths and/or excited state decay times of the
organometallic compounds are often sensitive to environmental factors, such as oxygen,
water, rigidity of the environment, nature of the coordination environment, pH value,
specific organic vapors, concentration of glucose, or simply vary with temperature, etc.
Thus, these compounds also find applications in the field of luminescence sensors.57-59
As discussed previously, the triplet excited states of the emitting materials play an
essential role in OLEDs. Specifically, by use of transition metal compounds, in principle
it is possible to obtain an electroluminescence efficiency that is up to four times higher
than with typical singlet emitters. This efficiency enhancement, also called triplet
harvesting, is due to enhanced spin-orbit coupling in the presence of transition metals.60
We can explain this by comparing the efficiency which is obtainable with a purely
organic molecule to the efficiency achievable with a transition metal complex. For
organic molecule, the initial process of exciton formation occurs statistically with respect
to the spin orientations, one obtains 25% of excitons with singlet character and 75% with
triplet character. As discussed previously, the lowest excited singlet and triplet states are
populated. The organic molecule can exhibit emission as the singlet excited state returns
to the ground state via fluorescence. The deactivation of the triplet excited state normally
occurs non-radiatively at ambient temperature. Therefore, 75% of the triplet excitons
(which is a bound state of an electron and hole which are attracted to each other by the
electrostatic Coulomb force) are lost. The conditions are more favorable for transition
13

metal complexes, in which the central metal ion carries significant spin-orbit coupling.
This is particularly valid for metal ions of the second and third row transition metals as
spin-orbit coupling scales with atomic number. Fast intersystem crossing induced by
spin-orbit coupling effectively depopulates the singlet excited state into the lowest triplet
excited state. Again, due to spin-orbit coupling, the triplet excited state can decay
radiatively as phosphorescence, even with high emission quantum yield at ambient
temperature. By this process of triplet harvesting one can in principle obtain a four times
larger electro-luminescence efficiency for triplet emitters than for singlet emitters.

Figure 5. Molecular structure of some triplet emitters.
The intense tunable phosphorescence of the [Pt(C^N^N)(C≡CR)] complexes, and
their neutrality and stability under vacuum deposition conditions, render them good
candidates as emitters for high-efficiency OLEDs.61,62 A maximum luminance of 3100 cd
m-2 at 12 V and a maximum efficiency of 1.0 cd A-1 at 30 mA cm-2 were observed for a
device using [Pt(C3^N^N)(C≡CC6H4Me-4)] (HC3^N^N = 6-(2’-thienyl)-2,2’-bipyridine).
These values are comparable with the best red light OLEDs in the literature63 and
demonstrate

the

potential

of

these

platinum(II)-alkynyl

complexes

as

electrophosphorescent emitters. Forrest and Thompson have demonstrated highefficiency, high-brightness red phosphorescent OLEDs employing cyclometalated
benzothienylpyridine (btp) iridium and platinum complexes, such as (2-(2’-benzo[4,5α]thienyl)pyridinato-N,C3’)platinum(acetylacetonate).64 Thompson has reported the
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synthesis and photophysical properties of a series of phosphorescent cyclometalated
platinum complexes, [(C^N)Pt(O^O)] (complexes 1 - 3 in Figure 5). Their emission
characteristics are governed by the nature of the cyclometalating ligand through
modifying the 2-phenylpyridyl group with electron-donating or withdrawing substituents.
Incorporating electronegative atoms such as fluorine onto the phenyl ring blue-shifts the
emission while substituting with electron-donating methoxy group gives a pronounced
red shift. This allows the emission to be tuned in energy with λmax in the range of 456 600 nm.65 Iridium(III) cyclometalated complexes are also attracting widespread interest
because of their unique photophysical properties and applications in organic lightemitting diodes (OLEDs). Several groups have extensively used neutral Ir cyclometalated
complexes in OLEDs and obtained up to 19% external quantum efficiency, which require
a complicated multilayered structure for charge injection, transport, and light emission.6668

Forrest reported the use of the phosphorescent excimer arising from the phosphor 1

(Figure 5), coupled with blue monomer emission from either 3 or iridium-bis(4,6difluorophenylpyridinato-N,C2)-picolinate 4, to achieve efficient electrophosphorescent
white light OLEDs.69
As discussed in the previous section, polymers have many advantages over small
molecules in the manufacturing procedures. Similarly, metal complexes can offer much
to these areas by virtue of their easily tunable electronic structures and intrinsically low
ionization energies. In principle, the advantages of both polymers and metals in this area
can be utilized simply by blending an appropriate metal complex into an organic polymer
matrix. Since these systems suffer from severe problems associated with phase
separation, these systems will not be discussed further.
The harvesting of triplet excitons via the spin-orbit coupling of heavy transition
metals can also be achieved by the incorporation of transition metal complexes into
15

groups pendant to the polymer main chain. Polymers containing Ir centers (Figure 6)
have shown much promise as electrophosphorescent materials. Changing the ligand set
around the Ir center has been shown to change the wavelength of the emission, and
drawing from knowledge of the photophysics of molecular Ir3+ analogues, red, blue, and
green electrophosphorescent polymers have been prepared.

Figure 6. Molecular structure of metallopolymers containing Ir(III) and Zn(II).
The incorporation of zinc-salen complexes into the backbone of organic polymers
has also afforded luminescent materials, as shown in Figure 6.70 The physical properties
of the polymer could be varied easily by exchanging the substituent on the imine
nitrogen. In addition, it was noted that incorporation of the zinc-salen unit into the
polymer resulted in an increase in the thermal stability of the resulting polymer. When
cast as films, these materials emitted yellowish-orange light under photoluminescence
conditions. Two specific devices were fabricated in PLEDs with the configuration
ITO/PEDOT:PSS/polymer/BCP/Alq3/LiF/Al

(PEDOT

=

poly(3,4-

ethylenedioxythiophene), PPS = poly(styrenesulfonate), BCP = 2,9-dimethyl-4,7diphenyl-1,10-phenanthroline). Their electroluminescence was studied, which differed in
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wavelength from that of the photoluminescence, suggesting that the former should not be
assigned to the intra-ligand 1π*–1π fluorescence.
Sensors and Memory Devices
The incorporation of metals into the main chain of a polymer might be expected
naturally to enhance the conductivity of the system. Unlike carbon, transition metals can
readily change coordination number or oxidation state, and when these elements are
incorporated into polymers, these processes can modulate the system between states of
relative high and low conductivity. It is this type of response that enables conducting
metallopolymers to act as sensors.
Through a fundamental understanding of the mechanism for conduction in
metallopolymers, Swager et al. have developed materials that can sense particular
analytes by changes in resistivity. Transition metals can reversibly bind small molecules
which alter the energy levels of the metal-based orbitals. Consequently, the presence of
an analyte will change the efficiency by which electrons are transported along the
polymer chain and hence the conductivity. For example, a monomer incorporating a
cobalt(II)-salen

fragment

between

two

electropolymerizable

3,4-

(ethylenedioxy)thiophene units was polymerized between two electrodes, to form a
sensor (Figure 7).71 When exposed to a 7 mM solution of NO, the electrode confined
polymer exhibits a specific 30% increase in its in situ conductivity. Furthermore, no

Figure 7. Chemical sensor based on reversible bonding of NO.
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response was observed when the device was exposed to O2, CO and CO2.
In related work Choi et al. have prepared conjugated metallopolymers for
memory applications (Figure 8) with a redox-active iron center in the main chain. By
switching the oxidation state between Fe(II) and Fe(III), the resistance of the film can be
changed reversibly.72 Initially the device was at the low-conductivity state (off-state).
Then the current abruptly increased at −1.9 V implying a transition from the off-state to a
high-conductivity on-state presumably because of the oxidation of the ferrocene groups.
This observation can be viewed as ferrocene acting like a voltage-dependent in-situ
dopant resulting in the enhancement of the conductivity of the polymer film. This onstate persisted until the device was switched back to the off-state at the positive bias of
1.4 V. This provides nonvolatile memory behavior and preliminary work enables data to
be stored as ‘0’ or ‘1’ for over 7 hours. A nonvolatile polymer memory device has also
been prepared using a redox-active copolymer with carbazole electron donors and Eucomplex electron acceptors (Figure 8).73 Current density increases progressively with the
applied bias. A sharp decrease in injection current occurs at 4 V, indicating the transition
of the device from high conductivity on-state to low conductivity off-state. The off-state
can be recovered by the simple application of a reverse voltage pulse. The device remains
in either state even after the power has been turned off.

Figure 8. Structure of conducting metallopolymers used as memory devices.
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Photovoltaic Materials
Harvesting energy directly from the sunlight using photovoltaic technology is
increasingly recognized as a solution to the world’s energy problem. Solar cells based on
solution-processable organic semiconducting polymers have attracted considerable
interest as a low-cost alternative to inorganic semiconductors for large-area and
lightweight applications. However, novel materials with lower energy gaps need to be
developed to improve the coverage of the solar spectrum and consequently improve the
efficiency.71 Therefore, great effort has been made to optimize the spectral response of
polymer photovoltaic cells by extending the absorption to longer wavelengths, as
absorption of the active layer must cover most of the solar spectrum. Conducting
metallopolymers have demonstrated exceptional promise in the creation of highefficiency polymer solar cells. Especially, platinum alkynyls have been a popular
candidate for inclusion into such a polymeric backbone. The irradiation of the platinum
polyyne, [–C≡C–C6H4–C≡C–Pt(Pn-Bu3)]n (Figure 9, polymer 1), encased between ITO
and Al electrodes afforded a device that had a quantum efficiency of 0.03% under shortcircuit conditions.74 Operation under forward bias, consequently, increased the quantum
efficiency of the device to 0.6%. Further improvements in efficiency were made by
doping the platinum polyyne film. The addition of 10% by weight of the electronacceptor, C60, to the polymer afforded, when assembled as above, a two order of
magnitude increase in quantum yield (0.01 to 1.6%). This increase was attributed to
the efficient quenching of the long-lived triplet excited state of the polyyne by C60.
Wong et al. reported metalated conjugated polymers which demonstrated
exceptional promise in the creation of high-efficiency polymer solar cells.75 The
metallopolymer structure is shown in Figure 9 as polymer 2. The solar cell, containing
metallopolyyne/fullerene derivative blends, shows an unoptimized power-conversion
19

efficiency of 4.1%, which is comparable to that of poly(3-hexylthiophene), a thoroughly
developed organic polymer for such applications.

Figure 9. Platinum polyynes for solar cell applications.
Magnetic Conducting Metallopolymers
In addition to the various physical phenomena currently related to conjugated
polymers, magnetism is one of the latest properties found in polymers. Magnetism
traditionally has been restricted to compounds containing metal ions, but a team of
chemists at the University of Nebraska-Lincoln created the world’s first conjugated
organic magnet in 2001.76 A report in 2007 even reveals the coexistence of conducting
and magnetic electrons based on molecular π-electrons in supramolecular anion radical
salt (Me-3,5-DIP)[Ni(dmit)2]2 (Me-3,5-DIP = N-methyl-3,5-diiodopyridinium and dmit =
1,3-dithiole-2-thione-4,5-dithiolate),77 in which one kind of molecule plays two
contrasting roles: metallic conduction and paramagnetism with antiferromagnetic
interactions. In contrast to discrete organic radicals, in conducting polymers, the magnetic
moments are created upon doping. When doped with an electron or hole a conjugated
polymer with a nondegenerate ground state produces a polaron, an ion radical selftrapped in a local lattice distortion. A polaron has spin 1/2 and charge e (for hole doping).
If the polymer is heavily doped, two polarons may form a bipolaron with zero spin and
charge 2e. In the partially doped state, superexchange interaction occurs between the
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polarons formed in the polymeric chain via the dopant anions. The polaron formation in
the conducting polymer forecasts the theoretical possibility of ferromagnetic behavior in
conducting polymers.78
Accordingly, Fukutome proposed a new class of ferromagnetic conjugated
polymers as a ‘polaronic ferromagnet’ (ferromagnetism interactions between polarons) in
1987. These polymers have an A-B-A-B structure, where the A units are organic blocks
which carry polarons upon doping (spin containing units, SCU). The B units are blocks
which couple A-block polaron spins in a ferromagnetic fashion (ferromagnetic coupling
units, FCU). Fukutome suggested the use of oligomeric fragments of conducting
polymers as SCUs, for example, polyparaphenylene, polypyrrole or polythiophene, which
all have degenerate or nearly degenerate band structures. The polaronic approach
overcomes the problems of instability associated with ‘built-in’ radicals. By separating
the polymer synthesis stage from the introduction of spins, this design allows full
characterization of the polymers, and hence ensures that the desired topology for
ferromagnetic coupling has been created, prior to the introduction of spins. According to
the polaronic ferromagnet theory developed by Fukutome, some pioneering research on
polaronic ferromagnet has been reported (Figure 10).79-82
Surprisingly, however, the spin concentration in these polaronic polymer chains
was extremely low. Only a few percent of the doped monomer units actually carried an
unpaired electron. This kind of low spin concentration can be explained by the spinless
bipolarons mentioned above. Additionally, it has been firmly established that cation
radicals of oligopyrroles and oligothiophenes can form diamagnetic π-dimers in the solid
state and in solution at low temperature.83-85 Obviously, π-dimerization and the associated
antiferromagnetic pairing of unpaired electrons would be detrimental for high-spin
polymers via the polaronic chain concept. This also accounts for the previous observation
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of low spin concentration in polaronic ferromagnetic chains, which has limited the
applications of these structures as magnetic materials.

Figure 10. Polaronic ferromagnets based on conducting polymers.
Relatively few studies have been concerned with the design of metallopolymer
based magnetic materials. Incorporation of paramagnetic metal centers within a polymer
matrix offers an important opportunity to study a variety of electronic processes such as
long-range magnetic interaction and delocalization. There are a few pioneering reports
about this combination of disparate properties. A particularly intriguing class includes
materials with the potential to exhibit both switching magnetic properties and electrical
conductivity, with the goal of using the bistable magnetic property to control the extent of
conductivity. For example, Takahashi et al. reported some iron(III) spin crossover (SCO)
conductors including ionic complexes that contain iron SCO cations and conducting
anionic components in the same lattice, such as [Fe(qsal)2][Ni(dmit)2]3·CH3CN·H2O
(qsalH = N-(8-quinolyl)salicylaldimine) which behaved as a SCO molecular conductor.86
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Figure 11. Molecular structures of magnetic conducting metallopolymers.
Lemaire et al. reported a conducting metallopolymer featuring valence
tautomerism. In 2009 they described the variable temperature magnetic properties of
poly(terthiophene) containing a pendant cobalt-semiquinone coordination complex in
which temperature-dependent valence tautomerism was observed in the polymer film
(Figure 11).87 In the same year, they reported one conducting metallopolymer with SCO
Fe(III) centers covalently bonded to the conducting polymer backbone (Figure 11).88
Variable temperature magnetic susceptibility measurements demonstrate that SCO is
operative in the polymer film. The conductivity of the resulting polymer is on the same
order of magnitude as other poly(terthiophene) materials (approximately 10 - 100 S·cm1

), which is significantly more conductive than other reported SCO conductors. The

unusual and dramatic differences were observed between cooling and warming
measurements of the conductivity, which may result from structural changes that
originate at the pendant coordination complex caused by SCO.
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SCOPE OF DISSERTATION
Over the past decade conducting metallopolymers have been a topic of intense
research activity as a consequence of both synthetic breakthroughs and in-depth studies
of polymer properties. The combination of functionality provided by metal centers and
the easy processing of polymer materials allows the creation of new functional materials
with a range of properties and emerging applications. The future for conducting
metallopolymers clearly holds much promise. Important future applications can be
imagined in areas such as polymer light-emitting diodes, intrinsically magnetic polymers,
high density magnetic data storage arrays, metallopolymer-biopolymer hybrids and
molecular machines. To access the conducting metallopolymers needed to bring many of
these examples to fruition, the synthetic control of these materials must be taken to a new
level. Beyond self-assembly, the ability to create functional materials by combining
organic polymer chemistry with metal ion properties will be important for continuing
innovation. The general availability of conducting metallopolymers will be critical to
their applications in novel devices.
We seek to develop solid state light-emitting materials and our approach involves
the design and synthesis of well defined conducting metallopolymers that incorporate
visible and NIR emitting lanthanide complexes in an inner sphere fashion. As such, we
aim to take full advantage of the properties of both organic and inorganic components
with high efficiency due to the direct electronic interface this configuration creates. New
ligand systems based on 2,2’-bipyridine and 1,10-phenanthroline with polymerizable
thiophene derivatives have been synthesized. The coordination chemistry of these ligands
with lanthanide ions has been investigated. The oxidative electrochemical polymerization
of the monomer complexes leads to the formation of inner sphere conducting
metallopolymers. The electrochemistry and photophysical properties of the monomers
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and corresponding conducting metallopolymers have been studied which represents a
novel perspective on the use of luminescent conducting metallopolymers for a wide range
of light-emitting applications.
We have also prepared a new type of cyclometalated Pt(N^C^N)Cl complexes
based on 1,3-di(pyridin-2-yl)benzene and 1,3-di(1H-pyrazol-1-yl)benzene derivatives.
The solubility of the complexes is improved by using the alkylated terthiophene groups.
The photophysical properties of the Pt(II) complexes and the corresponding polymers
have been studied. The electrogenerated chemiluminescence (ECL) of the conducting
metallopolymers with cyclometalated Pt(II) has been studied to seek new types of
phosphorescent materials for potential electroluminescence applications.
In the previous studies, coexistence of conducting electrons and localized spins
leads to numerous intriguing phenomena, for example paramagnetic superconductor,
antiferromagnetic superconductor and magnetic field induced superconductor. The most
prominent aspect of these materials is that they are all bifunctional. These studies initiate
our interest in magnetic conducting polymers for their potential application in
electromagnetic interference shielding, microwave absorption materials, nonlinear optical
systems, and magnetic storage materials. Herein we will discuss a rational synthetic route
to prepare well-defined magnetic conducting polymers with inorganic metal centers
covalently linked to the conducting polymer backbone. This strategy permits a higher
concentration of the metals, which will lead to better microwave absorption properties
and thus more effective electromagnetic shielding. The well defined and ordered
polymeric structure and homomorphology of the material also offers the promise of
achieving high conductivity. We have synthesized ligand systems with four different
metal binding groups as 2,6-di(1H-pyrazol-1-yl)pyridine, 2,6-bis((1H-pyrazol-1yl)methyl)pyridine,

2,4-di(1H-pyrazol-1-yl)-1,3,5-triazine,
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and

tris(1H-pyrazol-1-

yl)methane. The inorganic metal centers of Fe(II)/(III) and Cu(II) have been incorporated
into the organic backbone via covalent bonds. These complexes have been investigated
by X-ray diffraction analysis, electrochemistry, variable temperature magnetic
susceptibility and in situ conductivity measurements.
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Chapter 2: Synthesis and Characterization of Visible Emitting
Lanthanide Containing Conducting Metallopolymers
INTRODUCTION
Lanthanide complexes have attracted intense research interest due to their unique
electronic properties, large stokes shift, long lived luminescence lifetime and sharp
emission spectra. In the past decades, much work on light-emitting diodes using
lanthanide complexes as the emitting materials has been reported. As far as lanthanide
complexes developed for electroluminescent devices are concerned, [Ln(β-diketonate)3L]
type complexes (L = bidentate neutral heterocyclic ligand) have played an important role
due to the following advantages.1-8 The β-diketone ligand has strong absorption within a
large wavelength range from its π-π* transition and consequently has been targeted for its
ability to sensitize the luminescence of the Ln3+ ions. Further, the β-diketone has the
ability to form stable and strong adducts with Ln3+ ions, which can be of practical
usage.1,2 Lastly, the introduction of the bidentate neutral heterocyclic ligands increases
the coordination number, protecting lanthanide ions from vibrational coupling with
ancillary ligands and increasing their light absorption cross section by the ‘antenna
effect’.
We aim to attach lanthanide tris-β-diketonate complexes into a polymer matrix by
covalent bonds, which will lead to a one-component material, thus ruling out phase
separation or segregation during material processing and device operation. Besides,
instead of the intermolecular energy transfer from a conjugated polymer host to a
lanthanide complex dopant, in the covalently bound system, the energy transfer should be
intramolecular energy transfer which is anticipated to be more efficient. Our initial
studies start from lanthanide complexes with polymerizable ligands, which can be used as
monomer precursors of conducting polymers via electropolymerization. Considering the
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rich literature base of lanthanide(III)-β-diketone complexes with 2,2’-bipyridine and
1,10-phenanthroline, we have attempted to functionalize these bidentate nitrogen donor
ligands by attaching polymerizable thiophene derivatives to obtain a new series of
lanthanide(III)-β-diketone complexes.
EXPERIMENTAL
General Methods
Air- and moisture-sensitive reactions were carried out in oven-dried glassware
using standard Schlenk techniques under an inert atmosphere of dry argon. Dry DMF was
used from EMD as sure-seal bottles. Bromine was obtained from EMD. 1,10Phenanthroline and tri-n-butyltin chloride were purchased from Alfa Aesar. Transdichlorobis(triphenylphosphine)palladium(II) was obtained from STREM. THF was dried
by conventional methods and distilled under argon. CH2Cl2 was dried using a doublecolumn anhydrous solvent system (Innovative Technologies, Newburyport, MA) and
further degassed via nitrogen purge prior to use. Other reagents were used as received
from Aldrich. 5,5’-Dibromopyridine and 3,8-dibromo-1,10-phenanthroline were prepared
according to the published procedures.9,10 2-(Tributylstannyl)-thiophene and 2(tributylstannyl)-3,4-(ethylenedioxy)thiophene were prepared by Swager’s method.11
1

H and 13C{1H} NMR spectra were recorded with Varian 400 MHz spectrometer.

Low-res and high-res mass spectrometry were carried out by Thermo Finngan TSQ 700
and Waters Autospec Ultima, respectively. Elemental analysis was performed by QTI,
Whitehouse, NJ (www.qtionline.com). X-ray photoelectron spectroscopy (XPS) was
carried out on a PHI 5700 XPS system equipped with a dual Mg X-ray source and
monochromatic Al X-ray source complete with depth profile and angle-resolved
capabilities.
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Crystal Structure Determination
Suitable crystals were mounted on a glass fiber and placed in the low-temperature
nitrogen stream. The data were collected on a Nonius Kappa CCD diffractometer using a
graphite monochromator with MoK radiation ( = 0.71073Å). Data reduction were
performed using DENZO-SMN.12 The structure was solved by direct methods using
SIR9713 and refined by full-matrix least-squares on F2 with anisotropic displacement
parameters for the non-H atoms using SHELXL-97.14 The hydrogen atoms on carbon
were calculated in ideal positions with isotropic displacement parameters set to 1.2 × Ueq
of the attached atom (1.5 × Ueq for methyl hydrogen atoms).
The disorder of benzene solvent molecule in the structures of 2 and 3 was
modeled by assigning the variable x to the site occupancy factor for one orientation. The
variable (1-x) was assigned to the site occupancy factor for the alternate orientation. The
geometry of the two rings was constrained to be an ideal hexagon. A common isotropic
displacement parameter was refined for the twelve carbon atoms. The variable x refined
to a value very close to 1/2. Therefore, the site occupancy factors for the two components
of the disorder were fixed at 1/2 for the remainder of the refinement. The toluene solvent
molecule in the structures of 1 and 12 was disordered around a crystallographic inversion
center at ½, ½, ½. The molecule could not be adequately modeled. As a result, the
contributions to the scattering factors due to this solvent molecule was removed by use of
the utility SQUEEZE in PLATON98.15 PLATON98 was used as incorporated in
WinGX.16
In addition to the solvent disorder, one of the thiophene moieties in the structures
of 2 and 3 was found to be disordered by rotation about the C-C bond connecting the
thiophene ring to the bipyridyl ring system. The disorder was modeled as described above
except that the geometry of the two rings was restrained to be equal. The site occupancy
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factor for the major component of the disorder refined to 0.83(1) for 2 and 0.81(1) for 3,
respectively.
UV-Vis and Luminescent Measurements
Absorption spectra were recorded on a Varian Cary 5000 or 6000i Spectrometer
with Starna Quartz Fluorometer Cells with a pathlength of 10 mm for the ligand and 0.1
mm for the complexes, respectively. Samples were prepared by dissolving the crystals in
the anhydrous CH2Cl2. Luminescent measurements were recorded on a Spex Fluorolog.
Electrochemistry
Electrochemical syntheses and studies were performed in a dry-box under a
nitrogen atmosphere using a GPES system from Eco. Chemie B. V.. All the
electrochemical experiments were carried out in a three-electrode cell with a Ag/AgNO3
reference electrode (silver wire dipped in a 0.01 M silver nitrate solution with 0.1 M [(nBu)4N][PF6] (TBAPF6) in CH3CN), a Pt button working electrode, and a Pt wire coil
counter electrode. Potentials were relative to this 0.01 M Ag/AgNO3 reference electrode.
Ferrocene was used as an external reference to calibrate the reference electrode before
and after experiments were performed and that value was used to correct the measured
potentials. The supporting electrolyte was 0.1 M TBAPF6 that was purified by
recrystallization three times from hot ethanol before being dried for 3 days at 100 oC
under active vacuum.
Synthesis
Synthesis of Ligand
5,5’-Bis(thiophen-2’,2’’-yl)-2,2’-bipyridine (L1) was prepared according to
literature procedure.11
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3,8-Bis(thiophen-2’,2’’-yl)-1,10phenanthroline (L2). A solution of Pd(PPh3)2Cl2
(0.31 g, 0.44 mmol) in 5 mL of dry THF was
cooled in a dry ice/acetone bath, and n-butyllithium (550 μL of a 1.6 M solution in
hexane) was added. The cooling bath was removed after stirring for 20 min. When it
reached room temperature, the yellow mixture turned into a clear dark blue solution,
which was cannula transferred to a solution of 3,8-dibromo-1,10-phenanthroline (1.56 g,
4.6 mmol) and 2-(tributylstannyl)-thiophene (4.04 g, 10.8 mmol) in 60 mL of dry DMF.
The reaction mixture was heated for 18 h at 130 °C. After cooling, 100 mL of CH 2Cl2
was added into the resulting red solution. The solution was then washed with saturated
NH4Cl(aq) and H2O. The separated organic phase was evaporated to get the crude residue.
Ethyl acetate (100 mL) was added to the above residue to get a yellow solid, which was
filtered, washed with ethyl acetate and hexanes. The product was dissolved in a mixture
of THF and saturated Na2EDTA(aq) solution. The above mixture was stirred overnight,
then extracted with CH2Cl2. Evaporation of the solvent yielded a yellow powder (730 mg,
46%). 1H NMR (CDCl3): δ (ppm) = 9.45 (dd, J = 1.2, 2.4, 2H), 8.35 (dd, J = 1.2, 2.0,
2H), 7.83 (d, J = 0.8, 2H), 7.60 (dd, J =1.2, 3.6, 2H), 7.45 (dd, J =1.2, 5.2, 2H), 7.20 (t, J
= 6.0, 2H). Elemental anal. calcd. (Found) for L2, C20H12N2S2: C, 69.74 (69.19); H, 3.51
(3.34); N, 8.13 (7.36).
3,8-Bis(3,4-(ethylenedioxy)thien-2-yl)1,10-phenanthroline

(L3).

A

solution

of

Pd(PPh3)2Cl2 (0.31 g, 0.44 mmol) in 5 mL of dry
THF was cooled in a dry ice/acetone bath, and nbutyllithium (550 μL of a 1.6 M solution in hexane) was added. The cooling bath was
removed after stirring for 20 min. When it reached room temperature, the yellow mixture
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turned into a clear dark blue solution, which was cannula transferred to a solution of 3,8dibromo-1,10-phenanthroline

(1.56

g,

4.6

mmol)

and

2-(tributylstannyl)-3,4-

(ethylenedioxy)thiophene (4.64 g, 10.8 mmol) in 60 mL of dry DMF. The reaction
mixture was heated for 15 h at 130 °C. After cooling, 100 mL of CH2Cl2 was added to
the resulting red solution. The solution was then washed with saturated NH4Cl(aq)
Na2(EDTA)(aq), and H2O. The separated organic phase was evaporated to give the crude
residue. Ethyl acetate (100 mL) was added to the above residue to get a yellow solid,
which was filtered, washed with ethyl acetate, hexanes, and dried under vacuum (yield:
1.14 g, 53%). 1H NMR (400 MHz, CDCl3): δ (ppm) = 9.46 (d, J = 2.4, 2H), 8.48 (d, J =
2.4, 2H), 7.77 (s, 2H), 6.45 (s, 2H), 4.42 (m, 2H), 4.31 (m, 2H).
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C{1H} NMR (100

MHz, CDCl3): δ (ppm) = 148.3, 142.7, 140.2, 131.4, 128.7, 128.5, 127.3, 113.2, 99.8,
77.4, 65.2, 64.7. LRMS (CI) calcd. for C24H17N2O4S2 m/z 461.52 ([L3 + H]+), found 461.
Elemental anal. calcd. (Found) for L3·2H2O, C24H20N2O6S2: C, 58.05 (58.01); H, 4.06
(3.51); N, 5.64 (5.36).
General Procedure for Complexation
Ln(β-diketonate)3(H2O)217 (0.05 mmol) was added into a suspension of ligand
(0.05 mmol) in benzene or toluene (5.0 mL). The mixture was refluxed to get a clear
yellow solution. After filtration, the solution was slowly cooled to room temperature and
stored at the refrigerator (~ -20 °C). Yellow crystals suitable for X-ray diffraction
analysis were obtained after a few days.
[Sm(DBM)3L1]·C7H8

(1,

DBM

=

dibenzoylmethanido). Yield: 26.1 mg, 42.4%;
Elemental

anal.

calcd.

(Found)

for

1,

C70H53N2O6S2Sm: C, 68.21 (67.39); H, 4.33
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(3.71); N, 2.27 (2.35). CI-MS (CH2Cl2) m/z: 1141 [1 + H - C7H8]+. mp 283 °C.
[Eu(DBM)3L1]·C6H6 (2). Yield: 28.7 mg, 47.0%; Elemental anal. calcd. (Found)
for [2 - C6H6], C63H45EuN2O6S2: C, 66.25 (66.29); H, 3.97 (4.12); N, 2.45 (2.36). 1H
NMR (CD2Cl2): δ (ppm) = 14.52 (s, 2H), 10.13 (s, 2H), 9.41 (s, 2H), 7.77 (d, J = 3.6,
4H), 7.05 (m, 18H), 6.96 (s, 6H), 6.29 (s, 6H), 5.36 (s, 2H), 2.73 (s, 3H). CI-MS
(CH2Cl2) m/z: 1143 [2 + H - C6H6]+. mp 280 oC.
[Tb(DBM)3L1]·C6H6 (3). Yield: 30.0 mg, 48.9%; Elemental anal. calcd. (Found)
for [3 - C6H6], C63H45N2O6S2Tb: C, 65.85 (66.14); H, 3.95 (4.16); N, 2.44 (2.22). CI-MS
(CH2Cl2) m/z: 1150 [3 + H - C6H6]+. mp 290 oC.
[Dy(DBM)3L1]·C7H8 (4). Yield: 22.7 mg, 41.7%; Elemental anal. calcd. (Found)
for 4, C70H53DyN2O6S2: C, 67.54 (67.19); H, 4.29 (3.80); N, 2.25 (2.31). CI-MS (CH2Cl2)
m/z: 1154 [4 + H - C7H8]+. mp 300 oC.
Sm(DBM)3L2 (5). Yield: 21.6 mg,
37.1%; Elemental anal. calcd. (Found) for 5,
C65H45N2O6S2Sm: C, 67.04 (67.38); H, 3.89
(3.96); N, 2.41 (2.28). CI-MS (CH2Cl2) m/z:
1166 [5 + H]+. mp 250 oC.
[Eu(DBM)3L2]·1.25C7H8, (6). Yield:
19.4 mg, 30.3%; Elemental anal. calcd.
(Found) for [6 - 1.25C7H8], C65H45EuN2O6S2: C, 66.95 (67.04); H, 3.89 (3.95); N, 2.40
(2.27). 1H NMR (CD2Cl2): δ (ppm) = 11.42 (s, 2H), 10.45 (s, 2H), 9.15 (br, 2H), 7.61 (d,
J = 4.0, 2H), 7.14 (d, J = 3.6, 4H), 6.85 (br, 18H), 6.03 (br, 12H), 3.0 (s, 3H). CI-MS
(CH2Cl2) m/z: 1167 [6 + H - 1.25C7H8]+. mp 255 oC.
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Tb(DBM)3L2 (7). Yield: 18.7 mg, 31.9%; Elemental anal. calcd. (Found) for 7,
C65H45N2O6S2Tb: C, 66.55 (65.73); H, 3.87 (3.82); N, 2.39 (2.27). CI-MS (CH2Cl2) m/z:
1174 [7 + H]+. mp 265 oC.
Dy(DBM)3L2 (8). Yield: 21.3 mg, 36.2%; Elemental anal. calcd. (Found) for 8,
C65H45DyN2O6S2: C, 66.35 (65.94); H, 3.85 (3.70); N, 2.38 (2.25). CI-MS (CH2Cl2) m/z:
1178 [8 + H]+. mp 280 oC.
Eu(DBM)3L3 (9). Yield: 21.8 mg, 34%.
1

H NMR (400 MHz, CD2Cl2): δ (ppm) = 11.41 (s,

2H), 10.82 (br, 2H), 10.49 (s, 2H), 6.86 (m, 18H),
6.19 (d, J = 9.2, 12H), 4.22 (m, 2H), 4.02 (m, 2H),
2.73

(s,

3H).

HRMS

(CI):

calcd.

for

C69H49EuN2O10S2 m/z 1282.2041 [9]+, found
1282.2040. Elemental anal. calcd. (Found) for 9, C69H49EuN2O10S2: C, 64.63 (64.50); H,
3.85 (3.49); N, 2.18 (2.11).
[Eu(BTFA)3L3]·2C7H8 (10, BTFA =
4,4,4-trifluoro-1-phenyl-1,3-butanedione).
Yield: 25.8 mg, 41%; Elemental anal. calcd.
(Found) for [10 - 2C7H8], C54H34EuF9N2O10S2: C,
51.56
(51.78); H,
2.72 (3.20); N, 2.23 (2.44). CI-MS (CH2Cl2) m/z:
1259 [10 + H - 2C7H8]+.
Eu(TTA)3L3

(11,

TTA

=
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thenoyltrifluoroacetone). Yield: 24.9 mg, 39%; Elemental anal. calcd. (Found) for 11,
C48H28EuF9N2O10S5: C, 45.18 (45.56); H, 2.21 (2.66); N, 2.20 (2.39). CI-MS (CH2Cl2)
m/z: 1276 [11]+.
[Eu(HFPD)3L3]·0.5C7H8 (12, HFPD =
1,1,1,5,5,5-hexafluoro-2,4-pentanedione). Yield:
16.1 mg, 25.2%; Elemental anal. calcd. (Found)
for [12 - 0.5C7H8], C39H19EuF18N2O10S2: C, 37.97
(37.61); H, 1.55 (1.88); N, 2.27 (2.12). CI-MS
(CH2Cl2) m/z: 1235 [12 + H - 0.5C7H8]+.
RESULTS AND DISCUSSION
Lanthanide Complexes Based on L1 and L2
Crystal Structure of Ln(DBM)3L1 (Ln = Eu (2), Tb (3))
Complex 2 crystallizes in the monoclinic space group P21/n. The coordination
environment of Eu3+ in 2 with atom labeling scheme is shown in Figure 12. The Eu3+ ion
is octa-coordinated by six oxygen atoms from three DBM ligands and two nitrogen atoms
from the L1 ligand. The coordination sphere of the Eu3+ center can be best described as a
slightly distorted square antiprism from the coordination site angles (Figure 12). The O
and N atoms lie at the apexes of the distorted square antiprism. One of the two planes of
the square antiprism is formed exclusively by oxygen atoms (O1A, O1C, O2A and O2C)
with the mean deviation of 0.0082 Å and the other one by two nitrogen atoms and two
oxygen atoms (N1, N2, O1B, and O2B) with the largest deviation of 0.0327 Å for N2.
The two square planes are almost parallel to each other, as shown by the dihedral angle of
1.8° between the two mean planes. The average Eu-N bond distance (2.6205(2) Å) is
longer than the Eu-O bonds (2.3443(18) Å) of DBM ligands as observed in the X-ray
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Figure 12. Left: ORTEP plot for 2 with ellipsoids drawn at the 30% probability level.
The hydrogen atoms have been removed for clarity. The lower occupancy
atoms of the disordered thiophene rings are not shown. Right: Coordination
polyhedron of the Eu3+ ion in complex 2.
single crystal data of the complex (2,2'-bipyridine)tris(dibenzoylmethane)europium.18 In
the β-diketone rings of complex 2, all of the average carbon-carbon and carbon-oxygen
bond lengths are between the single bond distance and the double bond distance. This can
be explained by the fact that there exists conjugated structure between the phenyl ring
and the coordinated β-diketonate, which leads to the delocalization of the electron density
of the coordinated β-diketonate chelating ring. In the coordinated L1 ligand, one of the
thiophene moieties containing S1 was found to be disordered by rotation about the C-C
bond connecting the thiophene ring to the bipyridal ring system. The other thiophene ring
is planar with an average standard deviation from planarity of 0.0042 Å. The C-C bond
lengths in the thienyl ring are very similar to those of the corresponding C-C bond
distances in free thiophene. The average C-S bond distance (1.699(7) Å) is somewhat
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shorter than a normal Csp2-S single bond length (1.759(8) Å), and is comparable with the
corresponding C-S distance of free thiophene (1.714(1) Å).19 Therefore, the thiophene
ring structure indicates some delocalization of the π-electrons, as what is found in free
thiophene. The two pyridine planes in bpy are twisted by 6.7°, and the dihedral angle
between the thiophene ring and the connected pyridine ring is 8.6°.
Complex 3 is isostructural with 2. The lanthanide centers are both eightcoordinate showing the square antiprism geometry. The average Ln-O and Ln-N bond
lengths of complex 3 (Ln-Oav. = 2.319(2) and Ln-Nav. = 2.593(3) Å) are shorter than those
of complex 2. These regular changes result from the decreasing sizes of these ions caused
by the lanthanide contraction.20
Crystal Structure of [Eu(DBM)3L2]·1.25C7H8 (6)
Structure characterization of 6 reveals a similar structure to that of 2 (Figure 13).
The central Eu3+ ion adopts an eight-coordinate geometry with six oxygen atoms from
three DBM ligands and two nitrogen atoms from the L2 ligand, yet the polyhedron of
coordination can be regarded most accurately as a dodecahedron. The different
coordination geometry results from the distinct nature of 1,10-phenanthroline which has a
rigid structure imposed by the central ring, such that the two nitrogen atoms are always in
juxtaposition, whereas, for L1, the free rotation of the pyridyl rings about the linking
bond allows the two nitrogen atoms to deviate from planarity. The structural data further
support this idea. In 2, the two pyridine planes in bpy are twisted by 6.7°, while in 6, the
phenanthroline fragment is almost planar with the largest deviation from the mean plane
of 0.08 Å. In 6, the Eu-O distances vary between 2.337(3) and 2.392(3) Å, whereas the
Eu-N distances are 2.634(4) and 2.643(4) Å, respectively. The thiophene ring structure
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also shows some delocalization of the π-electrons determined by the C-C and C-S bond
lengths.
It should be noted that L1 and L2 have been previously reported but these studies
focused on the coordination chemistry of L1 and L2 with Ru(II),11,21 and contained no
X-ray diffraction analysis data. Herein, we structurally characterized the eight-coordinate
lanthanide complexes with the bulky bis-thiophene substituted ligands for the first time,
which sheds light on further electropolymerization of them.

Figure 13. ORTEP plot for 6 with ellipsoids drawn at the 30% probability level. The
hydrogen atoms and solvent molecules have been removed for clarity. The
lower occupancy atoms of the disordered thiophene rings are not shown.
UV-Vis Absorption Spectra
Absorption spectra of L1, L2, complex 2 and 6 in dichloromethane at room
temperature are presented in Figure 14. The UV absorption spectrum of L1 shows one ππ* absorption peak at 350 nm, which is nearly the same as the absorption of the
uncoordinated DBM ligand.22 For L2, two strong absorption peaks at 280 and 350 nm
attributed to the π-π* transitions are observed. The molar absorption coefficients of L1
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and L2 at 350 nm are 5.3 × 104 and 2.7 × 104 L mol-1 cm-1, respectively, showing the
strong ability of these ligands to absorb light. Absorption spectra of the complexes 1 - 4
show one principal absorption peak at 350 nm with the molar absorption coefficients
around 105 L mol-1 cm-1 (9.7 × 104, 9.1 × 104, 10.2 × 104 and 9.4 × 104 L mol-1 cm-1). The
increased molar absorption coefficients of the complexes compared to the
Eu(DBM)3(H2O)2 precursor (6.9 × 104 L mol-1 cm-1) indicate the complexation of the
ligands to the metal center. Similarly, the high molar absorption coefficient values of
complexes 5 and 6 at 350 nm (10.0 × 104 and 10.2 × 104 L mol-1 cm-1) are also observed,
which reveal the strong ability of these complexes to absorb light.

Figure 14. UV-Vis absorption spectra of L1 (-), L2 (■), 2 (Δ) and 6 (○) in CH2Cl2
solution.
Photoluminescence of Ln(DBM)3L1 Complexes
Photoluminescent emission of the Sm3+ ion is very weak in complex 1 in toluene
solution (10-3 M) or in the solid state at room temperature. At 77 K in toluene solution,
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the Sm3+ emission is also weak. However at 77 K in the solid state, the Sm3+ emission is
easily observable with two minor peaks at 563 (4G5/2  6H5/2) and 606 nm (4G5/2  6H7/2)
and a relatively intense peak at 643 nm (4G5/2  6H9/2) (Figure 15).

Figure 15. Emission spectrum of 1 at 77 K in the solid state.
The normalized excitation spectrum of 2 in toluene at room temperature, obtained
by monitoring the peak of the intense 5D0 → 7F2 transition of the Eu3+ ion, shows features
similar to the absorption spectrum of 2. The excitation maximum is red shifted by 55 nm
(Figure 16) which indicates the indirect excitation by energy transfer from the ligands to
Eu3+ ion. At 77 K, the excitation spectrum is blue shifted to 392 nm with a new shoulder
at 370 nm. The room temperature normalized emission spectrum of 2 is shown in Figure
16. The emission spectrum of 2 displays a broad band centered at 436 nm, derived from
the fluorescence of the coordinated ligand, and characteristic Eu3+ (5D0  7FJ, J = 0 - 4)
transitions dominated by the transition to the 7F2 sublevel at 610 nm. The symmetry
forbidden emission 5D0  7F0 at 576 nm can be found in 2. It is well known that the 5D0
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 7F0 transition is strictly forbidden in a field of symmetry. Thus the above result reveals
that the Eu3+ ion in 2 occupies a site with low symmetry and without an inversion center.
The 5D0  7F1 transition is a magnetic dipole transition, and its intensity varies with the
crystal field strength acting on Eu3+. On the other hand the 5D0  7F2 transition increases
as the site symmetry of Eu3+ decreases. Therefore the intensity ratio of the 5D0  7F2
transition to the 5D0  7F1 transition is widely used as a measurement of the coordination
state and the site symmetry of the rare earth elements.23 For complex 2, the intensity ratio
I(5D0 7F2) / I(5D0  7F1) is equal to ca. 10, which also suggests the very low site
symmetry of the Eu3+ in 2. The overall luminescent quantum yields for the emissions
from the Eu3+ ion and the coordinated ligand in toluene are 9.4% and 12.1%, respectively
(λex = 390 nm, room temperature). When the temperature was cooled to 77 K, the ligand

Figure 16. Excitation spectra of 2 in toluene (10-3 M) at RT (green) and 77 K (orange);
Emission spectra of 2 in toluene at RT (black) and 77 K (red), and in the
solid state at RT (purple) and 77 K (blue) with the excitation wavelength at
390 nm. The inset shows the emission spectra of 2 at RT.
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emission band at 436 nm vanished completely to leave only the intense 5D0  7F0-4
emission of Eu3+, which was also dramatically improved for the same sample. This
indicates that the ligand to Eu3+ energy transfer is more efficient at lower temperature. At
77 K, the 5D0  7F0 transition of Eu3+ in 2 exhibits only one peak at 576 nm without any
splitting, which suggests only one coordination environment for Eu3+ in this complex.
There are two main bands to the 7F1 level, corresponding to A1  A2 and A1  B1
magnetic dipole transitions, which are both allowed in C2 symmetry. The energy gap
between the levels is 7 nm. The 5D0  7F2 transition displays three bands assigned to the
allowed electronic dipole transitions, A1  A1, A1  B1 and A1  B2, in C2 symmetry.
The energy gaps between the levels are both 7 nm, while the total splitting is 14 nm.
Especially, the 5D0  7F2 transition splits into 3 peaks, close to J + ½, which further
verified the central europium ion is located at a site of low symmetry without a n

Figure 17. Excitation spectra of 3 in toluene (10-3 M) (orange) and in the solid state
(black) at 77 K; Emission spectra of 3 in toluene (red) and in the solid state
(blue) at 77 K (excited at 380 nm).
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inversion center. The solid state luminescence of 2 for the Eu3+ centered emission shows
similar behavior as that in toluene solution, except that the 5D0  7F1 transition splits into
three main bands at 77 K (Figure 16). For ligand centered emission, the peak at 436 nm
was further broadened and weakened.
At room temperature, the Tb3+ emission from complex 3 can not be observed
either in toluene solution (10-3 M) or in the solid state. When the sample was cooled to 77
K, the emission spectrum exhibits the characteristic transitions of the Tb3+ ion (Figure 17)
with a small amount of ligand emission. The lines at 488, 542, 580 and 619 nm are
assigned to transitions between the first exited state, 5D4, and the ground multiplet 7F6-3
for Tb3+ ion, respectively. The normalized excitation spectrum of 4 in toluene at 77 K,
obtained by monitoring the peak of the intense 5D4  7F5 transition of the Tb3+ ion,
shows a broad peak in the 300 - 400 nm region. The red-shift by 25 - 50 nm (Figure 17)
of the excitation maximum indicates the indirect excitation by energy transfer from the
ligands to Tb3+ ion. We can not observe any Dy3+ emission from complex 4 either in the
solid state or at 77 K.
Photoluminescence of Ln(DBM)3L2 Complexes
The excitation spectrum of complex 5 in toluene at room temperature (Figure 18,
emission monitored at 646 nm) is red shifted by 55 nm from its ground state absorption
spectrum (at 350 nm). After cooling to 77 K, the excitation maximum moves to 395 nm
with a long tail extended to 500 nm. Upon selective excitation at 380 nm at room
temperature, the emission spectrum of complex 5 displays a broad band centered at 424
nm, derived from the coordinated ligand emission, and the characteristic sharp peaks
associated with the Sm3+ emission at 563 nm (4G5/2  6H5/2), 608 nm (4G5/2  6H7/2) and
646 nm (4G5/2  6H9/2). At 77 K, the ligand emission almost disappears, leaving only the
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Sm3+ emission. The intensity sequence of the peaks are I4G5/2→6H9/2 > I4G5/2→6H7/2 >
I4G5/2→6H5/2. The electronic dipole transition 4G5/2  6H9/2 exhibits the highest relative
emission intensity. The solid state emission spectrum reveals similar behavior as that in
toluene solution.

Figure 18. Excitation spectra of 5 in toluene (10-3 M) at RT (green) and 77 K (orange);
Emission spectra of 5 in toluene at RT (black) and 77 K (red), and in the
solid state at RT (purple) and 77 K (blue). The inset shows the emission
spectra of 5 at RT.
Complex 6 shows strong red luminescence in solution and solid state when
irradiated by UV light. When excited by light at 400 nm, the emission spectrum of 6
consists of entirely characteristic emission bands of Eu3+ (5D0 → 7FJ, J = 0 - 4) either at
room temperature or 77 K (Figure 19). Notably, the emission of 6 in toluene solution at
77 K is significantly broad. The full width at half maximum of the most intense 5D0 
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7

F2 transition at 610 nm at 77 K in toluene is 20 nm while others are only several nm. The

quantum yield of 6 determined at room temperature in toluene solution is 27%.

Figure 19. Excitation spectra of 6 in toluene (10-3 M) at RT (green) and 77 K (orange);
Emission spectra of 6 in toluene at RT (black) and 77 K (red), and in the
solid state at RT (purple) and 77 K (blue). The inset shows the emission
spectra of 6 at RT.
Triplet Excited State Energy Levels of the Ligands
Generally, organolanthanide complex emission is originated from the excitation
of the ligands. Through intersystem crossing, the energy is transferred from the singlet
excited state S1 to the triplet excited state T1 in the ligand. The ligand then
intramolecularly transfers energy from its lowest triplet excited state to the excited states
of the central lanthanide ion. Finally the central lanthanide ion luminesces through
radiative transitions from the excited state to the ground state.24 According to Sato et
al.,25 to improve energy transfer probability from the triplet excited state of the ligand to
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the resonance level of the Ln3+ ion, the triplet excited state of the ligand must be closely
matched to or slightly above the metal ion’s resonance levels. The optimum energy gap
between them should be in the 2000 - 5000 cm-1 region. The ligands phosphorescence is
clearly observed in the 77 K emission spectrum which indicates the energy of the 3ππ*
levels of 20 408 cm-1 for L1 and 21 277 cm-1 for L2, respectively. The energy levels of
the ligands’ triplet excited states are higher than the excited states of Sm3+ (17 800 cm-1)
and Eu3+ (17 250 cm-1),26 confirming the suitability of the ligands L1 and L2 as
sensitizers for those lanthanide ions. However, they are not suitable for Tb3+ (20 430 cm1

) and Dy3+ (20 958 cm-1) which possess higher excited state energies. This analysis

corresponds well with the observed photophysical properties of the complexes discussed
herein.
The results show that a complete energy transfer occurred from the ligand to the
central Eu3+ ion in complex 6. A weak ligand emission band appears in the emission
spectrum of 5 due to incomplete energy transfer. Furthermore, the comparatively stronger
ligand emission in 1 than that in 5 and complete lanthanide emission in 6 confirm that L2
is a better antenna for Sm3+ and Eu3+ emission than L1 as predicted by analysis of the
triplet excited state energy levels.
Electrochemical Studies
Thiophene can be electrochemically polymerized at relatively high applied
voltages when compared to other organics and thiophene derivatives.27-29 For the design
of the ligands, the 2,2’-bipyridine and 1,10-phenanthroline are incorporated directly into
the polymer backbone. The thiophene residues were chosen to allow the polymer
synthesis by electrochemical oxidation. CH2Cl2 solutions of the free ligands L1 and L2
(ca. 0.1 mM) are oxidatively polymerized when the potential of the electrode was swept
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Figure 20. Left: 10 successive cyclic voltammograms of a 0.1 mM CH2Cl2 solution of
L1, 0.1 M TBAPF6, Pt electrode. Inset, the maximum peak current versus
the number of scans. Right: Electrochemical scan rate dependence of polyL1 (Fc/Fc+ is the redox couple of ferrocene). Inset: plot of linear current
increase vs scan rate.

Figure 21. Left: 10 successive cyclic voltammograms of a 0.1 mM CH2Cl2 solution of
L2, 0.1 M TBAPF6, Pt electrode. Inset, the maximum peak current versus
the number of scans. Right: Electrochemical scan rate dependence of polyL2 (Fc/Fc+ is the redox couple of ferrocene). Inset: plot of linear current
increase vs scan rate.
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between -1.75 and +1.25 V versus Fc/Fc+ at a scan rate of 100 mV/s. A typical
electrochemical polymerization of L1 is shown in Figure 20. For L1, the first
polymerization scan is characterized by a relatively sharp onset of the monomer oxidation
at +1.04 V followed by two reductive processes at -0.34 and -0.88 V on the return cycle.
In subsequent potential sweeps, new oxidation peaks grow at +0.45 V. Repeated cycling
resulted in further increased electroactivity of the electrode surface, indicative of polymer
growth. A linear relationship between the maximum peak current and number of scans
confirms the steady growth of the polymer film. The maximum peak current of an
electrode-confined film of poly-L1 in pure electrolyte solution varies linearly with the
rate of the electrochemical scan up to 500 mV/s (Figure 20). This behavior is indicative
of a strongly adsorbed electroactive thin film which is not limited by the ionic flux of the
counter anions.
For L2, the first polymerization scan is characterized by a relatively sharp onset
of the monomer oxidation at +1.08 V followed by two reductive processes at -0.35 and 0.93 V on the return cycle (Figure 21). In subsequent potential sweeps, new oxidation
peaks grow in at +0.63 V. Repeated cycling resulted in further increased electroactivity
of the electrode surface, indicative of polymer growth. A linear relationship between the
maximum peak current and the number of scans confirms the steady growth of the
polymer film. The linear relationship of the current versus scan rate is also observed, as
shown in Figure 21. The resulting films of L1 and L2 are both golden-yellow in their
reduced form.
Unfortunately, after the ligands were coordinated to the Ln(DBM)3(H2O)2
monomers, none of them polymerized electrochemically. We observe an irreversible
oxidation at +0.91 V which does not result in polymer deposition. Considering that the
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Ln(DBM)3(H2O)2 monomers are electrochemically silent within the scan window, the
irreversible oxidation peak is related to L1 or L2.
Lanthanide Complexes Based on L3
Crystal Structure of Eu(DBM)3L3 (9)
The molecular structure of 9 (Figure 22) is the first reported structure of a
complex containing both a lanthanide ion and EDOT electropolymerizable units. The
eight-coordinate Eu3+ ion lies at the center of a slightly distorted square antiprism that is
defined by the six oxygen atoms from the DBM ligands and the two nitrogen atoms from
L3. The two square planes are almost parallel to each other, as shown by the dihedral
angle of 2.3° between the two mean planes. The Eu-Nav bond distance (2.577(4) Å) is
longer than the Eu-Oav bond distance (2.330(3) Å). This trend and these bond distances
are consistent with the data of the complex Eu(DBM)3Phen (Eu-Nav, 2.656 Å; Eu-Oav
2.359 Å).30 In the β-diketone rings of 9, all of the average carbon-carbon and carbonoxygen bond lengths are between the single bond distance and the double bond distance.
This can be explained by the fact that there exists conjugated structure between the
phenyl ring and the coordinated β-diketonate, which leads to the delocalization of the
electron density of the coordinated β-diketonate chelating ring. In the coordinated L3
ligand, one of the thienyl rings is planar with an average standard deviation from
planarity of the thienyl atoms of 0.014 Å, while the other thienyl ring is almost strictly
planar. The C-C bond lengths in the thienyl ring are very similar to those of the
corresponding C-C bond distances in free thiophene. The average C-S bond distance
(1.705(5) Å) is somewhat shorter than a normal Csp2-S single bond length (1.759(8) Å),
and is comparable with the corresponding C-S distance of free thiophene (1.714(1) Å).18
Therefore, the thienyl ring structure indicates some delocalization of the π-electrons,
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compared to what is found in free thiophene. The dihedral angles between the
phenanthroline unit and the two thienyl rings are 14.5 and 17.6°. The six-membered
dioxane ring exists in a half-chair conformation.

Figure 22. ORTEP diagram of 9 showing the labeling scheme of selected atoms at 30%
probability level. Hydrogen atoms and phenyl rings of the
dibenzoylmethanido ligands are omitted for clarity.
Crystal Structure of [Eu(BTFA)3L3]·2C7H8 (10)
The central Eu3+ ion adopts an eight-coordinate geometry with six oxygen atoms
from three BTFA ligands and two nitrogen atoms from L3 (Figure 23). The coordination
sphere of Eu3+ can be best described as a distorted dodecahedron. The Eu-O bond lengths
(2.356(3) - 2.376(3) Å) are shorter than the Eu-N bond lengths (2.600(4) and 2.604(4) Å).
In the BTFA rings, the distances of C1A-C4A, C1B-C4B, and C1C-C4C are 1.508(7),
1.495(6), and 1.497(6) Å, respectively, which are close to normal C-C bond. It indicates
that the β-diketones do not conjugate with benzoyl group of BTFA in the complex. The
C-C bond lengths in the thienyl ring are very similar to those of the corresponding C-C
bond distances in free thiophene. The average C-S bond distance is 1.720(5) Å, indicating
some delocalization of the π-electrons. There are two toluene solvent molecules in the
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crystal structure. One of the toluene molecules was disordered. The disorder in this
molecule appeared to be due to a simple rotation so that the methyl group appeared
bound to two different ring carbon atoms. The ethylene bridges of the EDOT moiety
were also disordered about two conformations. Additionally, the fluorine atoms of two of
the trifluoromethyl groups were disordered by rotation about the C-C bond.

Figure 23. ORTEP diagram of 10 showing the labeling scheme of selected atoms at 30%
probability level. Hydrogen atoms and solvent molecules are omitted for
clarity.
Crystal Structure of [Eu(HFPD)3L3]·0.5C7H8 (12)
There are two molecules and one toluene solvent molecule in the unit cell of the
solid state structure of complex 12. The molecular structure is shown in Figure 24. The
Eu3+ ion is also eight-coordinate with the coordination sphere best described as a
distorted dodecahedron. The Eu-O (2.368(7) – 2.426(5) Å) and Eu-N (2.549(7) and
2.569(7) Å) bond lengths follow the same trend as observed previously. The thienyl ring
structure also indicates some delocalization of the π-electrons.
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Figure 24. ORTEP diagram of 12 showing the labeling scheme of selected atoms at 25%
probability level. Hydrogen atoms and solvent molecules are omitted for
clarity.
UV-Vis Absorption Spectra
Absorption spectra of complexes 9 - 12 in dichloromethane at room temperature
are presented in Figure 25. The absorption spectrum of L3 displays a broad band with
some vibronic structure from 325 to 400 nm (λmax = 365), which is red shifted compared
to Phen (λmax = 290 nm) due to the extended conjugation. The UV absorption spectrum of
DBM shows one π-π* absorption peak at 350 nm.31 The absorption spectrum of complex
9 shows one principal absorption peak at 350 nm with a molar absorption coefficient of
9.7 × 104 L mol-1 cm-1. The ligand L3 absorption is overlapped with the DBM absorption.
The increased molar absorption coefficients of the complexes compared to the
Eu(DBM)3(H2O)2 precursor (6.9 × 104 L mol-1 cm-1) indicate the complexation of the
ligands to the metal center. The UV-Vis spectrum of complex 10 displays two main
absorption bands assigned to the bound ligands BTFA and L3. The absorption band at
321 nm is assigned to the π-π* transition of the conjugated system in BTFA, which is
identical to the reported value.32 Compared with free BTFA, a significant increase in
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intensity of the corresponding band appears in the complex. The other absorption at 405
nm is attributed to the π-π* transition of L3. The absorption spectra of complex 11 and 12
are also similar to complex 10, containing features similar to those uncoordinated βdiketones and L3. The strong absorption at 341 and 287 nm for 11 and 12 are due to TTA
and HFPD, respectively.

Figure 25. UV-Vis absorption spectra of complexes 9 - 12 in CH2Cl2 solution at RT.
Photoluminescence of Eu(β-diketonate)3L3 Complexes
The normalized excitation spectrum of 9 in toluene at room temperature, obtained
by monitoring the peak of the intense 5D0 → 7F2 transition of the Eu3+ ion, shows features
similar to the absorption spectrum of 9. The room temperature normalized emission
spectrum of 9 is shown in Figure 26. The emission spectrum of 9 displays a broad band
centered at ca. 470 nm, derived from the coordinated ligand fluorescence, and
characteristic Eu3+ (5D0  7FJ, J = 0 - 4) transitions dominated by the transition from the
7

F2 sublevel at 610 nm. The symmetric forbidden emission 5D0  7F0 at 576 nm can be
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found in 9. It is well known that the 5D0  7F0 transition is strictly forbidden in a field of
symmetry. Thus the above result reveals that Eu3+ in 9 occupies sites with low symmetry
and without an inversion center. The 5D0  7F1 transition is a magnetic dipole transition,
and its intensity varies with the crystal field strength acting on Eu3+. On the other hand
the 5D0  7F2 transition increases as the site symmetry of Eu3+ decreases. Therefore the
intensity ratio of the 5D0  7F2 transition to the 5D0  7F1 transition is widely used as a
measurement of the coordination state and the site symmetry of the rare earth elements.23
For complex 9, the intensity ratio I(5D0  7F2) / I(5D0  7F1) is equal to ca. 10, which
suggests the very low site symmetry of the Eu3+ in 9.

Figure 26. Emission spectra of complexes 9 - 12 in CH2Cl2 at RT.
For quantum yield measurements, the front face detection method was applied. A
10-3 M solution of complex 9 was prepared by dissolving the crystal sample of 9 in
anhydrous CH2Cl2. The tris(dipicolinate) complex [Eu(dpa)3]3- was prepared in situ by
mixing appropriate amounts of Eu(III) and dpa in 0.1 M tris buffer (pH = 7.4). Quantum
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yields Q have been calculated using the equation Qx/Qr = Ax·nx2·/ Ar·nr2, where x refers to
the sample, and r, to the reference; A is the integrated area under the emission spectrum,
and n is the refractive index of the solution. [Eu(dpa)33-] in 0.1M Tris buffer ( = 13.5%)
was used as a reference for the determination of lanthanide quantum yield. The ligand
fluorescence quantum yields were determined using solutions of anthracene in ethanol as
a standard reference ( = 28%). The overall luminescent quantum yields for the
emissions from the Eu3+ ion and the coordinated ligand in toluene are 11.3% and 21.0%,
respectively (λex = 380 nm, room temperature). The emission spectra of complex 10, 11
and 12 are very similar to complex 9 except that the ligand emission intensity varies with
different β-diketones.
As shown in Table 1, complex 10 shows the highest Eu3+ emission quantum yield,
while complex 12 shows the lowest Eu3+ quantum yield and highest liagnd emission
quantum yield. The emission spectrum of the free ligand L3 was measured at 77 K in a
2:2:1:1 mixture of ethyl iodide-ether-ethanol-toluene. We obtained the triplet excited
state energy level of the ligand of 17 400 cm-1 which is slightly above the 4f resonance
level of Eu 3+ (17 250 cm -1 ). In this way, the ligand L3 is not a good sensitizer for
lanthanide emission due to facile back energy transfer. The β-diketones play the role of
antenna to excite the lanthanide. Having the β-diketones present in the complex has
several advantages. First of all, the ligands shield the europium ions from residual water
molecules. Secondly, the ligands help to absorb the excitation energy and to transfer it to
Table 1. The quantum yield of complexes 9 - 12 in CH2Cl2 at RT.
QY(%)

9

10

11

12

Eu(III)

11.3

27.4

25.2

8.1

Ligand

21

12.6

14.2

23.8
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the europium ion. Indeed, it is well-known that the f–f transitions of the lanthanides are
very weak and in order to obtain a good luminescent material one has to take advantage
of the strong absorbing capacity of organic ligands with π-electrons, and the possibility of
transferring the excitation energy from the triplet excited states of the ligands to the lower
energy levels of the 4fn configuration of the lanthanide ion. The four different β-diketones
that we chose have the triplet excited energy level sequence of HFPD (22 200 cm-1), TTA
(20 400 cm-1), BTFA (21 400 cm-1), and DBM (19 100 cm-1). The energy gap between
triplet excited state of HFPD and 4f resonance level of Eu3+ is too high while the gap
between triplet excited state of DBM and 4f resonance level of Eu3+ is too low.
Theoretically, TTA and BTFA should be the better antennas, which is in accord with
what we observed (Table 1).
Electrochemical Studies
3,4-(Ethylenedioxy)thiophene can be electrochemically polymerized at relatively
low applied voltages. For the design of the ligand, the phenanthroline is incorporated
directly into the polymer backbone. The 3,4-(ethylenedioxy)thiophene residues were
chosen to allow the polymer synthesis by electrochemical oxidation. Cyclic voltammetry
of 9 over a window between -1.25 and +1.25 V versus Fc/Fc+ at a scan rate of 100 mV/s
resulted in the growth of a polymer film that has a reversible wave with E1/2 = -0.55 V.
The first scan exhibits two oxidative peaks at ~0.4 and 1.0 V whose positions steadily
become more positive with increasing scans (Figure 27). As shown in Figure 27, th e
maximum peak current of an electrode-confined film of poly-9 in pure electrolyte
solution varies linearly with the rate of the electrochemical scan up to 500 mV/s. This
behavior is indicative of a strongly adsorbed electroactive thin film which is not limited
by the ionic flux of counter anions.
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Scheme 3. Electrochemical polymerization of Europium-containing monomer to
conducting metallopolymer.

Figure 27. Left: 10 successive cyclic voltammograms of a 0.1 mM CH2Cl2 solution of 9,
0.1 M TBAPF6, Pt electrode. Inset, the maximum peak current versus the
number of scans. Right: Electrochemical scan rate dependence of poly-9
(Fc/Fc+ is the redox couple of ferrocene). Inset: plot of linear current
increase vs scan rate.
The XPS data were used to determine the film composition and metal
coordination environment. The Eu 3d3/2 and Eu 3d5/2 peaks are observed at 1165.2 and
1135.2 eV, respectively, corresponding well to the expected values for Eu3+ bound to
oxygen.33 The S 2p peak is also found at 164.3 eV. Quantitative XPS analysis reveals that
the film has an atomic ratio of Eu : S = 1 : 1.91, which is in agreement with the
stoichiometric molar ratio of the monomer (1 : 2.03 by XPS) and proposed film structure
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(1 : 2). The electrochemistry of complexes 10, 11 and 12 is similar to complex 9, and not
affected by the ancillary β-diketones.
Quantitative XPS analysis reveals that the resulting films has an atomic ratio of
Eu : S = 1 : 1.86 for 10, and 1 : 1.87 for 11, respectively. Corresponding polymers were
prepared on ITO coated glass for the further luminescent studies.
Photoluminescence of Metallopolymers

Figure 28. Left: UV-Vis absorption, excitation and emission spectra of poly-9. Right:
Emission spectra of L3 and poly-L3.
The emission spectrum of poly-9 measured with 375 nm as the excitation
wavelength is characteristic of Eu3+ emission as shown in Figure 28. The five expected
transitions of the 5D0 → 7FJ manifold are well resolved and the hypersensitive 5D0 → 7F2
transition dominates the spectrum. This is indicative of a low symmetry coordination
environment around the Eu3+. Most notably, poly-9, shows exclusively the Eu3+ centered
5

D0 → 7FJ emission bands and the ligand emission from the organic backbone completely

disappears, presumably indicating more efficient energy transfer. The excitation spectrum
of poly-9 is less broad and blue-shifted relative to the absorption spectrum suggesting
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that the energy transfer takes place from a localized excited state. This is consistent with
energy transfer from the Phen portion of the polymer backbone to the Eu3+.
The more efficient energy transfer from the polymer backbone to the Eu3+ ion in
poly-9 can be explained by the blue shifting of the organic polymer backbone (Figure
28). The emission spectra of poly-L3 were measured at room temperature and 77 K. The
phosphorescence peak of poly-L3 was blue shifted than that of the free ligand L3 at 77
K, which leads to a higher triplet excited state energy level for the polymer backbone (18
200 cm-1) than the free ligand (17 400 cm-1). This blue shifting might be explained by the
twist between the 3,4-(ethylenedioxy)thiophene and 1,10-phenanthroline in the polymer
form. Such an increase of 800 cm-1 triplet excited state energy made the energy transfer
from the polymer backbone to the 4f resonance level of Eu3+ more efficient. Similar
emission properties were observed for poly-10 and poly-11. However, we did not observe
any emission for poly-12.
CONCLUSION
Three new series of lanthanide(III)-β-diketonate complexes (Ln = Sm, Eu, Tb,
and Dy) with thiophene and 3,4-(ethylenedioxy)thiophene functionalized bidentate
nitrogen donors (L1 – L3) have been synthesized. The X-ray diffraction analyses and
NMR studies of lanthanide complexes with these 2,2’-bipyridine and 1,10-phenanthroline
derivatives end-capped with thiophene and 3,4-(ethylenedioxy)thiophene moieties are
first investigated. In Ln(DBM)3L1 complexes, all the lanthanide centers are eightcoordinate

with a slightly distorted square antiprism coordination sphere, while in

Ln(DBM)3L2 complexes, the eight-coordinate Ln3+ ion adopts a dodecahedron
coordination geometry. The photophysical studies show that the introduction of
thiophene substituent drastically shifts the triplet excited state energy of the bpy and phen
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ligands toward lower energies, resulting in a poor sensitization of Sm3+ and Tb3+ in these
complexes, but allows an efficient energy transfer to Eu3+ in complex 6. After
coordination of L1 and L2 to Ln(DBM)3(H2O)2 monomers, the complexes can not be
electrochemically polymerized. Reasoning that extended thiophene units will reduce the
potential at which the complexes oxidize and will stabilize the cation radicals, which are
intermediates in the polymerization of thiophenes.
A further modification of thiophene substituent to 3,4-(ethylenedioxy)thiophene
yields ligand 3,8-bis(3,4-(ethylenedioxy)thien-2-yl)-1,10-phenanthroline (L3). We
focused on 1,10-phenanthroline as the metal binding moiety based on the information
that 3,8-bis(thiophen-2’,2’’-yl)-1,10-phenanthroline (L2) is a better antenna for Eu3+
emission than 5,5’-bis(thiophen-2’,2’’-yl)-2,2’-bipyridine (L1). Four lanthanide(III)-βdiketonate complexes (9 - 12) with L3 have been synthesized. All the lanthanide centers
are eight-coordinate. The photophysical studies show that the introduction of 3,4(ethylenedioxy)thiophene substituent drastically shifts the triplet excited state energy of
the phen ligand toward lower energy. However, the choice of different diketonates
efficiently sensitizes the Eu(III) emission. The complexes can be electrochemically
polymerized. The resulting polymers show the pure metal-based photoluminescence via
stimulated excitation, which provide promising candidates for the light emitting
materials.
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CRYSTALLOGRAPHIC DATA
Table 2. Crystal data and structure refinement for 2 and 3.
2

3

formula

C69H51EuN2O6S2

C69H51N2O6S2Tb

fw

1220.20

1227.16

T (K)

153(2)

153(2)

crystal system

Monoclinic

Monoclinic

space group

P21/n

P21/n

a (Å)

13.3826(1)

13.3888(1)

b (Å)

15.2389(1)

15.2171(2)

c (Å)

28.3442(3)

28.2634(3)

β (deg)

97.307(1)

97.161(1)

5733.46(8)

5713.43(11)

3

V (Å )
Z

4

4

3

1.414

1.427

-1

μ (mm )

1.223

1.367

F(000)

2488

2496

crystal size (mm)

0.22 × 0.17 × 0.08

0.27 × 0.24 × 0.15

θ (deg)

1.97 to 27.48

1.97 to 27.47

Index ranges

-17  h  16

-17  h  16

-19  k  19

-19  k  19

-36  l  36

-30  l  36

Reflns collected

54768

41025

Independent reflns

13105, Rint = 0.0485

12823, Rint = 0.0722

Absorption correction

Gaussian

Gaussian

Max. and min. transmission
GOF on F2

0.915 and 0.831

0.820 and 0.723

1.084

0.993

R1, R2 [I > 2σ (I)]

0.0349, 0.0770

0.0375, 0.0935

R1, R2 (all data)

0.0552, 0.0841

0.0556, 0.1044

ρ (g/cm )

Largest diff. peak and hole (e·Å-3) 1.268 and -0.799
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1.271 and -1.927

Table 3. Selected bond lengths [Å] and angles [°] for 2.
Bond distances (Å)
Eu1-O2C

2.3122(17)

Eu1-N2

2.601(2)

Eu1-O1B

2.3408(18)

Eu1-N1

2.640(2)

Eu1-O2A

2.3474(18)

S1-C14

1.718(4)

Eu1-O2B

2.3515(18)

C12-C13

1.358(7)

Eu1-O1A

2.3545(19)

S2-C18

1.698(3)

Eu1-O1C

2.3592(18)

S2-C15

1.709(3)

N1-C5

1.345(3)

N1-C1

1.341(3)

O2C-Eu1-O1B

144.17(7)

O2A-Eu1-O1C

77.63(6)

O2C-Eu1-O2A

118.82(7)

O2B-Eu1-O1C

137.04(6)

O1B-Eu1-O2A

79.84(6)

O1A-Eu1-O1C

118.67(7)

O2C-Eu1-O2B

79.03(6)

O2C-Eu1-N2

138.00(7)

O1B-Eu1-O2B

70.95(6)

O1B-Eu1-N2

71.84(7)

O2A-Eu1-O2B

145.14(7)

O2A-Eu1-N2

79.45(7)

O2C-Eu1-O1A

77.89(6)

O2B-Eu1-N2

107.95(7)

O1B-Eu1-O1A

79.76(7)

O1A-Eu1-N2

143.05(7)

O2A-Eu1-O1A

72.57(7)

O1C-Eu1-N2

76.87(7)

O2B-Eu1-O1A

83.68(7)

O2C-Eu1-N1

83.07(7)

O2C-Eu1-O1C

71.66(6)

O1B-Eu1-N1

104.75(7)

O1B-Eu1-O1C

144.16(6)

O2A-Eu1-N1

136.14(7)

Bond angles (º)
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Table 4. Selected bond lengths [Å] and angles [°] for 3.
Bond distances (Å)
Tb1-O2C

2.287(2)

Tb1-N1

2.611(2)

Tb1-O1B

2.316(2)

S1-C14

1.694(5)

Tb1-O1A

2.325(2)

S1-C11

1.742(5)

Tb1-O2A

2.325(2)

C11-C12

1.443(12)

Tb1-O1C

2.330(2)

C11-C2

1.474(5)

Tb1-O2B

2.330(2)

S2-C18

1.706(4)

Tb1-N2

2.575(3)

S2-C15

1.711(4)

O2C-Tb1-O1B

144.12(7)

O1B-Tb1-O2B

71.59(7)

O2C-Tb1-O1A

77.39(8)

O1A-Tb1-O2B

82.76(8)

O1B-Tb1-O1A

79.52(8)

O2A-Tb1-O2B

145.43(8)

O2C-Tb1-O2A

118.62(8)

O1C-Tb1-O2B

137.45(7)

O1B-Tb1-O2A

79.67(8)

O2C-Tb1-N2

138.42(8)

O1A-Tb1-O2A

73.32(8)

O1B-Tb1-N2

71.86(8)

O2C-Tb1-O1C

72.39(7)

O1A-Tb1-N2

143.17(8)

O1B-Tb1-O1C

143.44(7)

O2A-Tb1-N2

79.06(8)

O1A-Tb1-O1C

119.09(8)

O1C-Tb1-N2

76.40(8)

O2A-Tb1-O1C

76.89(7)

O2B-Tb1-N2

108.72(8)

O2C-Tb1-O2B

78.54(8)

O2C-Tb1-N1

82.86(8)

Bond angles (º)
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Table 5. Crystal data and structure refinement for 6.
formula

C73.75H55EuN2O6S2

fw

1281.28

T (K)

153(2)

crystal system

Monoclinic

space group

P21/n

a (Å)

18.080(4)

b (Å)

15.309(3)

c (Å)

23.235(5)

β (deg)

111.45(3)

V (Å3)

5986(2)

Z

4

ρ (g/cm3)

1.422

μ (mm-1)

1.175

F(000)

2618

crystal size (mm)

0.25 × 0.22 × 0.15

θ (deg)

2.92 to 27.55

Index ranges

-22  h  23
-19  k  17
-30  l  30

Reflns collected
Independent reflns
Absorption correction

25216
13729,
Rint = 0.0357
Gaussian

Max. and min. transmission
GOF on F2

0.6788 and 0.7852

R1, R2 [I > 2σ (I)]

0.0534, 0.1409

R1, R2 (all data)

0.0773, 0.1559

Largest diff. peak and hole (e·Å-3)

2.371 and -1.565

1.021
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Table 6. Selected bond lengths [Å] and angles [°] for 6.
Bond distances (Å)
Eu1-O2

2.337(3)

Eu1-O1B

2.353(3)

Eu1-O2A

2.356(3)

Eu1-O1A

2.361(3)

Eu1-O1

2.379(3)

Eu1-O2B

2.392(3)

Eu1-N2

2.634(4)

Eu1-N1

2.643(4)

S1-C1

1.673(8)

S1-C4

1.685(5)

Eu1-O2

2.337(3)

S2-C20

1.648(6)

Eu1-O2A

2.356(3)

N1-C9

1.303(6)

O2-Eu1-O1B

81.08(12)

O2-Eu1-O2A

87.19(12)

O1B-Eu1-O2A

144.60(11)

O2-Eu1-O1A

77.85(12

O1B-Eu1-O1A

74.16(11)

O2A-Eu1-O1A

70.74(11)

O2-Eu1-O1

71.97(11)

O1B-Eu1-O1

130.19(11)

O2A-Eu1-O1

75.78(11)

O1A-Eu1-O1

135.49(11)

O2-Eu1-O2B

105.78(12)

O1B-Eu1-O2B

71.39(11)

O2A-Eu1-O2B

143.97(11)

O1A-Eu1-O2B

144.20(11)

O1-Eu1-O2B

76.68(11)

O2-Eu1-N2

149.14(12)

O1B-Eu1-N2

77.82(12)

O2A-Eu1-N2

97.14(12)

O1A-Eu1-N2

74.89(12)

O1-Eu1-N2

138.74(12)

Bond angles (º)
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Table 7. Crystal data and structure refinements for complex 9.
formula

C69H49EuN2O10S2

fw

1282.18

T (K)

153(2)

crystal system

Monoclinic

space group

P21/c

a (Å)

19.447(4)

b (Å)

16.846(3)

c (Å)

18.629(4)

β (deg)

110.58(3)

3

V (Å )

5713(2)

Z

4

ρ (g/cm3)

1.491

μ (mm-1)

1.236

F(000)

2608

crystal size (mm)

0.12 × 0.15 × 0.16

θ (deg)

2.92 to 27.50

Index ranges

-25  h  25
-21  k  21
-24  l  24

Absorption correction

Gaussian

Max. and min. transmission
GOF on F2

0.816 and 0.853

R1, R2 [I > 2ζ (I)]

0.0487, 0.1099

R1, R2 (all data)

0.1145, 0.1401

Largest diff. peak and hole (e·Å-3)

0.884 and -0.920

1.042
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Table 8. Selected bond lengths [Å] and angles [°] of 9.

Bond distances (Å)
Eu1-O5

2.345(3)

Eu1-O5A

2.318(3)

Eu1-O6

2.322(3)

Eu1-O6B

2.345(3)

Eu1-O5B

2.303(3)

Eu1-O6A

2.345(3)

Eu1-N1

2.561(4)

Eu1-N2

2.593(4)

S1-C1

1.704(7)

S1-C6

1.708(5)

S2-C19

1.689(5)

S2-C24

1.719(5)

N1-C11

1.325(6)

N1-C10

1.358(6)

N2-C17

1.325(6)

N2-C18

1.350(5)

O5B-Eu1-O5A

83.98(11)

O5B-Eu1-O6

77.00(11)

O5A-Eu1-O6

76.40(12)

O5B-Eu1-O6B

73.60(11)

O5A-Eu1-O6B

145.74(11)

O6-Eu1-O6B

121.47(11)

O5B-Eu1-O5

113.75(11)

O5A-Eu1-O5

138.15(11)

O6-Eu1-O5

71.79(11)

O6B-Eu1-O5

75.63(12)

O5B-Eu1-O6A

78.52(11)

O5A-Eu1-O6A

72.28(11)

O6-Eu1-O6A

141.83(11)

O6B-Eu1-O6A

78.01(11)

O5-Eu1-O6A

145.81(12)

O5B-Eu1-N1

146.89(12)

O6A-Eu1-N1

76.94(12)

O5B-Eu1-N2

147.52(12)

Bond angles (º)
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Table 9. Crystal data and structure refinement for 10.
formula

C68H50EuF9N2O10S2

fw

1442.18

T (K)

153(2)

crystal system

Triclinic

space group

P-1

a (Å)

11.9120(2)

α (deg)

91.0520(8)

b (Å)

16.2920(4)

β (deg)

106.8070(9)

c (Å)

17.7970(6)

γ (deg)

108.6930(13)

3

V (Å )

3108.35(14)

Z

2

ρ (g/cm3)

1.541

μ (mm-1)

1.165

F(000)

1456

crystal size (mm)

0.31 × 0.04 × 0.03

θ (deg)

1.90 to 27.45

Index ranges

-15  h  12
-20  k  21
-16  l  23

Absorption correction

Semi-empirical from
equivalents

Max. and min. transmission
GOF on F2

0.966 and 0.899

R1, R2 [I > 2σ (I)]

0.0544, 0.0902

1.021

R1, R2 (all data)

0.1060, 0.1078
-3

Largest diff. peak and hole (e·Å )

0.673 and -0.857

74

Table 10. Selected bond lengths [Å] and angles [°] of 10.

Bond distances (Å)
Eu1-O1A

2.356(3)

Eu1-N1

2.604(4)

Eu1-O2C

2.365(3)

S1-C18

1.714(5)

Eu1-O1C

2.367(3)

S1-C13

1.727(5)

Eu1-O2A

2.375(3)

S2-C24

1.717(5)

Eu1-O1B

2.370(3)

S2-C19

1.723(5)

Eu1-O2B

2.376(3)

O1-C14

1.368(6)

Eu1-N2

2.600(4)

O1-C15

1.474(6)

N1-C1

1.330(5)

O1-C15A

1.475(8)

O1A-Eu1-O2C

74.68(12)

O1A-Eu1-N2

148.60(11)

O1A-Eu1-O1C

87.59(12)

O2C-Eu1-N2

119.86(12)

O2C-Eu1-O1C

71.61(10)

O1C-Eu1-N2

73.14(11)

O1A-Eu1-O2A

71.17(11)

O2A-Eu1-N2

79.37(12)

O2C-Eu1-O2A

130.75(12)

O1B-Eu1-N2

135.48(11)

O1C-Eu1-O2A

72.53(12)

O2B-Eu1-N2

89.87(11)

O1A-Eu1-O1B

73.84(11)

O1A-Eu1-N1

147.28(11)

O2C-Eu1-O1B

72.11(11)

O2C-Eu1-N1

83.66(11)

O1C-Eu1-O1B

142.45(11)

O1C-Eu1-N1

108.72(11)

Bond angles (º)
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Table 11. Crystal data and structure refinement for 12.
formula

C85H46Eu2F36N4O20S4

fw

2559.42

T (K)

153(2)

crystal system

Triclinic

space group

P-1

a (Å)

12.420(3)

α (deg)

110.05(3)

b (Å)

12.636(3)

β (deg)

92.02(3)

c (Å)

15.702(3)

γ (deg)

93.67(3)

3

V (Å )

2305.8(8)

Z

1

ρ (g/cm3)

1.843

μ (mm )

1.584

F(000)

1258

crystal size (mm)

0.26 × 0.22 × 0.16

θ (deg)

1.65 to 25.00

Index ranges

-14  h  14

-1

-14  k  15
-18  l  18
Absorption correction

Gaussian

Max. and min. transmission
GOF on F2

0.7213 and 0.8320

R1, R2 [I > 2σ (I)]

0.0336, 0.0918

1.163

R1, R2 (all data)

0.0395, 0.1132
-3

Largest diff. peak and hole (e·Å )

1.318 , -1.052
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Table 12. Selected bond lengths [Å] and angles [°] of 12.

Bond distances (Å)
Eu1-O5B

2.368(7)

Eu1-O5

2.373(5)

Eu1-O6

2.388(5)

Eu1-O6A

2.403(5)

Eu1-O6B

2.403(5)

Eu1-O5A

2.426(5)

Eu1-N2

2.549(7)

Eu1-N1

2.569(7)

Eu2-O6D

2.349(6)

Eu2-O6C

2.378(5)

Eu2-O5E

2.388(5)

Eu2-O6E

2.395(5)

Eu2-O5C

2.399(5)

Eu2-O5D

2.413(5)

O5B-Eu1-O5

78.0(2)

O5B-Eu1-O6

89.5(2)

O5-Eu1-O6

70.73(19)

O5B-Eu1-O6A

92.4(2)

O5-Eu1-O6A

142.81(17)

O6-Eu1-O6A

145.84(19)

O5B-Eu1-O6B

71.55(19)

O5-Eu1-O6B

136.01(18)

O6-Eu1-O6B

78.0(2)

O6A-Eu1-O6B

70.42(18)

O5B-Eu1-O5A

74.2(2)

O5-Eu1-O5A

73.34(19)

O6-Eu1-O5A

142.9(2)

O6A-Eu1-O5A

69.47(18)

O6B-Eu1-O5A

124.99(18)

O5B-Eu1-N2

147.8(2)

O5-Eu1-N2

80.02(19)

O6-Eu1-N2

105.0(2)

Bond angles (º)
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Chapter 3: Synthesis and Characterization of Near Infrared Emitting
Lanthanide Containing Conducting Metallopolymers
INTRODUCTION
In recent decades, lanthanide-based near infrared (NIR) luminescence is attracting
considerable interest in the fields of telecommunication,1 associated lasers and
LED/OLED devices,2-4 as well as in solar energy conversion,5,6 and bio-sciences.7-9 The
spectral range of the NIR formally encompasses from 750 nm to 2500 nm. Several
trivalent visible emitting lanthanide ions also have transitions in this range, e.g. Sm3+ and
Eu3+. However, in this chapter we focus on the NIR emitting lanthanide ions mainly
emitting in the NIR spectral domain, Nd3+, Er3+ and Yb3+.
The absorption spectrum of the Nd3+ ion displays f-f transition with sizeable
intensity (up to ε ≈ 10 - 12 M-1cm-1) which is much higher than other lanthanide ions. The
main fluorescence line of Nd3+ at 1.06 μm is the well known transition used in Nd : YAG
(Yttrium Aluminum Garnet) lasers. This makes Nd3+ containing systems the most
popular NIR luminescent materials for application in laser systems. The emission of Er3+
is both in the visible and NIR, and is the candidate of choice for telecommunications with
its 1.53–1.54 μm emission line. Yb3+ emits at about 1 μm and is less sensitive to nonradiative deactivation in view of the large energy gap between the emitting (2F5/2) and
ground (2F7/2) levels. This lanthanide ion is capturing much attention with respect to bioapplications. The relative transparency of human body tissue at ca. 1 μm suggests that in
vivo luminescent probes of Yb3+ could have diagnostic value.
Our research interests are focused on the NIR lanthanide containing conducting
metallopolymers as the emissive materials in polymer light-emitting diodes (PLEDs).
Since the initial discovery of PLEDs, substantial developments have occurred that have
led to a fundamental understanding of their operation as well as the development of
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practical devices.10,11 Although most previous investigations have focused on PLEDs
emitting in the visible region, there is considerable potential for PLEDs emitting in the
near infrared and infrared spectral regions.
The extension of polymer light emitting materials into the technologically
important NIR region is more difficult because organic molecules usually emit only at
wavelengths shorter than 1000 nm. Attempts have been made to extend organic-based
light emission beyond 1000 nm by using lanthanide complexes.12 Lanthanide ions, such
as Nd3+, Er3+, and Yb3+ are known NIR emitters with excellent luminescent properties
due to the characteristic f-f transitions, which include lifetimes in the microsecond
domain and narrow, ion-specific emission in the 900 - 1600 region with pure color and
potentially high efficiency. Previously, the NIR PLEDs have been prepared using blends
of conjugated polymers with lanthanide chelates by vacuum deposition.13-17 However,
blending may not always give rise to uniformly dispersed and thermodynamically stable
compositions. A more effective approach involves the covalent coupling of a lanthanide
complex to a polymer backbone,18-20 which rules out phase separation or aggregation
during device processing/operation. Unfortunately, up to now no examples of lanthanide
ions covalently incorporated into polymers for NIR emission have been reported.
From the previous study of visible lanthanide containing metallopolymers, we
obtained the information that the energy can be transferred from the organic polymers to
the lanthanide center. Herein we will discuss the synthesis of the well-defined conducting
metallopolymers that incorporate Nd3+, Er3+ and Yb3+ complexes in an inner sphere
fashion. Three ligands based on the 1,10-phenanthroline (Phen) moiety serve as a metal
binding group and different polymerizable groups of thiophene derivatives were
prepared:

3,8-bis(thiophen-2’,2’’-yl)-1,10-phenanthroline

(L2),

3,8-bis(3,4-

(ethylenedioxy)thien-2-yl)-1,10-phenanthroline (L3), and 3,8-bis(2,2’-bithienyl-5-yl)79

1,10-phenanthroline

(L4).

The

molecular

structure,

electropolymerization

and

photoluminescence of the complexes and corresponding metallopolymers have been
investigated.
EXPERIMENTAL
General Methods
Air- and moisture-sensitive reactions were carried out in oven-dried glassware
using standard Schlenk techniques under an inert atmosphere of dry argon. Dry DMF was
used from EMD as sure-seal bottles. Bromine was obtained from EMD. 1,10Phenanthroline and tri-n-butyltin chloride were purchased from Alfa Aesar. Transdichlorobis(triphenylphosphine)palladium(II) was obtained from STREM. THF was dried
by conventional method and distilled under argon. CH2Cl2 was dried using a doublecolumn anhydrous solvent system (Innovative Technologies, Newburyport, MA) and
further degassed via nitrogen purge prior to use. 3,8-Dibromo-1,10-phenanthroline was
prepared according to a published procedure.21 5-(Tributylstannyl)-2,2’-bithiophene was
prepared by Swager’s method.22 3,8-Bis(2,2’-bithienyl-5-yl)-1,10-phenanthroline (L3)
was prepared by literature procedures.23
Low-res mass spectrometry was carried out by Thermo Finngan TSQ 700.
Elemental analysis was performed by QTI, Whitehouse, NJ (www.qtionline.com). X-ray
photoelectron spectroscopy (XPS) was carried out on a PHI 5700 XPS system equipped
with a dual Mg X-ray source and monochromatic Al X-ray source complete with depth
profile and angle-resolved capabilities.
Crystal Structure Determination
Suitable crystals were mounted on a glass fiber and placed in the low-temperature
nitrogen stream. The data were collected on a Nonius Kappa CCD diffractometer using a
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graphite monochromator with MoK radiation ( = 0.71073Å). Data reduction was
performed using DENZO-SMN.24 The structure was solved by direct methods using
SIR9725 and refined by full-matrix least-squares on F2 with anisotropic displacement
parameters for the non-H atoms using SHELXL-97.26 The hydrogen atoms on carbon
were calculated in ideal positions with isotropic displacement parameters set to 1.2 × Ueq
of the attached atom (1.5 × Ueq for methyl hydrogen atoms).
UV-Vis and Luminescent Measurements
Absorption spectra were recorded on a Varian Cary 6000i Spectrophotometer
with Starna Quartz Fluorometer Cells with a pathlength of 10 mm for the ligand and 0.1
mm for the complexes. All spectroscopic data were obtained in DCM solutions unless
otherwise noted. The absorption spectra of polymer films were performed on films that
were fully reduced. Luminescent measurements were recorded on a Photon Technology
International QM 4 spectrophotometer equipped with a 6-inch diameter K Sphere-B
integrating sphere. For quantum yield measurements, the integrating sphere was used.
Quantum yield was calculated by dividing the area under the emission peak of the
complex by the difference between the area under the excitation peak of the sample and
that of a blank solution (Aem sample / (Aex blank - Aex sample), where A = area under peak).27-29
Electrochemistry
Electrochemical syntheses and studies were performed in a dry-box under a
nitrogen atmosphere using a GPES system from Eco. Chemie B. V.. All the
electrochemical experiments were carried out in a three-electrode cell with a Ag/AgNO3
reference electrode (silver wire dipped in a 0.01 M silver nitrate solution with 0.1 M
TBAPF6 in CH3CN), a Pt button working electrode or ITO coated glass (70 – 100 Ω), and
a Pt wire coil counter electrode. Potentials were relative to this 0.01 M Ag/AgNO3
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reference electrode. Ferrocene was used as an external reference to calibrate the reference
electrode before and after experiments were performed and that value was used to correct
the measured potentials. The supporting electrolyte was 0.1 M TBAPF6 that was purified
by recrystallization three times from hot ethanol before being dried for 3 days at 100 oC
under active vacuum.
Synthesis
General Procedure for Complexation.
Ln(β-diketonate)3(H2O)2 (0.025 mmol) was added into a suspension of ligand
(0.025 mmol) in benzene, chlorobenzene or toluene (15.0 mL). The mixture was refluxed
to get a clear yellow solution. After filtration, the solution was slowly cooled to room
temperature and stored at the refrigerator (~ -20 °C). Crystals suitable for X-ray
diffraction analysis were obtained after a few days.
[Yb(DBM)3L2]·C7H8 (13). Light yellow crystal, yield: 6.3 mg, 19.7%. Elemental
anal. calcd. (Found) for 13, C72H53N2O6S2Yb: C, 67.59 (67.60); H, 4.18 (3.97); N, 2.19
(2.37). CI-MS (CH2Cl2) m/z: 1188 [13 + H - C7H8]+. mp 286 oC.
[Nd(DBM)3L3]·C6H6 (14). Yellow crystal, yield: 17.6 mg, 52%. LRMS (CI):
1275 [14 – C6H6]+.
Nd(BTFA)3L3·2C7H8 (15). Yellow-green crystal, yield: 15.1 mg, 42%. LRMS
(CI): 1251 [15 + H - 2C7H8]+. Elemental anal. calcd. (Found) for 15 - 2C7H8,
C54H34F9N2NdO10S2: C, 51.88 (51.71); H, 2.74 (2.50); N, 2.24 (2.23).
Nd(TTA)3L3·C7H8 (16). Yellow crystal, yield: 11.2 mg, 33%. LRMS (CI): 1268
[16 - C7H8]+. Elemental anal. calcd. (Found) for 16 - C7H8, C48H28F9N2NdO10S5: C, 45.46
(45.34); H, 2.23 (1.99); N, 2.21 (2.26).
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Er(DBM)3L3 (17). Light pink crystal, yield: 9.5 mg, 26%. LRMS (CI): 1297
[17]+. Elemental anal. calcd. (Found) for 17, C69H49ErN2O10S2: C, 63.87 (63.93); H, 3.81
(3.57); N, 2.16 (2.24).
Er(BTFA)3L3·2C7H8 (18). Yellow crystal, yield: 14.1 mg, 39%. Elemental anal.
calcd. (Found) for 18 - 2C7H8, C54H34ErF9N2O10S2: C, 50.94 (50.47); H, 2.62 (2.69); N,
2.33 (2.20).
Er(TTA)3L3·C7H8 (19). Yellow crystal, yield: 12.1 mg, 35%. Elemental anal.
calcd. (Found) for 19 - C7H8, C48H28ErF9N2O10S5: C, 44.65 (45.34); H, 2.19 (1.99); N,
2.17 (2.26).
Yb(DBM)3L3·3C7H8 (20). Light yellow crystal, yield: 15.2 mg, 47%. LRMS
(CI): 1304 [20 + H - 3C7H8]+. Elemental anal. calcd. (Found) for 20, C90H73N2O10S2Yb:
C, 68.71 (68.43); H, 4.23 (4.66); N, 2.08 (1.77).
Yb(BTFA)3L3 (21). Pink crystals, yield: 12.2 mg, 38%.
Yb(TTA)3L3 (22). Pink crystal, yield: 9.4 mg, 29%. Elemental anal. calcd.
(Found) for 22·2H2O, C48H32F9N2O12S5Yb: C, 43.24 (42.28); H, 2.42 (1.99); N, 2.10
(2.01).
Nd(DBM)3L4·1.5C7H8 (23). Yellow crystal, yield: 17.2 mg, 47%. LRMS (CI):
1324 [23 + H – 1.5C7H8]+. Elemental anal. calcd. (Found) for 23 - 1.5C7H8,
C73H49N2NdO6S4: C, 66.29 (66.43); H, 3.73 (3.91); N, 2.12 (2.27).
Nd(BTFA)3L4·C6H5Cl (24). Orange-red crystal, yield: 14.1 mg, 40%. LRMS
(CI): 1299 [24 + H - C6H5Cl]+. Elemental anal. calcd. (Found) for 24 - C6H5Cl,
C58H34F9N2NdO6S4: C, 53.65 (52.94); H, 2.64 (2.29); N, 2.16 (2.07).
Nd(TTA)3L4 (25). Orange crystal, yield: 10.9 mg, 33%. LRMS (CI): 1317 [25 +
H]+. Elemental anal. calcd. (Found) for 25, C52H28F9N2NdO6S7: C, 47.44 (46.73); H, 2.14
(1.77); N, 2.13 (2.05).
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Yb(DBM)3L4 (26). Yellow crystal, yield: 8.8 mg, 26%. LRMS (CI): 1352 [26 +
H]+. Elemental anal. calcd. (Found) for 26, C73H49N2O6S4Yb: C, 64.87 (64.22); H, 3.65
(3.97); N, 2.07 (2.26).
RESULTS AND DISCUSSION
Lanthanide Complexes Based on L2
Crystal Structure of [Yb(DBM)3L2]·C7H8 (13)

Figure 29. ORTEP diagram of 13 showing the labeling scheme of selected atoms at 30%
probability level. Hydrogen atoms, solvent molecules, and phenyl rings of
the dibenzoylmethanido ligands are omitted for clarity.
Complex 13 is isostructural with complex 6 (Figure 29). The phenanthroline
portion is nearly planar with the largest deviation from the mean plane of 0.08 Å. The
Yb-O (2.258(2) - 2.284(2) Å) and Yb-N (2.534(2) and 2.545(2) Å) bond lengths are
shorter compared to those in 6. These regular changes result from the smaller size of Yb3+
ion caused by the lanthanide contraction.30 The coordination geometry of Yb3+ can be
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described as a distorted dodecahedron. The thiophene ring structure also shows some
delocalization of the π-electrons determined by the C-C and C-S bond lengths. The
average C-S bond distance (1.688(8) Å) is somewhat shorter than a normal Csp2-S single
bond length (1.759(8) Å), and is comparable with the corresponding C-S distance of free
thiophene (1.714(1) Å).
Photophysics of 13

Figure 30. UV-Vis (Δ), excitation (-) and emission (o) spectra of complex 13 in CH2Cl2
at RT.
A high molar absorption coefficient value of complex 13 at 350 nm (9.2 × 104 L
mol-1 cm-1) is observed. The excitation spectrum of 13 (Figure 30) is obtained by
monitoring the characteristic emission of Yb3+ ions, which is dominated by two peaks
ranging from 240 to 400 nm. The excitation spectrum overlaps well with the absorption
spectrum, indicating that the lanthanide luminescence is sensitized via organic ligand
excitation. The emission spectrum of 13 is obtained by the excitation of 350 nm. The
prominent Yb3+ emission band centered at 970 nm can be observed, which is assigned to
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the 2F5/2 → 2F7/2 transition. It should be noted that the Yb3+ ion emission band is not a
single sharp transition but an envelope of bands (ca. 1200 and 1300 nm) arising at the
lower energy side of the primary band. Similar splitting has been reported previously,31-33
and in early spectroscopic studies on ytterbium β-diketone compounds it was suggested
that crystal field splitting is the origin of the structure in the emission spectra.34
Electrochemical Study of 13

Figure 31. Cyclic voltammogram of L2 (o) and complex 13 (solid line) in CH2Cl2, 0.1 M
TBAPF6, Pt electrode.
As we discussed in Chapter 2, L2 can be oxidatively polymerized when the
potential of the electrode was swept between -1.75 and +1.25 V versus Fc/Fc+ at a scan
rate of 100 mV/s. The cyclic voltammogram of the ligand L2 and complex 13 are shown
in Figure 31. Unfortunately, after the ligand was coordinated to the Yb(DBM)3(H2O)2
moiety, the resulting complex 13 also can not be electrochemically polymerized. We
observe an irreversible oxidation at +0.91 V which does not result in polymer deposition.
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Considering that the Yb(DBM)3(H2O)2 monomer are electrochemically silent throughout
the scan window, the irreversible oxidation peak is related to L2.
Lanthanide Complexes Based on L3
Crystal Structure of Nd(β-diketonate)3L3

Figure 32. ORTEP plot for 14 with ellipsoids drawn at the 30% probability level. The
hydrogen atoms, solvent molecules and phenyl rings of the
dibenzoylmethanido ligands have been removed for clarity.
Complexes 14, 15 and 16 are all characterized by X-ray diffraction analysis. The
Nd3+ center is coordinated by two nitrogen atoms from L3 and six oxygen atoms from βdiketonates (β-diketonate = DBM (14), BTFA (15) and TTA(16)), resulting in a
coordination number of eight. Figure 32 shows the molecular structure of 14. The
coordination geometry can be described as a distorted square antiprism. The average NdN bond distance (2.682(2) Å) is longer than the average Nd-O bonds (2.340(18) Å).
Similar geometric structures are observed for 15 and 16.
Crystal Structure of Er(β-diketonate)3L3
Complexes 18 and 19 are both characterized by X-ray diffraction analysis. The
molecular structure of 18 is shown in Figure 33. As expected, in 18 the Er3+ ion is eightcoordinate, with six oxygen atoms from three bidentate BTFA anions and two nitrogen
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atoms from a bidentate L3 ligand. The average Er-O and Er-N distances are 2.309 (6) and
2.537(7) Å, respectively. The central Er3+ ion adopts a coordination geometry of distorted
dodecahedron. The same coordination environment is observed in 19 with the average
Er-O and Er-N distances of 2.313 (7) and 2.527(7) Å, respectively. The average bond
lengths and angles of the TTA ligand are similar to those reported for other TTA
complexes.35

Figure 33. ORTEP plot for 18 with ellipsoids drawn at the 30% probability level. The
hydrogen atoms and solvent molecules have been removed for clarity.
Crystal Structure of Yb(DBM)3L3
Complex Yb(DBM)3L3 (20) is isostructural with complex 14. The average Yb-O
and Yb-N distances are 2.276 (3) and 2.531 (3) Å, respectively, which are the shortest
among the average Ln-O and Ln-N distances of complexes 14 - 20. The six oxygen atoms
and two nitrogen atoms in complex 20 lie at the apexes of a distorted dodecahedron.
The coordination geometry of the lanthanide changes from distorted square
antiprism in complexes 14 - 16 to distorted dodecahedron in 18 - 20. This geometry
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change can be explained by the lanthanide contraction. The lanthanide series can be
divided into three groups according to the mass: the lighter La–Pm (Group 1), the
intermediate Sm–Dy (Group 2), and the heavier Ho–Lu (Group 3). Nd3+ ion belongs to
group 1 which has the largest ionic radii, while Er3+ and Yb3+ are group 3 elements with
smallest ionic radii. The decreasing size of these ions results in the coordination geometry
change due to the bulky nature of the organic ligands.
Photophysics of Complexes Based on L3

Figure 34. Emission spectrum of complex 14 in CH2Cl2 at RT.
At room temperature in CH2Cl2 solution, the emission spectrum of complex 14
(Figure 34) excited at 350 nm shows exclusively the NIR emission bands characteristic of
Nd3+ with three lines at 896, 1061, and 1332 nm corresponding to transitions from 4F3/2
→ 4IJ/2, (J = 9, 11, 13, respectively). The excitation spectrum of complex 14, obtained by
monitoring the emission at 1061 nm, closely matched the absorption spectrum of the
DBM and L3 ligands. This indicates that, upon the photoexcitation of the organic ligands,
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the excitation energy was mainly absorbed by the ligands, and then transferred to the
Nd3+ ion.
The Er3+ complexes (17 - 19) show a strong NIR emission band at 1535 nm
(Figure 35), which originates from the 4f–4f electronic transition of the first excited state
(4I13/2) to the ground state (4I15/2) of the partially filled 4f shell. The UV-Vis absorption
Spectra of complexes 17 - 19 show the absorption of β-diketone ligands and L3. Timeresolved experiments were also performed by excitation of a CH2Cl2 solution of
complexes, and monitoring the decay of the emission of the emission band at 1535 nm
resulting in a excited state lifetime of 4.8, 8.2 and 7.5 µs for complexes 17, 18 and 19
respectively. The estimated quantum yields are calculated by the comparison of the
luminescence lifetime of complexes with the natural lifetime of Er3+. By using Φ = η/η0, a
value of 0.6%, 1.1% and 0.92 % for the quantum yields of 17, 18 and 19 respectively, is
calculated, given a value η0 for the natural lifetime of Er3+ = 8 ms.36

Figure 35. Left: UV-Vis absorption spectra of complexes 17 (-), 18 (o) and 19 (Δ). Right:
Emission spectrum of 14.
The luminescence of complexes 20, 21 and 22 is characterized by emission at 972
nm (Figure 36), which is assigned to the 2F5/2 → 2F7/2 transition. Note that the Yb3+
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emission is not a single sharp transition, rather it appears as a series of bands with two
other broad bands centered at 1003 and 1033 nm. Similar splitting has been reported
previously and is attributed to the crystal field, or stark splitting.17 The absolute quantum
yields of 20, 21 and 22 have been measured upon ligand excitation (350 nm) by using
[Yb(tta)3(H2O)2] as a reference.37 The quantum yields of 20, 21 and 22 are 2.1%, 1.5%
and 1.6%, respectively, which are relatively higher than other published data, for instance
1.8% for a bimetallic helicate in D2O,38 0.5% for a terphenyl-based complex in DMSO,39
or 0.31% for a complex with 4,4-difluoro-8-(2’:2’’;6’’:2’’’-terpyridin-4’’-yl)-1,3,5,7-tetra
methyl-2,6-diethyl-bora-3a,4a-diaza-s-indacene in DCM.40 The emission lifetime of 20,
21 and 22 were determined to be 17.3, 12.8 and 13.4 µs respectively. The quantum
efficiency increasing agrees well with the corresponding lengthening of the emission
lifetime as seen in other lanthanide complexes.41

Figure 36. Left: UV-Vis absorption spectra of complexes 20 (-), 21 (o) and 22 (Δ). Right:
Emission spectrum of 20 (-), 21 (o) and 22 (Δ).
Electrochemical Studies of Complexes Based on L3
3,4-(Ethylenedioxy)thiophene can be electrochemically polymerized at relatively
low applied voltages. Although the same polymerizable ligand L3 is used, complex 20
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(Yb(DBM)3L3·3C7H8) does not electropolymerize as well as complex 9 (Eu(DBM)3L3).
Electropolymerization of complex 20 was performed from 2 × 10-3 M monomer solution
by continuous cycling between -1.25 V and +1.25 V at a scan rate of 100 mV s–1 up to 10
scans. With the increasing scans, the oxidation peak quickly moves out of the solvent
window. The linearity of the intensity versus number of scans failed after five scans, as
shown in Figure 37.
Similar results were observed for other L3 based complexes. Since the oxidation
peak moves out of the solvent window, one way to improve the electropolymerization
performance is to use polymerizable groups with even lower oxidation potential. Based
on this argument, complexes with L4 should give us better electropolymerization
performance.

Figure 37. Left: Cyclic voltammograms of a 0.2 mM CH2Cl2 solution of 20, 0.1 M
TBAPF6, Pt electrode. Right: The maximum peak current versus the number
of scans.
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Lanthanide Complexes Based on L4
Crystal Structure of Nd(β-diketonate)3L4

Figure 38. ORTEP diagram of 23 showing the labeling scheme of selected atoms at 30%
probability level. Hydrogen atoms, solvent molecules, phenyl rings and CF3
of the benzoyltrifluoroacetonate ligands are omitted for clarity.
The molecular structures of 23 (Figure 38) and 24 are the first reported structures
of a complex containing both Nd3+ and BT electropolymerizable units. In complex 23,
the eight-coordinate Nd3+ ion lies at the center of a distorted dodecahedron that is defined
by six oxygen atoms from DBM and two nitrogen atoms from L4. The Nd-Nav bond
distance (2.616(18) Å) is longer than the Nd-Oav bond distance (2.407(3) Å) for 23. In 24,
the central Nd3+ is also eight-coordinate with six oxygen atoms from BTFA and two
nitrogen atoms from L4. In both complexes, the coordination geometry of the central
lanthanide ion can be described as a distorted dodecahedron, which is different from what
we observed in complex 14. Such geometry difference can be explained by the
replacement of L3 to L4. As described above, the central Nd3+ is completely surrounded
by the β-diketonate liagnds and the polymerizable ligand, which prevents the luminescent
quenching caused by vibration and enhances the energy transfer from the ligand to the
central Nd3+ ion.
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Crystal Structure of Yb(DBM)3L4

Figure 39. ORTEP diagram of 26 showing the labeling scheme of selected atoms at 30%
probability level. Hydrogen atoms, solvent molecules, and phenyl rings of
the dibenzoylmethanido ligands are omitted for clarity.
The coordination geometry of Yb3+ ion in complex 26 can be described as a
distorted square antiprism (Figure 39). O3, O4, O5 and O6 form one of the two planes
with the largest deviation from the planarity of 0.0814 Å for O5. The other plane is
composed of N1, N2, O1, and O2 with the mean deviation from the planarity of 0.0518
Å. The dihedral angle between the two mean planes is 4.8°. The higher distortion of the
square antiprism is caused by the enhanced steric hindrance from the elongated
bithiophene rings compared with thiophene.

94

Electrochemical Studies of Complexes Based on L4

Scheme 4. Electrochemical polymerization of neodymium-containing monomer to
conducting metallopolymer.
Complexes 23 - 25 have been electropolymerized to form polymers (Scheme 4) as
electrode-confined films onto ITO coated glass working electrodes. Cyclic voltammetry
of 23 over a window of +1.25 to -1.75 V (vs Fc/Fc+) resulted in the growth of a polymer
film. The first scan has monomer oxidation peaks around 0.75 and 0.9 V, and monomer
reduction peaks at 0.80 and 0.56 V. A polymer reduction was observed at -0.25 and -1.1
V (Figure 40). The second scan indicates a polymer oxidation at 0.18 V. All these redox
peaks grow linearly with increasing scans. The maximum peak current of an electrodeconfined film of poly-23 in pure electrolyte solution varies linearly with the rate of the
electrochemical scan up to 500 mV/s. This behavior is indicative of a strongly adsorbed
electroactive thin film which is not limited by the ionic flux of counter anions.
Monomers 24 and 25 exhibit similar electrochemical behavior to 23 (Figure 41).
The XPS data were used to determine the film composition and metal coordination
environment. The Nd 3d5/2 peak is observed at 988 eV, corresponding well to the
expected values for Nd(III) bound to oxygen.42 The S 2p peak is also found at 164.3 eV.
Quantitative XPS analysis reveals that the films have atomic ratios of Nd : S = 1 : 4.6, 1 :
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5.2 and 1 : 4.4 respectively for 23, 24 and 25, which is in agreement with the
stoichiometric molar ratio of the proposed film structures.

A

B
A

C
A

D

Figure 40. (A) Electrochemical polymerization of 23 (Fc/Fc+ is the redox couple of
ferrocene). (B) Plot of linear current increase vs number of scans. (C)
Electrochemical scan rate dependence of poly-23. (D) Plot of linear current
increase vs scan rate.
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Figure 41. (A) Electrochemical polymerization of 24 (Fc/Fc+ is the redox couple of
ferrocene). (B) Electrochemical scan rate dependence of poly-24. (C)
Electrochemical polymerization of 25. (D) Electrochemical scan rate
dependence of poly-25.
Cyclic voltammetry of 26 over a window of +1.25 to -1.75 V (vs Fc/Fc+) resulted
in the growth of a polymer film, which is similar to complexes 23 - 25. The first scan
displays monomer oxidation peaks at 0.78 and 0.94 V, and monomer reduction peaks at
0.58 and 0.82 V. A polymer reduction was observed at -0.21 and -1.12 V. The subsequent
scans are characterized by a polymer oxidation at 0.32 V, which increases in intensity as
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the polymer is deposited. All these redox peaks grow linearly with increasing scans
(Figure 42).
The maximum peak current of an electrode-confined film of poly-26 in pure
electrolyte solution varies linearly with the rate of the electrochemical scan up to 500
mV/s (Figure 42). The XPS data were used to determine the film composition and metal
coordination environment. The Yb 4d5/2 peak is observed at 186.3 eV, corresponding well
to the expected values for Yb(III) bound to oxygen.43 The S 2p peak is also found at
163.95 eV. Quantitative XPS analysis reveals that the film has an atomic ratio of Yb : S =
1 : 4.7 for poly-26, which is in agreement with the stoichiometric molar ratio of the
proposed film structure.

Figure 42. Electrochemical scan rate dependence of poly-26 (left) and plot of linear
current increase vs scan rate of poly-26 (right).
Photophysics of Complexes Based on L4
The photophysical properties of L4, 23 - 25, and poly-23 - 25 have been studied
under a variety of conditions. The absorption spectrum of L4 (Figure 43) displays a broad
band centered at 400 nm with a molar absorption coefficient of 6.5 × 104 L mol-1 cm-1,
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which is red shifted compared to Phen (λmax = 290 nm) due to the extended conjugation.
The absorption spectra of 23 - 25 show singlet-singlet π–π* transitions of L4 maximized
at 425 nm, which is red shifted compared with the free L4 due to the geometry change
caused by the coordination to the metal center. Besides the L4 absorption, the absorption
spectra of 23 - 25 also have the π–π* transitions of β-diketones at 350, 325, and 338 nm
for DBM, BTFA, and TTA, respectively.

Figure 43. UV-Vis absorption spectra of L4 (-), complexes 23 (■), 24 (o) and 25 (Δ) in
CH2Cl2 at RT.
The emission and excitation spectra of L4 at room temperature in CH2Cl2 are
consistent with fluorescence emission (Фfl = 0.26) from the direct population of the
singlet excited state (Figure 44). The emission spectra of 23 - 25 when excited at 425 nm
show the exclusive NIR emission bands characteristic of Nd3+ ion. As shown in Figure
44, three lines at 899, 1053, and 1360 nm corresponding to transitions from 4F3/2 → 4IJ/2,
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(J = 9, 11, 13, respectively) were observed for 23. The corresponding emission peaks for
24 and 25 appeared at 894, 1059, 1332 and 899, 1062, 1333 nm, respectively. The
excitation spectrum of 23 was recorded by monitoring the emission intensity at 1063 nm.
The observed transitions correspond to the absorption profile of the ligands thus
confirming that energy transfer takes place from the ligands to the Nd3+ ion. The
luminescent quantum yields of 23, 24 and 25 in CH2Cl2 are 5.9%, 6.3% and 16.1%,
respectively. The lifetimes of 23, 24 and 25 in CH2Cl2 are 59, 78 and 145 µs,
respectively.

Figure 44. Left: Photophysical properties of L4 (blue), 23 (red), 24 (black) and 25 (green)
recorded in CH2Cl2 at RT, dotted line: excitation profile; solid line: emission
profile. Right: Photophysical properties of poly-25 recorded in DMF at RT.
UV-Vis absorbance (black), excitation (red), and emission (blue).
The metallopolymer emission is only observed for poly-25. Figure 44 shows the
photophysical profiles of a film of poly-25 dissolved in DMF at RT. The UV-Vis
absorbance spectroscopy displays a very broad band characteristic of the extended
aromatic system of a conducting metallopolymer structure which is red-shifted from that
of L4 and 25. The excitation spectrum of poly-25 is less broad and blue-shifted relative to
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the absorption spectrum suggesting that the energy transfer takes place from a localized
excited state. This is consistent with energy transfer from the polymer backbone to the
Nd3+. The emission spectrum measured with 425 nm as the excitation wavelength
features a manifold of two strong NIR transitions with the maxima at 884 and 1055 nm,
along with a weak band at 1345 nm. The luminescent quantum yield and lifetime of poly25 is 1.7% and 17 µs, respectively.
When we discuss the photophysics of complex 26, we include complex 13 and 20
as a comparison to study which ligand (L2, L3 and L4) is the best antenna for sensitizing
Yb3+ emission. The UV-Vis absorption spectra of the ligands show that L4 has the
highest molar absorption coefficient of 6.5 × 104 L mol-1 cm-1 with a broad band centered
at 400 nm (Figure 45). From the phosphorescence spectra of the ligands in a 2:2:1:1
mixture of ethyl iodide-ether-ethanol-toluene at 77 K, the triplet excited state energy
levels of the ligands were obtained (Table 13). The energy gap between the ligand triplet
excited state and the 4f resonance level of Yb3+ ion (10 300 cm-1) varies from 11 000 cm-1
for L2 to 6 100 cm-1 for L3 and 2 122 cm-1 for L4. Due to the lack of the quantum yield
reports of NIR emitting lanthanide complexes, no optimum energy gap between the
ligand triplet excited state and lanthanide excited state has been proposed. Herein,
through varying the polymerization groups, we can adjust the triplet excited state energy
levels of the organic ligands and thus find the proper energy gap for efficient NIR
emission.
Table 13. Triplet excited state energy and lifetime of the ligands in a 2:2:1:1 mixture of
ethyl iodide-ether-ethanol-toluene at 77 K.
Ligands
L2
L3
L4

Triplet excited state energy (cm-1)
21 300
17 400
12 422
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Lifetime (μs)
39
46
68

The absorption spectra of 13, 20 and 26 have the common π–π* transitions of
DBM at 350 nm. Due to the π–π* transitions of L3, the absorption profile of complex 20
shows a small shoulder at 410 nm. The extended conjugation length of L4 features the
absorption spectrum of 26 with two peaks at 350 and 430 nm. The UV-Vis absorption
spectra of poly-20 and poly-26 display very broad bands characteristic of the extended
aromatic system of a conducting metallopolymer structure centered at 430 and 460 nm
respectively.

Figure 45. Left: UV-Vis of ligands in CH2Cl2 and polymers recorded as a thin film on
ITO coated glass at RT. Right: Emission spectra of complexes in CH2Cl2
and polymers recorded in DMF at RT.
The emission and excitation spectra of ligands at room temperature in CH2Cl2 are
consistent with fluorescence emission from the direct population of the singlet excited
state (Figure 46). The emission spectra of complex 13, 20 and 26 (excited at 350 nm for
13 and 20, and 430 nm for 26) show the exclusive NIR emission bands characteristic of
Yb3+ ion. The prominent Yb3+ ion emission band centered at 970 nm is observed for all
the complexes, which is assigned to the 2F5/2 → 2F7/2 transition. It should be noted that the
Yb3+ ion emission band is not a single sharp transition but an envelope of bands (ca. 1000
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and 1040 nm) arising at the lower energy side than the primary band, which can be
explained by crystal field splitting. The metallopolymer emission is also observed for

Figure 46. The excitation (left) and emission (right) spectra of the ligands in CH2Cl2. L2,
black; L3, red; L4, blue.

Figure 47. The excitation spectra of the complexes in CH2Cl2. 13, black; 20, red; 26,
blue.
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poly-20 and poly-26 dissolved in DMF at RT (Figure 45). The emission spectra measured
with 430 nm as the excitation wavelength feature the NIR transitions with maxima at 978
nm, along with the envelop bands at lower resolution.
The excitation spectra of complexes were recorded by monitoring the emission
intensity at 978 nm, which overlapped well with their UV-Vis absorption spectra thus
confirming that energy transfer takes place from the ligands to the Yb3+ ion (Figure 47).
Photophysical studies (Table 14) show that the highest energy gap (11 000 cm-1) of 13
gives the lowest quantum efficiency, and the smaller energy gap (6 100 cm-1) of 20 gives
the relatively higher quantum efficiency. Notably, the smallest energy gap (2 122 cm-1) of
26 exhibits the highest quantum yield of 5.4% reported to date for Yb3+ complexes with
organic ligands containing C-H bonds. The quantum yield data indicate that the energy
transfer from the organic ligand to Yb3+ ion is favored with a small energy gap of 2 122
cm-1.
Table 14. Luminescent properties of the complexes in CH2Cl2 and poly-20 and poly-26 in
DMF at RT.
Compound
Quantum yield (%)
Lifetime (μs)

13
0.53
9.8

20
2.1
17.3

26
5.4
22.7

Poly-20
0.11
16.4

Poly-26
0.19
11.6

CONCLUSION
In summary, we have successfully demonstrated the synthesis of NIR emitting
lanthanide containing conducting metallopolymers. Most of the monomer complexes
have been characterized by X-ray diffraction analysis. These structures, which display
pure NIR Ln3+-based luminescence via stimulated excitation, are assembled from a wellcharacterized Ln3+ containing monomer via controlled electropolymerization. This new
class of materials is promising to develop PLEDs which function in the NIR wavelength
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region. Nd3+ complex 23 with DBM as the ancillary diketones shows the highest quantum
yield.

Yb3+

complexes

with

bis(2,2’-bithienyl-5-yl)-1,10-phenanthroline

as

the

polymerizable ligand show the best electropolymerization performance and highest
luminescent quantum yield. The triplet excited state energy measurements of a series of
ligands shed light on our further study of the optimal energy gap for efficient NIR
lanthanide emission, which is of great significance for the screening of potential organic
antennas. Of importance here is the observation of NIR luminescence of Yb3+ containing
metallopolymers, which has rarely been explored. The excellent NIR properties provide
access to NIR luminescent polymer materials for optical applications. By changing the
lanthanide centers, it should be possible to extend the emission to the 1500 nm range and
thus provide low cost solutions for the ‘fiber to the home’ telecommunication problem.
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CRYSTALLOGRAPHIC DATA
Table 15. Crystal data and structure refinement for 13.
formula

C72H53N2O6S2Yb

fw

1279.32

T (K)

153(2)

crystal system

Monoclinic

space group

P21/n

a (Å)

17.9680(2)

b (Å)

14.3790(2)

c (Å)

24.8860(3)

β (deg)

110.8340(5)

V (Å3)

6009.19(13)

Z

4

ρ (g/cm3)

1.414

μ (mm-1)

1.681

F(000)

2596

crystal size (mm)

0.16 × 0.10 × 0.08

θ (deg)

1.86 to 27.49

Index ranges

-23  h  23
-18  k  18
-32  l  32

Reflns collected
Independent reflns
Absorption correction

25624
13773,
Rint = 0.0306
Semi-empirical from equivalents

Max. and min. transmission
GOF on F2

0.877 and 0.818

R1, R2 [I > 2σ (I)]

0.0358, 0.0836

R1, R2 (all data)

0.0588, 0.0898

Largest diff. peak and hole (e·Å-3)

1.419 and -1.030

1.015
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Table 16. Selected bond lengths [Å] and angles [°] for 13.
Bond distances (Å)
Yb1-O1C

2.258(2)

Yb1-N2

2.545(2)

Yb1- O2C

2.259(2)

Yb1- N1

2.534(2)

Yb1- O1A

2.260(2)

C13- C14

1.374(6)

Yb1- O2B

2.266(2)

S1- C16

1.714(4)

Yb1- O2A

2.277(2)

S2- C17

1.675(5)

Yb1- O1B

2.284(2)

S2- C20

1.726(6)

O1C-Yb1-O2C

73.08(7)

O1A-Yb1-O2A

73.00(7)

O1C-Yb1-O1A

74.00(7)

O2B-Yb1-O2A

75.96(8)

O2C-Yb1-O1A

146.15(7)

O1C-Yb1-O1B

77.31(8)

O1C-Yb1-O2B

139.92(7)

O2C-Yb1-O1B

86.60(7)

O2C-Yb1-O2B

78.23(8)

O1A-Yb1-O1B

78.74(7)

O1A-Yb1-O2B

125.00(7)

O2B-Yb1-O1B

73.57(8)

O1C-Yb1-O2A

142.12(7)

O1C-Yb1-N1

75.34(8)

O2C-Yb1-O2A

140.66(8)

O2B-Yb1-N1

138.16(8)

Bond angles (º)
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Table 17. Crystal data and structure refinement for 14.
formula

C75H55N2NdO10S2

fw

1352.57

T (K)

153(2)

crystal system

Monoclinic

space group

P21/n

a (Å)

18.028(4)

b (Å)

17.284(4)

c (Å)

19.998(4)

β (deg)

100.11(3)

V (Å3)

6134(2)

Z

4

ρ (g/cm3)

1.465

μ (mm-1)

0.980

F(000)

2764

crystal size (mm)

0.25 × 0.22 × 0.19

θ (deg)

2.93 to 27.49

Index ranges

-23  h  23
-22  k  22
-25  l  25

Absorption correction

Gaussian

Max. and min. transmission
GOF on F2

0.8762 and 0.6650

R1, R2 [I > 2σ (I)]

0.0360, 0.0883

R1, R2 (all data)

0.0497, 0.0945

Largest diff. peak and hole (e·Å-3)

1.070 and -0.805

1.001
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Table 18. Selected bond lengths [Å] and angles [°] for 14.
Bond distances (Å)
Nd1-O5B

2.3542(18)

Nd1-O5A

2.3946(19)

Nd1-O5

2.3663(19)

Nd1-O6B

2.4029(19)

Nd1-O6A

2.3900(18)

Nd1-O6

2.4319(19)

S1-C6

1.689(3)

S1-C1

1.714(3)

O5B-Nd1- O5

89.54(7)

O5B-Nd1-O6A

156.88(6)

O5-Nd1-O6A

80.06(7)

O5B-Nd1-O5A

132.72(6)

O5-Nd1-O5A

110.94(7)

O6A-Nd1-O5A

70.39(7)

O5B-Nd1-O6B

70.54(6)

O5-Nd1-O6B

79.31(7)

O6A-Nd1-O6B

87.17(7)

O5A-Nd1-O6B

152.48(6)

O5B-Nd1-O6

71.56(7)

O5-Nd1-O6

70.82(7)

O6A-Nd1-O6

122.89(6)

O5A-Nd1-O6

75.81(6)

O6B-Nd1-O6

131.23(6)

O5B-Nd1-N1

74.05(7)

Bond angles (º)
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Table 19. Crystal data and structure refinement for 15 and 16.
15

16

formula

C68H50F9N2NdO10S2

C55H36F9N2NdO10S5

fw

1434.46

1360.40

T (K)

153(2)

153(2)

crystal system

Triclinic

Triclinic

space group

P-1

P-1

a (Å)

11.845(2)

17.058(3)

b (Å)

16.396(3)

17.578(4)

c (Å)

17.674(4)

23.377(5)

α (deg)

90.22(3)

109.64(3)

β (deg)

106.92(3)

109.22(3)

γ (deg)

108.44(2)

93.18(3)

V (Å3)

3097.7(11)

6124(2)

Z

2

4

ρ (g/cm3)

1.538

1.475

μ (mm-1)

0.995

1.100

F(000)

1450

2724

crystal size (mm)

0.19 × 0.08 × 0.06

0.13 × 0.10 × 0.06

θ (deg)

3.01 to 25.00

2.94 to 25.00

Index ranges

-14  h  13

-19  h  20

-18  k  19

-20  k  20

-21  l  18

-25  l  27

Absorption correction

Gaussian

Gaussian

Max. and min. transmission
GOF on F2

0.9427 and 0.8335

0.9369 and 0.8702

1.013

1.031

R1, R2 [I > 2σ (I)]

0.0645, 0.1275

0.1055, 0.2821

R1, R2 (all data)

0.1239, 0.1528

0.1727, 0.3378

Largest diff. peak and hole (e·Å-3)

1.004 and -0.855

-1.491 and 5.571
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Table 20. Selected bond lengths [Å] and angles [°] for 15 and 16.
15
Bond distances (Å)
Nd1-O5A
2.399(5)

Nd1-O5B

2.400(5)

Nd1-O6

2.402(4)

Nd1-O6A

2.411(5)

Nd1-O5

2.416(5)

Nd1-O6B

2.427(5)

Nd1-N2

2.641(5)

Nd1-N1

2.650(6)

O5A-Nd1-O5B

74.13(16)

O5A-Nd1-O6

73.75(16)

O5B-Nd1-O6

72.46(15)

O5A-Nd1-O6A

70.42(16)

O5B-Nd1-O6A

128.27(16)

O6-Nd1-O6A

128.53(16)

O5A-Nd1-O5

87.46(16)

O5B-Nd1-O5

141.98(15)

O6-Nd1-O5

70.51(15)

O6A-Nd1-O5

72.18(16)

O5A-Nd1-O6B

89.86(16)

O5B-Nd1-O6B

69.10(16)

Bond angles (º)

16
Bond distances (Å)
Nd1-O6A

2.390(5)

Nd1-O5

2.403(4)

Nd1-O6B

2.406(5)

Nd1-O6

2.417(5)

Nd1-O5A

2.446(4)

Nd1-N2

2.610(5)

Nd1-O5B

2.372(5)

Nd1-N1

2.648(5)

O5B-Nd1-O6A

125.18(16)

O5B-Nd1-O5

134.97(18)

O6A-Nd1-O5

73.54(17)

O5B-Nd1-O6B

71.65(17)

O6A-Nd1-O6B

74.34(18)

O5-Nd1-O6B

76.85(16)

O5B-Nd1-O6

73.80(16)

O6A-Nd1-O6

139.05(17)

O5-Nd1-O6

69.74(18)

O6B-Nd1-O6

80.20(18)

O5B-Nd1-O5A

79.06(17)

O6A-Nd1-O5A

69.96(16)

Bond angles (º)
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Table 21. Crystal data and structure refinement for 18 and 19.
18

19

formula

C68H50ErF9N2O10S2

C55H36ErF9N2O10S5

fw

1457.48

1383.42

T (K)

153(2)

153(2)

crystal system

Triclinic

Triclinic

space group

P-1

P-1

a (Å)

11.969(2)

12.054(2)

b (Å)

16.260(3)

16.384(3)

c (Å)

17.851(4)

17.382(4)

α (deg)

91.68(3)

77.74(3)

β (deg)

106.70(3)

70.37(4)

γ (deg)

109.06(2)

71.05(3)

V (Å3)

3115.8(11)

3037.3(12)

Z

2

2

ρ (g/cm3)

1.554

1.513

μ (mm-1)

1.502

1.636

F(000)

1466

1378

crystal size (mm)

0.20 × 0.18 × 0.15

0.18 × 0.15 × 0.10

θ (deg)

3.03 to 25.00

1.71 to 25.00

Index ranges

-14  h  12

-13  h  14

-19  k  19

-19  k  19

-20  l  21

-20  l  20

Absorption correction

Gaussian

Gaussian

Max. and min. transmission
GOF on F2

0.8060 and 0.7532

0.8535 and 0.7572

1.029

1.072

R1, R2 [I > 2σ (I)]

0.0750, 0.1902

0.0813, 0.2195

R1, R2 (all data)

0.1104, 0.2176

0.0970, 0.2394

Largest diff. peak and hole (e·Å-3)

3.305 and -1.160

3.044 and -2.122
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Table 22. Selected bond lengths [Å] and angles [°] for 18 and 19.
18
Bond distances (Å)
Er1-O5A
2.283(6)

Er1-O6

2.308(6)

Er1-O6A

2.310(7)

Er1-O5

2.315(7)

Er1-O5B

2.316(6)

Er1-O6B

2.326(7)

Er1-N1

2.536(7)

Er1-N2

2.537(8)

O5A-Er1-O6

75.3(2)

O5A-Er1-O6A

73.0(2)

O6-Er1-O6A

134.0(2)

O5A-Er1-O5

86.8(2)

O6-Er1-O5

72.7(2)

O6A-Er1-O5

73.1(3)

O5A-Er1-O5B

73.3(2)

O6-Er1-O5B

71.6(2)

O6A-Er1-O5B

127.4(3)

O5-Er1-O5B

142.4(2)

O5A-Er1-O6B

95.0(2)

O6-Er1-O6B

143.0(2)

Bond angles (º)

19
Bond distances (Å)
Er1-O5

2.302(7)

Er1-O6A

2.304(7)

Er1-O6

2.308(7)

Er1-O5B

2.310(7)

Er1-O6B

2.320(7)

Er1-O5A

2.328(7)

Er1-N2

2.520(8)

Er1-N1

2.534(7)

O5-Er1-O6A

124.0(3)

O5-Er1-O6

73.8(3)

O6A-Er1-O6

73.3(3)

O5-Er1-O5B

138.3(3)

O6A-Er1-O5B

74.3(3)

O6-Er1-O5B

77.9(3)

O5-Er1-O6B

73.9(3)

O6A-Er1-O6B

140.8(3)

O6-Er1-O6B

80.8(3)

O5B-Er1-O6B

71.8(3)

O5-Er1-O5A

74.1(3)

O6A-Er1-O5A

72.8(2)

Bond angles (º)
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Table 23. Crystal data and structure refinement of 20.
formula

C90H73N2O10S2Yb

fw

1579.66

T (K)

153(2)

crystal system

Monoclinic

space group

P21/c

a (Å)

18.587(3)

b (Å)

18.122(2)

c (Å)

22.505(2)

β (deg)

91.57(1)

V (Å3)

7577.7(16)

Z

4

ρ (g/cm3)

1.385

μ (mm-1)

1.352

F(000)

3236

crystal size (mm)

0.32 × 0.26 × 0.20

θ (deg)

2.91 to 27.48

Index ranges

-22  h  22
-21  k  20
-26  l  26

Absorption correction

GOF on F2

Gaussian
0.6552 and
0.7561
1.084

R1, R2 [I > 2σ (I)]

0.0383, 0.0848

R1, R2 (all data)

0.0621, 0.0954

Largest diff. peak and hole (e.Å-3)

0.929 and -1.052

Max. and min. transmission
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Table 24. Selected bond lengths [Å] and angles [°] of 20.
Bond distances (Å)
Yb1-O5

2.257(3)

Yb1-O6A

2.262(3)

Yb1-O6

2.265(3)

Yb1-O5A

2.277(3)

Yb1-O5B

2.287(3)

Yb1-O6B

2.305(3)

Yb1-N1

2.517(3)

Yb1-N2

2.543(4)

S1-C1

1.720(5)

S1-C6

1.724(5)

S2-C20

1.717(6)

S2-C19

1.724(5)

N1-C11

1.324(5)

N1-C10

1.361(5)

O5-Yb1-O6A

82.70(11)

O5-Yb1-O6

73.36(11)

O6A-Yb1-O6

77.94(11)

O5-Yb1-O5A

78.31(11)

O6A-Yb1-O5A

74.42(10)

O6-Yb1-O5A

142.45(10)

O5-Yb1-O5B

146.48(11)

O6A-Yb1-O5B

76.91(10)

O6-Yb1-O5B

76.51(11)

O5A-Yb1-O5B

120.21(11)

O5-Yb1-O6B

139.94(11)

O6A-Yb1-O6B

118.44(11)

O6-Yb1-O6B

140.67(10)

O5A-Yb1-O6B

75.98(10)

O5B-Yb1-O6B

73.58(11)

O5-Yb1-N1

105.65(11)

O6A-Yb1-N1

144.06(11)

O6-Yb1-N1

71.55(11)

O5-Yb1-N2

74.59(11)

O6B-Yb1-N1

77.64(10)

O5B-Yb1-N1

77.89(11)

O5A-Yb1-N1

141.18(11)

O6A-Yb1-N2

148.57(11)

O6-Yb1-N2

114.76(11)

Bond angles (º)
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Table 25. Crystal data and structure refinement for 23 and 24.
23

24

formula

C167H122N4Nd2O12S8 C64H39ClF9N2NdO6S4

fw

2921.65

1410.90

T (K)

153(2)

153(2)

crystal system

triclinic

triclinic

space group

P-1

P-1

a (Å)

14.0286(2)

12.00700(10)

b (Å)

17.0151(3)

14.3083(2)

c (Å)

17.0821(4)

18.8278(2)

α (deg)

104.7895(7)

71.2200(10)

β (deg)

107.3236(7)

77.1200(10)

γ (deg)

107.8097(10)

73.6600(10)

V (Å3)

3426.34(11)

2907.37(6)

Z

1

2

ρ (g/cm3)

1.416

1.612

μ (mm-1)

0.937

1.167

F(000)

1496

1414

crystal size (mm)

0.35 × 0.30 × 0.25

0.23 × 0.12 × 0.08

θ (deg)

2.97 to 25

1 to 27.5

Index ranges

-16  h  16

-15  h  15

-19  k  20

-18  k  18

-19  l  20

-24  l  19

Absorption correction

Gaussian

Multi-scan

Max. and min. transmission
GOF on F2

0.5987 and 0.6892

0.72 and 0.91

0.911

1.046

R1, R2 [I > 2σ (I)]

0.0780, 0.1863

0.0296, 0.0625

R1, R2 (all data)

0.1216, 0.2232

0.0391, 0.0667

Largest diff. peak and hole (e·Å-3)

3.910 and -0.870

1.003 and -0.824

118

Table 26. Selected bond lengths [Å] and angles [°] of 23.
Bond distances (Å)
Nd1-O1B

2.291(9)

Nd1 O2B

2.372(9)

Nd1-O1

2.342(9)

Nd1-O2

2.372(9)

Nd1-O2A

2.440(9)

Nd1-O1A

2.434(10)

Nd1-N1

2.645(11)

Nd1-N2

2.668(11)

S1-C1

1.714(15)

S1-C4

1.754(19)

S2-C8

1.646(15)

S2-C5

1.759(16)

O1B-Nd1-O1

144.9(3)

O1B-Nd1-O2B

71.1(3)

O1-Nd1-O2B

73.9(3)

O1B-Nd1-O2

143.4(3)

O1-Nd1-O2

71.1(3)

O2B-Nd1-O2

144.7(3)

O1B-Nd1-O2A

80.6(3)

O1-Nd1-O2A

128.1(3)

O2B-Nd1-O2A

134.3(3)

O2-Nd1-O2A

73.9(3)

O1B-Nd1-O1A

102.4(3)

O1-Nd1-O1A

74.5(3)

O2B-Nd1-O1A

81.1(3)

O2-Nd1-O1A

93.5(3)

O2A-Nd1-O1A

70.7(3)

O1B-Nd1-N1

70.5(3)

O1-Nd1-N1

127.9(3)

O2B-Nd1-N1

120.5(3)

O2-Nd1-N1

79.5(3)

O2A-Nd1-N1

80.1(3)

O1A-Nd1-N1

150.7(3)

O1B-Nd1-N2

93.9(3)

O1-Nd1-N2

76.2(3)

O2B-Nd1-N2

78.2(3)

Bond angles (º)
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Table 27. Selected bond lengths [Å] and angles [°] of 24.
Bond distances (Å)
Nd1-O6

2.3763(15)

Nd1-O2

2.3837(15)

Nd1-O4

2.4065(16)

Nd1-O5

2.4199(16)

Nd1-O1

2.4228(15)

Nd1-O3

2.4325(16)

Nd1-N2

2.5970(17)

Nd1-N1

2.6359(18)

S3-C20

1.719(2)

S3-C17

1.732(2)

S2-C5

1.727(2)

S2-C8

1.728(2)

O6-Nd1-O2

79.16(6)

O6-Nd1-O4

77.71(6)

O2-Nd1-O4

73.83(5)

O6-Nd1-O5

70.03(5)

O2-Nd1-O5

86.57(6)

O4-Nd1-O5

144.88(5)

O6-Nd1-O1

130.31(5)

O2-Nd1-O1

70.82(5)

O4-Nd1-O1

127.10(5)

O5-Nd1-O1

69.53(6)

O6-Nd1-O3

146.31(6)

O2-Nd1-O3

86.29(5)

O4-Nd1-O3

69.06(5)

O5-Nd1-O3

139.61(5)

O1-Nd1-O3

70.58(6)

O6-Nd1-N2

118.10(6)

O2-Nd1-N2

151.01(5)

O4-Nd1-N2

130.20(5)

O5-Nd1-N2

78.98(5)

O1-Nd1-N2

80.58(5)

O3-Nd1-N2

88.64(5)

O6-Nd1-N1

83.61(5)

O2-Nd1-N1

145.90(5)

O4-Nd1-N1

73.86(5)

Bond angles (º)
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Table 28. Crystal data and structure refinement of 26.
formula

C73H49N2O6S4Yb

fw

1351.42

T (K)

153(2)

crystal system

Triclinic

space group

P-1

a (Å)

12.136(5)

b (Å)

16.461(5)

c (Å)

17.892(4)

α (deg)

91.682(5)

β (deg)

109.646(6)

γ (deg)

90.502(5)

3

V (Å )

3364(2)

Z

2
3

1.334

-1

μ (mm )

1.565

F(000)

1366

crystal size (mm)

0.15 × 0.08 × 0.05

θ (deg)

2.91 to 27.48

Index ranges

-14  h  14

ρ (g/cm )

-19  k  19
Absorption correction

-21  l  20
Gaussian

Max. and min. transmission
GOF on F2

0.7991 and 0.9258

R1, R2 [I > 2ζ (I)]

0.0931, 0.1904

R1, R2 (all data)
Largest diff. peak and hole (e.Å-3)

0.1887, 0.2222
1.331 and -0.697

0.989
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Table 29. Selected bond lengths [Å] and angles [°] of 26.
Bond distances (Å)
Yb1-O2

2.238(7)

Yb1-O4

2.263(7)

Yb1-O5

2.266(8)

Yb1-O3

2.267(8)

Yb1-O6

2.277(7)

Yb1-O1

2.283(8)

Yb1-N1

2.513(9)

Yb1-N2

2.548(8)

S1-C1

1.647(16)

S1-C4

1.679(17)

S2-C8

1.711(12)

S2-C5

1.719(11)

O2-Yb1-O4

74.3(3)

O2-Yb1-O5

137.8(3)

O4-Yb1-O5

73.8(3)

O4-Yb1-O3

74.2(3)

O2-Yb1-O3

81.9(3)

O5-Yb1-O3

114.6(3)

O2-Yb1-O6

148.0(3)

O4-Yb1-O6

123.9(3)

O5-Yb1-O6

74.0(3)

O3-Yb1-O6

79.2(3)

O2-Yb1-O1

72.8(3)

O4-Yb1-O1

138.9(3)

O5-Yb1-O1

146.3(3)

O3-Yb1-O1

77.4(3)

O6-Yb1-O1

78.0(3)

O2-Yb1-N1

105.3(3)

O4-Yb1-N1

141.6(3)

O5-Yb1-N1

83.9(3)

O3-Yb1-N1

144.1(3)

O6-Yb1-N1

77.0(3)

O3-Yb1-N2

147.8(3)

O5-Yb1-N2

74.9(3)

O1-Yb1-N1

71.8(3)

O2-Yb1-N2

72.9(3)

Bond angles (º)
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Chapter 4: Electrogenerated Chemiluminescence of Conducting
Metallopolymers Incorporating Cyclometalated Pt(II) Complexes
INTRODUCTION
Electrogenerated Chemiluminescence (ECL)
Electrogenerated chemiluminescence (ECL) is the process whereby species
generated at electrodes undergo high-energy electron-transfer reactions to form excited
states that emit light.1-6 ECL was first reported in the 1960s through the use of rubrene,
9,10-diphenylanthracene (DPA), and related compounds.7,8 Then in the 1970s, ECL was
observed by reacting electrogenerated [Ru(bpy)3]3+ (where bpy refers to 2,2’-bipyridine)
with tri-n-propylamine (TPrA) to create an electronically excited state that emits at
approximately 610 nm which has found broad applications in commercial ECL
immunoassays and DNA analyses.9 ECL based on Ru(bpy)32+ and its derivatives has
been mostly studied due to their good stability and high ECL efficiency in aqueous
media, favorable electrochemical properties, and compatibility with a wide range of
analytes. Ru(bpy)32+ ECL has been widely used for the determination of numerous
coreactants such as oxalate,10 alkylamines,11,12 amino acids,13 ascorbic acid,14 and many
pharmaceutical compounds.15 More importantly, the Ru(bpy)32+/TPrA ECL system could
provide extremely sensitive label detection at subpicomolar concentration as well as an
extremely wide dynamic range of greater than six orders of magnitude. After more than
40 years of study, ECL has now become a very powerful analytical technique and been
widely used in the areas of, for example, immunoassay, food and water testing, and
biowarfare agent detection.4 ECL has also been successfully exploited as a detector of
flow injection analysis (FIA), high-performance liquid chromatography (HPLC),
capillary electrophoresis, and micro total analysis.4
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There are two dominant pathways through which ECL can be produced, namely
the annihilation and coreactant pathways. Although modern ECL applications are almost
exclusively based on coreactant ECL, the early ECL studies originated with ion
annihilation ECL. In the annihilation pathway (Scheme 5), both oxidized (D+) and
reduced species (A-) are produced on the electrode surface by a potential step or sweep.
These species then undergo high energy electron transfer reactions to produce a ground
(D) state and an electronically excited state (A*) which then relaxes by emission.

Scheme 5. Ion annihilation pathway of ECL. A and D could be the same species. Adapted
from reference 4.
At present, all commercially available ECL analytical instruments are based on
coreactant ECL technology. Therefore, understanding the ECL mechanisms of the
relevant systems is important. Unlike ion annihilation ECL, in which electrolytic
generation of both the oxidized and reduced ECL precursors are required, coreactant ECL
is usually generated by one directional potential scanning on the electrode in the presence
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of both the luminophore and a deliberately added reagent (coreactant). Depending on the
polarity of the applied potential, both the luminophore and the coreactant species can be
first oxidized or reduced at the electrodes to form radicals. The intermediates arised from
the coreactant then decompose to produce a powerful reducing or oxidizing species that
reacts with the oxidized or reduced luminophore to produce the excited states that emit
light. For example, oxalate ion (C2O42-) is the first coreactant discovered.10 ECL of
Ru(bpy)32+/oxalate system is produced as follows.

Scheme 6. Coreactant ECL of Ru(bpy)32+. Adapted from reference 1.
In an aqueous solution, Ru(bpy)32+ is first oxidized at the electrode to the
Ru(bpy)33+ cation, which is then capable of oxidizing the oxalate (C2O42-) in the diffusion
layer close to the electrode surface to form an oxalate radical anion (C2O4•-). This radical
anion can rapidly form a highly reducing radical anion (CO2•-), which then either reduces
the Ru(bpy)33+ complex to from excited state (Ru(bpy)32+*) or reduces Ru(bpy)32+ to form
Ru(bpy)3+ that reacts with Ru(bpy)33+ to generate the excited state. The excited state
emits light with λmax ∼ 620 nm.

125

ECL is a form of chemiluminescence (CL). CL is the emission of light with
limited emission of heat (luminescence), as the result of a chemical reaction. There are
numerous reactions where the decomposition of the species results in the production of
excited states and emission. In contrast, the excited state and emission in ECL is initiated
and controlled by changing an electrode potential. As an analytical tool, ECL has several
advantages: (1) we can have time and position control. (2) The generation of the excited
states in ECL can be selectively controlled by varying the electrode potentials, which
makes ECL more selective than CL. (3) ECL is usually a nondestructive technique. The
ECL emitters can be regenerated after the ECL emission. Since ECL is a combination
between electrochemical and spectroscopic methods, it has many distinct advantages over
other spectroscopy-based detection systems. For example, ECL does not need a light
source which excludes a background optical signal.
ECL of Metal Complexes
Metal complexes are important in the rapid development of ECL from a
laboratory curiosity to a useful analytical technique. In particular, Ru(bpy)32+ and its
derivatives have played a pivotal role because of their excellent properties in
photochemistry, electrochemistry, and spectroscopic qualities required of ECL
luminophores.2,16,17 In early 1980s a method for the binding of Ru(bpy)32+ to target
biomolecules (e.g. antibodies, proteins, and nucleic acids) triggered the renewed interest
in discovering new ECL luminophores. Although Ru(bpy)32+ is an ideal luminophore for
selective and sensitive analytical methods, it would be useful to have other ECL labels
with a wide range of wavelengths so that simultaneous determination of several species
in a single sample is possible.
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Ru(bpy)32+ has become the most thoroughly studied ECL molecule for a number
of reasons: (1) Strong luminescence. (2) Strong solubility in both aqueous and
nonaqueous solution at room temperature. (3) Reversible one-electron transfer reactions
at easily attainable potentials. (4) Stable reduced and oxidized species. Ru(bpy)32+ has a
photoluminescence efficiency of 6.82% and an ECL efficiency of 5%.1 Different organic
ligands bound to Ru2+ have been studied, such as 2-(2-pyridyl)-benzimidazole (PBIm-H),
2-(2-pyridyl)-N-methylbenzimidazole (PBIm-Me), 4,4′-dimethyl-2,2′-bipyridyl (dmbpy),
and 1,10-phenanthroline (phen).1 The ECL efficiency generally increases as fewer
electron-donating ligands are introduced to the complexes. Because the donor property of
the ligands increases in the order of phen < bpy < dmbpy , PBIm-Me < PBIm-H, the ECL
efficiency of the Ru(II) complexes decreases in the order of phen > bpy > dmbpy >
PBIm-Me > PBIm-H.
The extension of Ru(bpy)32+ ECL to the osmium system has been limited due to
the large spin-orbit coupling in the osmium system which causes shorter excited state
lifetime and lower emission efficiencies. The first report of osmium ECL was
Os(phen)32+ in DMF which has an ECL efficiency of 40% using Ru(bpy)32+ at 100% as a
relative standard.18
Extremely efficient ECL from cyclometalated Ir3+ complexes has been recently
reported, in which the ECL efficiency values from some chelates were even higher than
the corresponding photoluminescence efficiencies.19 The first group of complexes have a
common formula of (pq)2Ir(L), in which pq is a 2-phenylquinoline anion and L is a
monoanionic bidentate ligand, e.g. acetylacetonate (acac) and picolinate (pico). Their
electrochemical and spectroscopic behaviors are similar to those of Ru(bpy)32+.
[(ppy)2Ir(L)]+, where ppy = 2-phenylpyridine anion and L = bpy and phen, show
maximum emissions from photoluminescence and ECL all close to 605 nm. The TPrA
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coreactant ECL intensities of [(ppy)2Ir(L)]+ are 2 (L = bpy) and 4 (L = phen) times of the
Ru(bpy)32+/TPrA system, respectively.20
Compared with Ru2+ and Ir3+ complexes, the ECL study of Pt2+ complexes are
relatively rare. ECL emission from Pt(q)2 (q = 8-quinolato) was generated by a terminal
voltage of 4 V. The source of ECL was annihilation of the Pt(q)2+ and Pt(q)2- species.21
ECL of Pt(II) octaethyl porphyrin, PtOEP, was generated by the recombination of radical
cation and anion of PtOEP with a low efficiency.22
ECL of Polymer Films
There are limited studies dealing with ECL from pure active materials deposited
as

solid films

on

electrodes.

The

ECL properties

of the

metallopolymer

[Ru(bpy)2(PVP)10]2+, where PVP is poly(4-vinylpyridine), have been studied in detail
predominantly through the use of oxalate, TPrA, and other small molecules as
coreactants.23 The concentrations of luminophores in thin films are much higher than
those in solution phase, typically micromolar in solution compared to molar
concentrations within films. The high concentrations found in thin films may limit the
overall luminescence efficiency by self-absorbance in light-stimulated emission.
However, surface immobilization may bring significant positive benefits. For example,
the overall efficiency of the ECL for the metallopolymer film is almost four times higher
than that for [Ru(bpy)2(PVP)10]2+ dissolved in solution.
ECL of tris(4-vinyl-4’-methyl-2,2’-bipyridyl)ruthenium(II) has been reported by
electropolymerization of ruthenium monomer complex on the electrode. When the
potential is pulsed between +1.5 and -1.5 V (vs SCE) in an acetonitrile electrolyte, the
modified electrodes exhibit an orange luminescence (650 nm).24
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ECL of polymers is attractive for light-emitting devices, but there are still many
issues for practical application. The operation theory and degradation mechanism are still
under investigation.
Scope of Our Research
Although a large body of literature regarding electrophosphorescent heavy-metal
complexes has been reported, utilization of Pt(II) complexes in conducting polymers for
PLEDs application has not been widely studied. In particular, the ECL study of
conducting metallopolymers is rather rare. To advance the development of novel Pt(II)containing conducting metallopolymers to fill this gap, I take advantage of the
luminescence of cyclometalated Pt(II) complexes coupled with the electrically
conducting character of polythiophene systems. Three new ligands, 2,6-di(thiophen-2yl)pyridine (L5), 1,3-bis[5-(3,4-dibutyl-2,2’:5,2’’-terthiophene)-pyridine-2-yl]benzene
(L6), and 1,3-bis(4-(3,4-dioctyl-2,2’:5’,2’’-terthiophene)-1H-pyrazol-1-yl)benzene (L7)
were prepared. I have chosen the cyclometalated Pt(II) complexes of the N^C^N- and
S^N^C-coordinating ligands considering the strong ligand field influence of the aromatic
carbon atom, which increases the energy gap of the metal centered excited states, thus
preventing the quenching by fast radiationless decay through the metal centered states.25
The cyclometalated Pt(II) complexes have been prepared and characterized. Conducting
metallopolymer films have been prepared through electropolymerization. The
photophysical properties and ECL of the Pt(II) complexes and their corresponding
polymers have been studied.
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EXPERIMENTAL
General Methods
Air- and moisture-sensitive reactions were carried out in oven-dried glassware
using standard Schlenk techniques under an inert atmosphere of dry argon. Dry DMF was
used from EMD as sure-seal bottles. Bromine was obtained from EMD. 3,4Dibromothiophene was purchased from Oakwood. Magnesium turnings were purchased
from J. T. Baker. Tri-n-butyltin chloride and 1,3-benzenediboronic acid were purchased
from Alfa Aesar. 1,3-Bis(diphenylphosphino)propane nickel(II) chloride and transdichlorobis(triphenylphosphine)palladium(II) were obtained from Strem. Toluene, diethyl
ether and CH2Cl2 were dried using a double-column anhydrous solvent system
(Innovative Technologies, Newburyport, MA) and further degassed via nitrogen purge
prior to use. Other reagents were used as received from Aldrich. NMR spectra were
recorded with Varian 400 MHz (1H and 13C{1H}) spectrometer. High- and low-res mass
spectrometry was carried out by Thermo Finngan TSQ 700 and Waters Autospec Ultima.
Elemental analysis was performed by QTI, Whitehouse, NJ (www.qtionline.com). X-ray
photoelectron spectroscopy (XPS) was carried out on a PHI 5700 XPS system equipped
with a dual Mg X-ray source and monochromatic Al X-ray source complete with depth
profile and angle-resolved capabilities. The microwave assisted reaction was performed
in a CEM Discover reactor.
Crystal Structure Determination
A suitable crystal was mounted on a glass fiber and placed in the low-temperature
nitrogen stream. The data were collected on a Nonius Kappa CCD diffractometer using a
graphite monochromator with MoK radiation ( = 0.71073Å). Data reduction was
performed using DENZO-SMN.26 The structure was solved by direct methods using
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SIR9727 and refined by full-matrix least-squares on F2 with anisotropic displacement
parameters for the non-H atoms using SHELXL-97.28
Electrochemistry
Electrochemical syntheses and studies were performed in a dry-box under a
nitrogen atmosphere using a GPES system from Eco. Chemie B. V.. All the
electrochemical experiments were carried out in a three-electrode cell with a Ag/AgNO3
reference electrode (silver wire dipped in a 0.01 M silver nitrate solution with 0.1 M
TBAPF6 in CH3CN), a Pt button working electrode, and a Pt wire coil counter electrode.
Potentials were relative to this 0.01 M Ag/AgNO3 reference electrode. Ferrocene was
used as an external reference to calibrate the reference electrode before and after
experiments were performed and that value was used to correct the measured potentials.
The supporting electrolyte was 0.1 M TBAPF6 that was purified by recrystallization three
times from hot ethanol before being dried for 3 days at 100 oC under active vacuum.
Photoluminescent Measurements
Absorption spectra were recorded on a Varian Cary 6000i spectrophotometer with
Starna Quartz Fluorometer Cells with a pathlength of 10 mm. Luminescent measurements
were recorded on a Photon Technology International QM 4 spectrophotometer equipped
with a 6-inch diameter K Sphere-B integrating sphere. Quantum yields Q have been
calculated using the equation Qx/Qr = Ax·nx2·/ Ar·nr2, where x refers to the sample, and r,
to the reference; A is the integrated area under the emission spectrum, and n is the
refractive index of the solution. All photoluminescent measurements of polymer films
were performed on films that were fully reduced.
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Electrogenerated Chemiluminescence Measurements
The electrochemical cell is composed of an ITO working electrode, a Ag wire
quasireference electrode in non-aqueous solution and a Pt wire counter electrode. Cyclic
voltammograms (CVs) were recorded on a model 660 electrochemical workstation (CH
Instruments, Austin, TX). Faradaic current and ECL transients were simultaneously
recorded using an Autolab electrochemical workstation (Eco Chemie, The Netherlands)
coupled with a photomultiplier tube (PMT, Hammamatsu R4220p, Japan) held at -750 V
with a high-voltage power supply (Kepco, Flushing, NY). The photocurrent produced at
the PMT was converted to a voltage signal with an electrometer/high resistance system
(Keithley, Cleveland, OH) and fed into the external input channel of an analog-to-digital
converter (ADC) of the Autolab.
Synthesis
Synthesis of 2,6-Di(thiophen-2-yl)pyridine (L5)

Scheme 7. Synthesis of L5 and 27.
2,6-Dibromopyridine (1.42 g, 6.0 mmol), 2-(tributylstannyl)thiophene (5.00 g,
13.4 mmol) and Pd(PPh3)2Cl2 (280.8 mg, 0.4 mmol) were combined in DMF (30 mL) in
an 80 mL microwave reaction vessel. The reaction was run in the microwave reactor for
45 min at 300 W and 105 ºC. The reaction mixture was dissolved in CH2Cl2 and washed
with water (3 × 100 mL). The organic phase was dried over Na2SO4 and reduced to
dryness. The product was purified by column chromatography (silica gel, CH2Cl2 :
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hexanes = 2 : 1) to yield a light yellow solid (1.49 g, 87.5%). 1H NMR (400 MHz,
CDCl3): δ (ppm) = 7.69 (t, J = 8.0, 1H), 7.63 (dd, J = 1.2, 3.6, 2H), 7.50 (d, = 7.6, 2H),
7.41 (dd, J =1.2, 5.2, 2H), 7.13 (t, J = 4.4, 2H).

13

C{1H} NMR (100 MHz, CDCl3): δ

(ppm) = 151.1, 143.8, 136.3, 126.9, 126.8, 123.7, 115.7.
Synthesis of PtL5Cl (27)
A mixture of L5 (0.122 g, 0.5 mmol) and K2PtCl4 (0.208 g, 0.5 mmol) in acetic
acid (30.0 mL) was refluxed for three days. After cooling, the solid was filtered out and
washed with methanol and diethyl ether. Slow evaporation of the resulting orange
powder in tetrahydrofuran at room temperature affords red crystals (74.9 mg, 30.7%)
suitable for X-ray diffraction analysis. 1H NMR (400 MHz, DMSO-d6): δ (ppm) = 7.64
(d, J = 8.0, 1H), 7.59 (d, J = 4.8, 1H), 7.51 (t, J = 7.6, 1H), 7.22 (d, J = 6.0, 1H), 7.12 7.15 (m, 2H), 7.01 (d, J = 6.0, 1H), 6.90 (d, J = 7.6, 1H). CI-MS (CH2Cl2) m/z: 473 [27]+.
Elemental anal. calcd. (Found) for 27·0.5THF, C16H15ClNO0.5PtS2: C, 36.68 (36.25); H,
2.89 (2.02); N, 2.67 (3.13).
Synthesis of PtL5Pz (28)

Scheme 8. Synthesis of 28.
NaH (9.6 mg, 0.4 mmol) was added to a schlenk flask. Dry THF (20.0 mL) was
transferred under Ar. Pyrazole (27.2 mg, 0.4 mmol) was added to the solution under Ar
slowly with bubbles forming. The mixture was stirred at room temperature for 30 min to
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get a clear solution. Complex 27 (146.1 mg, 0.3 mmol) was added to the above solution.
Orange solution was obtained after another two hours of stirring. The reaction mixture
was dissolved in CH2Cl2 and washed with NH4Cl(aq) and water (3 × 100 mL). The organic
phase was dried over Na2SO4 and reduced to dryness. The product was purified by
column chromatography (silica gel, CH2Cl2 : hexanes = 2 : 1) to yield a yellow powder
(118 mg, 78 %). 1H NMR (400 MHz, CDCl3): δ (ppm) = 7.87 (br, 1H), 7.77 (t, J = 7.6,
1H), 7.45 (d, J = 4.8, 1H), 7.40 (dd, J = 1.2, 7.6, 1H), 7.24 (dd, J = 1.2, 4.8, 1H), 7.20
(dd, J = 1.6, 7.6, 1H), 7.13 (dd, J = 0.8, 2.4, 1H), 7.03 (dd, J = 0.8, 2.4, 1H), 6.89 (t, J =
4.4, 1H), 6.85 (d, J = 4.4, 1H), 5.77 (t, J = 2.0, 1H). CI-MS (CH2Cl2) m/z: 505 [28]+.
Elemental anal. calcd. (Found) for 28, C16H11N3PtS2: C, 38.09 (38.18); H, 2.20 (2.15); N,
8.33 (8.20).
Synthesis of 1,3-Bis[5-(3,4-dibutyl-2,2’:5,2’’-terthiophene)-pyridine-2-yl]benzene (L6)
and 29
3,4-Dibutyl-2,2’:5’,2’’-terthiophene was prepared according to the literature.29
5-(Tributylstannyl)-3,4-dibutyl-2,2’:5’,2’’-terthiophene.

A

50

mL

THF

solution of 3,4-dibutyl-2,2’:5’,2’’-terthiophene (3.606 g, 10.0 mmol) was cooled in a dry
ice/acetone bath, and 6.875 mL of n-butyllithium (11.0 mmol, 1.6 M solution in hexane)
was added. After stirring for one hour, the cooling bath was removed. Tributyltin chloride
(3.584 g, 11.0 mmol) was added. The mixture was stirred at room temperature for one
hour, then quenched with saturated ammonium chloride solution. The mixture was
extracted with hexanes. The organic phase was washed with brine, dried over Na2SO4
and evaporated to give the crude product, which was further purified by vacuum
distillation to get the target product (yield: 5.527 g, 85%). 1H NMR (400 MHz, CD2Cl2):
δ (ppm) = 7.29 (dd, J = 5.2, 1.2, 1H), 7.26 (dd, J = 3.2, 1.6, 1H), 7.13 (dd, J = 3.6, 1.2,
1H), 7.11 (dd, J = 3.6, 2.4, 1H), 7.06 (dd, J = 3.6, 1.2, 1H), 7.29 (dd, J = 5.2, 1.2, 1H),
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2.17 (m, CH2, 10H), 1.36 (m, CH2, 10H), 1.11 (m, CH2, 10H), 0.97 (m, CH3, 15H).
13

C{1H} NMR (100 MHz, CD2Cl2): δ (ppm) = 141.5, 140.0, 139.5, 135.6, 129.3, 127.3,

126.8, 126.6, 125.7, 125.1, 32.9, 28.9, 27.6, 27.0, 22.7, 14.0, 13.7, 10.9.

Scheme 9. Synthesis of L6 and 29.
1,3-Bis(2-bromopyridine-5-yl)benzene. 2,5-Dibromopyridine (1.422 g, 6.0
mmol), Pd(PPh3)4 (0.306 g, 0.264 mmol) and dimethoxylethane (20.0 mL) were added to
a 100 mL three-necked flask. N2 was bubbled through the mixture for 20 min, then 1,3phenyldibronic acid (0.332 g, 2.0 mmol) and N2 bubbled NaHCO3(aq) (1.0 M, 13.0 mL)
were added. The resulting solution was refluxed at 90 oC for 12 h. After cooling, 100 mL
of CH2Cl2 was added to the resulting red solution. The solution was then washed with
saturated NH4Cl(aq), NaCl(aq), and H2O. The separated organic phase was dried over
Na2SO4 and evaporated to give the crude product. Further purification on silica gel
column using CH2Cl2 / hexanes (2 : 1) as eluent yields the white powder (0.490 g, 63%).
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1

H NMR (400 MHz, CDCl3): δ (ppm) = 8.76 (dd, J = 2.2, 0.6, 2H), 8.62 (t, J = 2.0, 1H),

8.05 (dd, J = 8.0, 1.6, 2H), 7.89 (dd, J = 8.4, 2.0, 2H), 7.74 (dd, J = 8.4, 0.8, 2H), 7.58 (t,
J = 7.6, 1H).
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C{1H} NMR (100 MHz, CDCl3): δ (ppm) = 155.6, 151.0, 139.7, 139.1,

129.7, 127.8, 125.4, 122.0, 119.9. Elemental anal. calcd. (Found) for C16H10Br2N2: C,
49.27 (49.02); H, 2.58 (2.53); N, 7.18 (6.97).
1,3-Bis[5-(3,4-dibutyl-2,2’:5,2’’-terthiophene)-pyridine-2-yl]benzene

(L6).

1,3-Bis(2-bromopyridine-5-yl)benzene (0.390 g, 1.0 mmol) and 5-(tributylstannyl)-3,4dibutyl-2,2’:5’,2’’-terthiophene (1.03 g, 2.4 mmol) were added to a 100 mL three-necked
flask. The flask was evacuated and filled with N2. Anhydrous DMF (30 mL) was
transferred followed by the addition of Pd(PPh3)2Cl2 (35.5 mg, 0.05 mmol) under N2.
The resulting mixture was stirred at 95 oC for 12 h. After cooling, the mixture was
extracted with CH2Cl2, then washed with saturated NH4Cl(aq), NaCl(aq), and H2O. The
separated organic phase was dried over Na2SO4 and evaporated to give the crude product.
Further purification on silica gel column using CH2Cl2 as eluent yields the pure product
(0.664 g, 70%). 1H NMR (400 MHz, CD2Cl2): δ (ppm) = 9.00 (d, J = 2.4, 2H), 8.80 (s,
1H), 8.11 (dd, J = 2.0, 8.0, 2H), 7.98 (dd, J = 2.0, 8.0, 2H), 7.90 (d, J = 8.0, 2H), 7.59 (t,
J = 8.0, 1H), 7.42 (d, J = 3.6, 2H), 7.35 (dd, J = 2.4, 3.6, 2H), 7.17 (m, 4H), 7.09 (m, 2H),
2.17 (m, CH2, 8H), 1.43 (m, CH2, 8H), 1.01 (m, CH2, 8H), 0.90 (m, CH3, 8H).
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C{1H}

NMR (100 MHz, CD2Cl2): δ (ppm) = 155.8, 146.8, 141.0, 140.8, 140.1, 139.6, 137.2,
136.4, 133.5, 130.5, 129.8, 129.6, 129.1, 127.8, 127.5, 127.1, 126.3, 125.9, 125.3, 124.9,
120.6, 33.2, 28.3, 23.4, 14.0. Elemental anal. calcd. (Found) for C56H56N2S6: C, 70.84
(70.32); H, 5.95 (5.73); N, 2.95 (2.79).
PtL6Cl (29). A mixture of L6 (0.475 g, 0.5 mmol) and K2PtCl4 (0.208 g, 0.5
mmol) in acetic acid (30.0 mL) was refluxed for 72 h. After cooling, the solid was
filtered out and washed with water, methanol and diethyl ether. The resulting yellow
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powder was redissolved in CH2Cl2, purified on neutral Al2O3 column with 2 : 1 of
CH2Cl2/hexanes as eluent to afford yellow product (0.330 g, 28%). Red crystals suitable
for X-ray diffraction analysis were obtained by slow diffusion of diethyl ether into the
CH2Cl2 solution of the product. 1H NMR (400 MHz, CD2Cl2): δ (ppm) = 9.55 (d, J = 2.0,
2H), 8.05 (dd, J = 2.0, 8.4, 2H), 7.65 (d, J = 8.0, 2H), 7.51 (d, J = 4.0, 2H), 7.44 (m, 4H),
7.27 (t, J = 7.6, 1H), 7.23 (dd, J = 1.2, 3.6, 2H), 7.21 (d, J = 3.6, 2H), 7.16 (m, 2H), 2.80
(m, 8H), 1.59 (m, 8 H), 1.22 (t, J = 6.8, 12 H), 1.08 (m, 8H). 13C{1H} NMR (100 MHz,
CD2Cl2): δ (ppm) = 165.1, 148.6, 141.1, 140.6, 138.7, 137.8, 136.2, 134.6, 130.6, 130.1,
129.4, 127.7, 126.9, 126.2, 125.9, 125.7, 119.5, 33.0, 32.9, 28.2, 28.0, 23.2, 23.2, 13.9,
13.8. HRMS (CI): calcd. for C56H55ClN2PtS6 m/z 1178.2028 (29+), found 1178.2053.
Elemental anal. calcd. (Found) for C56H55ClN2PtS6: C, 57.05 (56.85); H, 4.70 (4.44); N,
2.38 (2.49).
Synthesis of 1,3-Bis(4-(3,4-dioctyl-2,2’:5’,2’’-terthiophene)-1H-pyrazol-1-yl)benzene
(L7) and 30

Scheme 10. Synthesis of L7 and 30.
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1,3-Di(1H-pyrazol-1-yl)benzene was prepared according to the literature.30
1,3-Bis(4-iodo-1H-pyrazol-1-yl)benzene. 1,3-Di(1H-pyrazol-1-yl)benzene (1.15
g, 5.5 mmol) in a round bottom flask was treated under argon with acetic acid (16 mL),
water (2 mL) and H2SO4 (30% in water, 2 mL) and heated to 60 °C. A separately
prepared deep violet acetic acid solution (60 mL) containing HIO3 (0.408 g, 2.33 mmol),
I2 (1.18 g, 4.64 mmol) and five drops of concentrated H2SO4 was added to the solution of
1,3-di(1H-pyrazol-1-yl)benzene dropwisely. The mixture was then stirred under argon at
60 °C overnight. After cooling to room temperature, aqueous solution of Na2S2O3 was
added to quench the pale purple color. The white solid was filtered out, washed with
Na2CO3 solution and water. The solid was redissolved in CH2Cl2, washed with NH4Cl(aq)
and water. The organic phase was dried over Na2SO4, then evaporated to yield the target
product (2.38 g, 94%). 1H NMR (400 MHz, CD2Cl2): δ (ppm) = 7.98 (s, 2H), 7.97 (d, J =
2.0, 1H), 7.67 (s, 2H), 7.52 (t, J = 2.4, 1H), 7.50 (d, J = 2.0, 1H), 7.48 (t, J = 8.0, 1H).
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C{1H} NMR (100 MHz, CD2Cl2): δ (ppm) = 146.3, 140.4, 131.4, 130.7, 116.8, 109.6,

59.6.
1,3-Bis(4-(3,4-dioctyl-2,2’:5’,2’’-terthiophene)-1H-pyrazol-1-yl)benzene (L7).
1,3-Bis(4-iodo-1H-pyrazol-1-yl)benzene (1.38 g, 3 mmol), 5-(tributylstannyl)-3,4dioctyl-2,2’:5’,2’’-terthiophene (5.33 g, 7 mmol), LiCl (1.26 g, 30.0 mmol) were added
into a three-necked flask. DMF (30 mL) was transferred into the flask under Ar.
Pd(PPh3)2Cl2 (210 mg, 0.3 mmol) was added to the above mixture. The reaction was
refluxed at 110 °C under Ar for 12 h. The reaction mixture was dissolved in CH2Cl2 and
washed with water (3 × 100 mL). The organic phase was dried over Na2SO4 and reduced
to dryness. The product was purified by column chromatography (silica gel, CH2Cl2 :
hexanes = 2 : 1) to yield a yellow solid (1.55 g, 45%). 1H NMR (400 MHz, CDCl3): δ
(ppm) = 8.19 (s, 2H), 8.17 (t, J = 2.0, 1H), 7.96 (s, 2H), 7.67 (t, J = 1.2, 1H), 7.65 (d, J =
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1.6, 1H), 7.56 (t, J = 7.6, 1H), 7.32 (dd, J = 1.2, 5.2, 2H), 7.15 (dd, J = 1.2, 4.0, 2H), 7.13
(d, J = 3.6, 2H), 7.08 (m, 4H), 2.72 (m, 8H), 1.63 (m, 12H), 1.45 - 1.27 (m, 36H), 0.98 (t,
J = 6.8, 12H). 13C{1H} NMR (100 MHz, CDCl3): δ (ppm) = 140.8, 140.2, 140.1, 139.1,
136.2, 134.6, 133.7, 130.6, 129.9, 129.7, 127.4, 126.4, 125.9, 125.3, 123.5, 123.1, 119.1,
116.5, 109.5, 34.7, 31.9, 29.9, 29.3, 29.2, 26.6, 22.7, 14.1. CI-MS (CH2Cl2) m/z: 1151
[L7]+. Elemental anal. calcd. (Found) for L7, C68H86N4S6: C, 70.91 (70.45); H, 7.53
(7.31); N, 4.86 (5.02).
PtL7Cl (30). A mixture of L7 (0.461 g, 0.4 mmol) and K2PtCl4 (0.166 g, 0.4
mmol) in a mixture of acetic acid/toluene (2 : 1, 30.0 mL) was refluxed for 72 h. After
cooling, the solid was filtered out and washed with water, methanol and diethyl ether.
The resulting deep yellow powder was redissolved in CH2Cl2, purified on neutral Al2O3
column with 2 : 1 CH2Cl2/hexanes as eluent to afford yellow product (0.089 g, 16%). 1H
NMR (400 MHz, CD2Cl2): δ (ppm) = 8.63 (s, 2H), 7.98 (t, J = 9.2, 1H), 7.87 (d, J = 1.6,
1H), 7.84 (d, J = 1.6, 1H), 7.77 (s, 2H), 7.59 (t, J = 7.6, 2H), 7.32 (dd, J = 1.2, 5.2, 2H),
7.15 – 7.13 (m, 2H), 7.09 (m, 4H), 2.77 (m, 8H), 1.64 (m, 12H), 1.56 - 1.28 (m, 36H),
0.90 (t, J = 6.8, 12H). CI-MS (CH2Cl2) m/z: 1395 [30]+. Elemental anal. calcd. (Found)
for C69H88ClN4PtS6: C, 59.35 (58.76); H, 6.35 (5.79); N, 4.01 (3.64).
RESULTS AND DISCUSSION
Structure Determination
Crystal Structure of PtL5Cl (27)
Constable et al. reported the synthesis of L5 by three-step reactions from 2acetylthiophene in a total yield of 29.6%.31 L5 has the potential for a variety of
coordination modes, such as N,C-, N,S-, and C,N,S-. Constable’s study of the
coordination chemistry of L5 with K2PtCl4 in 2-methoxyethanol by NMR spectroscopy
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reveals the coordination of L5 to Pt(II) in a C,N,S-tridentate mode. However, it is not
possible to eliminate the dimeric structure such as (L5)Pt(μ-Cl)2Pt(L5) only on the basis
of the NMR spectrum. We modify the synthesis of L5 by one-step stille coupling of 2,6dibromopyridine and 2-(tributylstannyl)thiophene with an improved yield of 87.5%. The
complexation is done in glacial acetic acid. Single crystals of PtL5Cl (27) were obtained
from slow evaporation of tetrahydrofuran solution at room temperature. The crystal
structure is shown in Figure 48.
The X-ray analysis reveals that L5 coordinates with the Pt(II) in a tridentate
fashion by the formation of one Pt-N bond, one Pt-S bond, and one Pt-C bond. The
formation of the Pt-C bond is a common structure feature for cyclometalated Pt(II)
complexes in which the anionic carbon donor center is generated by the deprotonation of
the C-H bond. The coordination geometry around the Pt(II) is slightly distorted square
planar. The Pt-C bond length (1.994(2) Å) is similar to values reported in other Pt(thpy)2

Figure 48. ORTEP diagram of 27 showing the labeling scheme of selected atoms at 30%
probability level. Hydrogen atoms are omitted for clarity.
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(thpy = 2-(2’-thienyl)pyridine) complexes (1.989(6) to 1.953(7) Å); whereas the Pt-N
bond length (2.105(6) Å) is slightly longer to values from other Pt(thpy)2 complexes.32,33
The Pt-Cl bond distance is 2.311(3) Å, which is normal for such a bond trans to N. The
Pt-S bond length (2.442(6) Å) is longer than that of other Pt complexes,34 which can be
explained by the trans effect exerted by the carbanion ligand. The bond angles and
lengths for the L5 ligand are similar to those reported for related 2-(2’-thienyl)pyridine
ligands.32,33 The dihedral angles between the middle pyridine ring and the thiophene rings
containing S1 and S2 are 4.2 and 29.5°, respectively. The dihedral angle between the two
thiophene rings is 30.8°.
Complex 27 forms a stacked dimer in the crystal lattice with a weak Pt···Pt
interaction. The Pt···Pt distance is 4.167(5) Å (Figure 49), which is longer than the
Pt···Pt distances documented in the literature.35

Figure 49. Stacking structure for 27. Weak contact is depicted by the dotted line.
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Crystal Structure of PtL6Cl (29)
Single crystals were obtained by slow diffusion of diethyl ether into the CH2Cl2
solution of 29. The molecular structure of 29 (Figure 50) is the first reported structure of
a cyclometalated Pt(II) with terthiophene electropolymerizable units. The Pt(II) center is
four-coordinate in an approximately square planar environment, all the atoms attached to
Pt(II) center being essentially coplanar (the largest mean deviation is 0.1333 Å). At the
platinum center the chloride atom is trans to the carbon atom. The long Pt-Cl bond length
(2.401(3) Å) confirms the trans influence of the cyclometalated carbon atom. The Pt-C
bond distance (1.914(9) Å) lies in the range observed for Pt(II) complexes of related N,
C, N terdentate ligands (1.90 - 1.94 Å).36 The C-Pt-Cl axis is almost linear (177.9(3)°),
whereas N1-Pt-N2 is more distorted at 161.0(3)°, probably as a consequence of chelate
ring strain. The thiophene rings are not coplanar. The dihedral angles, ranging from 15.3
to 41.9°, are larger than those found in terthiophene at 6 - 9°, due to the presence of

Figure 50. ORTEP diagram of 29 showing the labeling scheme of selected atoms at 30%
probability level. Hydrogen atoms are omitted for clarity.
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n-butyl groups.36 Different from the 3,4-dibutyl-2,2’:5,2’’-terthiophene structure, only
one n-butyl side chain is fully extended adopting a s-trans conformation.38 No Pt···Pt
interaction is observed in this molecule. The shortest Pt···Pt distance is 4.990 Å.
Electrochemical Studies
Pt(II) Complex 27 and 28 with L5

Scheme 11. Electrochemical polymerization of Pt(II)-containing monomer to conducting
metallopolymer.
The electrochemistry of complex 27 and 28 is similar with the same
polymerizable ligand L5. The replacement of chloride by pyrazole in 28 does not affect
the electrochemical performance. As shown in Figure 51, cyclic voltammetry of 27 over
a window of +1.25 to -1.75 V (vs Fc/Fc+) resulted in the growth of a polymer film. The
first scan shows an oxidation peak at 0.9 V associated with the thiophene oxidation. A
reduction peak was observed at -0.83 V, which moves negatively with the increasing
scans. A linear relationship of the maximum peak current with the number of scans was
also observed. The maximum peak current of an electrode-confined film of poly-27 in
pure electrolyte solution varies linearly with the electrochemical scan rate up to 500
mV/s.
The XPS data were used to determine the film composition. The Pt 4f peak is
observed at 72.2 eV, corresponding well to the expected value for Pt(II). The S 2p peak is
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also found at 164.1 eV. Quantitative XPS analysis reveals that the films of poly-27 and
poly-28 have an atomic ratio of Pt : S = 1 : 1.81 and 1 : 2.23, respectively, which is in
agreement with the stoichiometric molar ratio of the monomer (1 : 2) and the proposed
film structure.

Figure 51. Top left: Electrochemical polymerization of 27 in CH2Cl2 at RT (Fc/Fc+ is the
redox couple of ferrocene). Top right: plot of linear current increase vs
number of scans. Bottom left: Electrochemical scan rate dependence of
poly-27. Bottom right: Plot of linear current increase vs scan rate.
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Pt(II) Complex 29 with L6

Scheme 12. Electrochemical polymerization of monomer 29 to conducting
metallopolymer poly-29.
Complex 29 has been electropolymerized to form poly-29 (Scheme 12) as an
electrode-confined film onto a variety of working electrode surfaces. Cyclic voltammetry
of 29 over a window of +1.0 to - 0.25 V (vs Fc/Fc+) resulted in the growth of a polymer
film. The positive scan exhibits two oxidation peaks at 0.40 and 0.68 V vs Fc/Fc+ whose
positions steadily become more positive with the increasing scans (Figure 52), due to the
growing of the polymer film on the surface of the working electrode and the increasing
resistance accordingly. The reduction peaks were observed at 0.3 and 0.48 V. The
resulting electroactive polymer film was characterized using electrochemical methods
and X-ray photoelectron spectroscopy (XPS). As shown in Figure 52, the maximum peak
current of an electrode-confined film of poly-29 in pure electrolyte solution varies
linearly with the scan rate up to 500 mV/s. This behavior is indicative of a strongly
adsorbed electroactive thin film which is not limited by the ionic flux of counter anions.
The XPS data were used to determine the film composition. The Pt 4f peak is observed at
72.3 eV, corresponding well to the expected value for Pt(II). The S 2p peak is also found
at 163.25 eV. Quantitative XPS analysis reveals that the film has an atomic ratio of Pt : S
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= 1 : 6.8, which is in agreement with the stoichiometric molar ratio of the monomer (1 :
5.57 by XPS) and the proposed film structure (1 : 6).

Figure 52. (A) Electropolymerization of 29 in CH2Cl2 (TBAPF6) at RT. Inset: plot of
linear current increase vs scan times. (B) Electrochemical scan rate
dependence of poly-29. Inset: plot of linear current increase vs scan rate
(Fc/Fc+ is the redox couple of ferrocene).
Pt(II) Complex 30 with L7
Ligand L7 has the similar polymerization groups, alkylated terthiophene, as
ligand L6, which leads to a similar electrochemical behavior of complex 30 and 29.
Cyclic voltammetry of 30 over a window of +1.25 to -1.75 V (vs Fc/Fc+) resulted in the
growth of a polymer film. The positive scan has three oxidation peaks around 0.47, 0.68
and 1.17 V. The first two oxidation peaks merge into one peak with the increasing scans.
The reduction peaks were observed at 0.40 and 0.99 V. All these redox peaks grow
linearly with the increasing scans. The maximum peak current of an electrode-confined
film of poly-30 in pure electrolyte solution varies linearly with the electrochemical scan
rate up to 500 mV/s. This behavior is indicative of a strongly adsorbed electroactive thin
film which is not limited by the ionic flux of counter anions.
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Figure 53. (A) Electropolymerization of 30 in CH2Cl2 (TBAPF6) at RT. Inset: plot of
linear current increase vs scan times. (B) Electrochemical scan rate
dependence of poly-30. Inset: plot of linear current increase vs scan rate
(Fc/Fc+ is the redox couple of ferrocene).
Photophysical Properties
Recently cyclometalated complexes have attracted strong research interest as
emitting components in electroluminescent (EL) devices.37-39 The phosphorescent metal
complexes allow for the utilization of both singlet and triplet excitons which are
generated upon charge injection from the electrodes. Consequently, internal quantum
efficiencies

approaching

100%

may

be

achieved.

Many

examples

of

electrophosphorescent metal complexes based on iridium, osmium, platinum and rare
earth metal complexes are known. For example, Che et al. described the vapor deposition
of Pt-salen complexes as efficient electrophosphorescent dyes in multilayer OLED
devices with a maximum luminous efficiency of 31 Cd A-1.40 However there are still
limited examples of electrophosphorescent polymers as single-component PLED
materials. Here we study the photophysical properties of the cyclometalated Pt(II)
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complexes and their corresponding metallopolymers for the potential application of light
emitting materials in PLED.
Pt(II) Complex 27 and 28 with L5
The absorption spectra of L5 and 27 in CH2Cl2 at room temperature are shown in
Figure 54A. L5 shows a structured absorption spectrum (250 to 350 nm), which are
mainly assigned as π-π* transitions. Complex 27 exhibits an intense absorption at 306 nm
which is associated with ligand π-π* transitions. Thus it can be assigned as mainly ligand
centered (LC) transitions of the L5 ligand. The corresponding electronic state is largely
of 1LC character. A weak absorption at a longer wavelength (~440 nm), is attributed to
the direct population of a triplet excited state, following previous assignments in Pt(II)
complexes.41-43
Figure 54B shows the emission of L5 in CH2Cl2 solution at room temperature and
in 2-methyltetrahydrofuran at 77 K, respectively. L5 has a strong blue emission at 375
nm at room temperature with a quantum yield of 77.8%. At 77K, this emission peak
shows fine structures at the same wavelength. Two new emission peaks at 500 and 542
nm with low intensity are observed. Considering the long lifetime of 22 μs, we attribute
the emission bands at 500 and 542 nm to the electronic transition between the lowest
triplet excited state T1 and the singlet ground state S0 of L5.
The emission of the complex 27 at room temperature is also shown in Figure 54B.
The emission profile of 27 is characterized with two emission peaks at 561 and 605 nm.
These two peaks are red shifted by 61 nm compared with the phosphorescence of L5 at
500 and 543 nm. The lifetime of the emission, 17.3 μs, is also comparable with the ligand
phosphorescence emission. Quantum yield of the emission is 23.6%. The emission peaks
of 27 at 561 and 605 nm remain at the same position in different solvents with polarity
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index increases from 1.6 (CCl4) to 6.4 (DMF), as shown in Figure 55 A. The absence of
solvatochromism effect also proves that the complex emission is not a charge transfer
peak. The concentration dependence of the emission spectrum of 27 is depicted in Figure
55B. The new peak which appeared at 720 nm and red shifted to 750 nm with increasing
concentration, arises from the emissive dimer formed in solution with high concentration.
This is in accord with our previous discussion of the Pt···Pt interactions in the solid state
crystal structure.

Figure 54. A: UV-Vis absorption spectra of free ligand L5 (dotted line) and complex 27
(solid line) in CH2Cl2. B: Emission spectra of L5 at RT in CH2Cl2 (square)
and 77 K in 2-methyltetrahydrofuran (solid line) and complex 27 (circle) at
RT in CH2Cl2 under the excitation of 320 nm.
Complex 28 has a very similar emission profile as complex 27. In CH2Cl2 at low
concentration of 5 × 10-6 M, the emission spectrum of 28 shows two emission peaks at
572 and 612 nm. With the increasing concentration a new peak at 750 nm appears. The
high energy emission peak at 572 and 612 nm totally disappear at the high concentration
of 1 × 10-3 M. This is probably due to the replacement of Cl by pyrazole in 28 which
leads to a short Pt···Pt interactions in the dimer. The lifetime and quantum yield of 28 is
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25.7 μs and 39.1%, respectively. The higher quantum yield of 28 than that of 27 may also
due to the replacement of Cl with pyrazole.

Figure 55. A: Emission spectra of 27 in different solvents at RT with the concentration of
1 × 10-5 M under the excitation of 320 nm. B: Concentration dependence of
27 in CH2Cl2 from 1 × 10-4 M to 6.4 × 10-3 M with concentration doubled
for each measurement under the excitation of 320 nm.

Figure 56. Emission spectra of 28 in different concentration from 5 × 10-6 M to 1 × 10-3 M
under the excitation of 320 nm.
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Pt(II) Complex 29 with L6
The photophysical properties of L6, 29, and corresponding polymers have been
studied under a variety of conditions. The absorption spectrum of L6 (Figure 57A)
displays a peak at 387 nm, while the complex 29 shows a broad absorption at ca. 400 nm.
Both poly-L6 and poly-29 show a red shifted absorption at ca. 500 nm. Upon selective
excitation at 420 nm, the emission profile of 29 displays a broad and unstructured band
centered at 560 nm with half-height width of 170 nm (Figure 57B). The emission
spectrum of ligand L6 at 77 K in 2-methyltetrahydrofuran solution is featured with a
more structured band at the same wavelength of the emission at room temperature
(Figure 58A). The concentration dependence study of the emission spectra of 29 is shown
in Figure 58B. With the increasing concentration, the emission intensity grows while
maintaining the same emission color. At higher concentration (above 10-3 M), the
emission intensity decreases due to the trival quenching. In order to determine whether
the complex 29 emission is ligand centered emission or charge transfer emission,

Figure 57. A: UV-Vis of L6 (blue line), poly-L6 (black line), complex 29 (red line), and
poly-29 (green line) in CH2Cl2. B: Excitation spectra of L6 (blue dotted
line) and 29 (red dotted line) and emission spectra of L6 (blue line) and 29
(red line) in CH2Cl2 at RT.
151

Figure 58. A: Excitation (dotted line) and emission (solid line) spectra of L6 at 77 K in 2methyltetrahydrofuran. B: Emission spectra of 29 in different concentration
from 1 × 10-6 M to 1 × 10-2 M in CH2Cl2. C: Emission spectra of 29 in
different solvents at RT. D: Excitation (red dotted line) and emission (red
line) of 29 recorded in CH2Cl2 at RT and excitation (green dotted line) and
emission (green line) of poly-29 on ITO coated glass.
I measured the emission spectra of 29 in different solvents. The polar index of these
solvents varies from 1.6 (CCl4) to 6.4 (DMF). As shown in Figure 58C, the emission
peak moves from 529 nm in CCl4, to 536 nm in CH2Cl2, to 546 nm in THF and 547 nm in
DMF. The energy of the emission peak decreases with increasing polarity of the solvent
indicates a positive solvatochromism, which shows the emission of 29 is of charge
transfer character. Further evidence in support of this assignment comes from the
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relatively long lifetime of 29, 9.1 µs. The luminescent quantum yield of 29 in a degassed
CH2Cl2 solution is 3.5%.
The photophysical properties of poly-29 deposited on ITO-coated glass as a thin
film have also been investigated. The absorption spectrum displays a very broad band
characteristic of the extended aromatic system of a conducting metallopolymer structure
which is red shifted from that of L6 and 29. The emission of poly-29 is observed as a
broad band peaked at 590 nm measured with 480 nm as the excitation wavelength (Figure
58D).
Pt(II) Complex 30 with L7

Figure 59. A: UV-Vis of L7 (dotted line) and 30 (solid line) in CH2Cl2 at RT. B:
Emission spectra of L7 at RT in CH2Cl2 (dotted line) and 77 K in 2methyltetrahydrofuran (solid line) under the excitation of 390 nm, and 30 in
CH2Cl2 at RT (circle) under the excitation of 400 nm.
The UV-Vis absorption spectra of L7 and complex 30 are shown in Figure 59A.
L7 has an absorption band at ca. 363 nm associated with the π-π* transition. After
complexation with Pt(II), the absorption band of 30 is red shifted by 27 nm with an
enhanced absorptivity. The emission properties of the ligand and complex are also
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investigated (Figure 59B). L7 in CH2Cl2 at room temperature emits violet-blue light with
the wavelength centered at 480 nm. Low temperature measurement of L7 in 2methyltetrahydrofuran provides a more structured spectrum at the same position. The
emission spectrum of 30 is featured with a broad band centered at 530 nm. To identify
the nature of the emission, we measured the emission spectra of 30 in solvents with
polarity index varying from 1.6 to 6.4 (Figure 60)

Figure 60. Emission spectra of 30 in different solvents at RT. The maximum of the
emission wavelength is listed in the table.
The results in Figure 60 indicate that the emission peak of 30 shifts to the long
wavelength with the increasing polarity of the solvent. This positive solvatochromism
proves that the emission of 30 is a charge transfer peak.
Electrogenerated Chemiluminescence (ECL)
Poly-27 and poly-28 produce coreactant ECL in acetonitrile solution under the
presence of 0.1 M TBAPF6 as a supporting electrolyte and 100 mM of tri-n-propylamine
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(TPrA) as a coreactant (Figure 61). The working electrode of the ECL measurement is
poly-27 or 28 films on ITO coated glass. Electrosyntheses of the films were performed
from 1 × 10-3 M monomer solutions by continuous cycling between -1.75 V and +1.25 V
at a scan rate of 100 mV s-1. The films obtained were then copiously washed with fresh
CH2Cl2 before using as a working electrode in ECL measurements. In scanning the
working electrode to the positive side, both the film and TPrA are oxidized. TprA, upon
oxidizing electrochemically, produces a strong reducing agent, which can react with the
polymer to produce polymer anions or react directly with the oxidized polymer to
produce the excited state. ECL light was emitted by the degradation of the excited state to
the ground state.
Figure 61 shows the i-t-ECL of the metallopolymer deposited on ITO electrode in
acetonitrile solution. The working electrode was pulsed between zero to 1.2 V, in which
both polymer and TPrA are oxidized completely.

Figure 61. I-t-ECL for poly-27 (A) and poly-28 (B), pulsing between zero to +1.2 V vs
Ag/Ag+ (pulse width, 0.1 second).
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The mechanism of ECL production is proposed to be emitted after oxidizing of
the polymer to form polymer cation radical on the film, then reacting with TPrA radical
to form the excited state of the polymer. The schematic diagram could be summarized as
follows:
Polymer – e → [polymer]+•
TPrAH – e → TPrAH +• → TPrA• + H+
[polymer]+• + TPrA• → [Polymer]* → Polymer + hv
ECL of the poly-29 was taken in the acetonitrile solution in the presence of 0.1 M
TBAPF6 as a supporting electrolyte and 100 mM of TPrA as a coreactant (Figure 62A).
In scanning the working electrode to the positive side, the ECL light was observed when
both the film and TPrA are oxidized. However, pulsing for longer time (ca. 1500 ms), the
ECL light decreased, that is might be due to the dissolution of the polymer (oxidized
polymer) in solution. Since the polymer film is not stable under pulsing for long time,
and the ECL signal is weak, the ECL spectrum could not be recorded using CCD camera
even after integrating for 20 min. However, a qualitative spectrum was taken using long
pass cut-off filters and pulsing for very short time (0.5 sec) and using sensitive PMT as a

Figure 62. A: I-t-ECL of poly-29, pulsing between zero to +1.3 V vs Ag/Ag+ (pulse width
0.1 second). B: ECL spectrum of the metallopolymer using cut-off filters.
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Figure 63. A: Molecular structure of model complex Pt[1,3-di(pyridin-2-yl)benzene]Cl.
B: Photoluminescence spectrum of model complex at RT in CH2Cl2. C:
Cyclic voltammetry of model complex. D: ECL spectrum of model complex
pulsing between zero to -2.5 V vs Ag/Ag+.
detector. Figure 62B shows the ECL spectrum of the metallopolymer which ECL
maximum peaks at ~590 nm, the same as photoluminescence. Matching of the
photoluminescence and ECL spectra indicates that in both cases the same emission state
is formed.
In our previous photophysical studies, the emission of complex 29 is considered
to be of charge transfer. In order to identify this charge transfer peak in detail, a model
complex, Pt[1,3-di(pyridin-2-yl)benzene]Cl was prepared. The cyclic voltammetry of the
model complex shows two redox peaks at -1.7 and -2.2 V. In CH2Cl2 solution, this
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complex emits in the region of 480 - 550 nm. Benzoyl peroxide (BPO) was used as a
coreactant for reductive ECL. BPO, upon reducing electrochemically, produces a strong
oxidizing agent, which can react with the radical anion of model complex populating the
excited state. Under these conditions, strong ECL was observed (Figure 63).
From the ECL study of the model complex, we get the information that the metal
binding portion of poly-29 can be reduced (green box in Scheme 13). The cyclic
voltammetry scan of poly-29 on ITO coated glass in acetonitrile solution with 0.1 M
TBAPF6 as a supporting electrolyte shows that poly-29 can be oxidized at ca. 1.0 V due
to the oxidation of the alkylated terthiophene portion (purple ellipse in Scheme 13).
Based on the above information, the ECL emission of poly-29 is considered to be an
intraligand charge transfer, positive charge is formed on the terthiophene end when an
electron is transferred to the Pt[1,3-di(pyridin-2-yl)benzene]Cl middle portion.

Scheme 13. Schematric presentation of the intraligand charge transfer in poly-29.
Poly-30 also gives ECL signal in the presence of 0.1 M TBAPF6 as a supporting
electrolyte and 100 mM of TPrA as a coreactant. As shown in Figure 64, the intensity of
the ECL current is in the same order as that of poly-29. The cyclic voltammetry of poly30 has a very similar feature with that of poly-29, oxidation at the terthiophene end and
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reduction in the middle metal coordination portion. Thus we can also explain the ECL
emission of poly-30 as an intraligand charge transfer.

Figure 64. A: I-t-ECL of poly-30, pulsing between zero to +1.2 V vs Ag/Ag+ (pulse width
0.1 second). B: Cyclic voltammetry scan of the complex polymer (dotted
line) and ligand polymer (solid line).
CONCLUSION
In summary, we have demonstrated the synthesis of three different ligand systems
with polymerizable thiophene and its derivatives. Four cyclometalated Pt(II) complexes
with these ligands have been prepared. Photoluminescent properties of the organic
ligands, cyclometalated Pt(II) complexes and corresponding Pt(II) containing conducting
metallopolymers have been investigated. All the cyclometalated complexes can be
electropolymerized to form metallopolymers. The resulting metallopolymers show ECL
emission in the presence of TPrA as coreactant. Notably, these polymers represent the
first observation of ECL from conducting metallopolymers with cyclometalated Pt(II).
The replacement of Cl anion with pyrazole in complex 28 leads to a higher luminescent
quantum yield. However, the ECL intensity of poly-28 is not improved dramatically. Our
preliminary results bode well for a new type of phosphorescent material for potential
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application of ECL. Furthermore, this approach represents a novel perspective on the use
of phosphorescent conducting metallopolymers for a wide range of light-emitting
applications.
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CRYSTALLOGRAPHIC DATA
Table 30. Crystal data and structure refinement of 27.
formula

C13H8ClNPtS2

fw

472.88

T (K)

293(2)

crystal system

Monoclinic

space group

P-1

a (Å)

7.159(5)

b (Å)

18.671(5)

c (Å)

9.441(5)

α (deg)

90.000(5)

β (deg)

95.150(5)

γ (deg)

90.000(5)

3

V (Å )

1256.8(12)

Z

4

ρ (g/cm3)

2.494

-1

μ (mm )

11.685

F(000)

876

crystal size (mm)

0.03 × 0.05 × 0.13

θ (deg)

2.91 to 30.51

Index ranges

-7  h  9
-24  k  24
-12  l  12

GOF on F2
R1, R2 [I > 2ζ (I)]

1.165
0.0635, 0.1660

R1, R2 (all data)

0.0640, 0.1662
-3

Largest diff. peak and hole (e.Å )

3.694 and -3.785
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Table 31. Crystal data and structure refinement of 29.
formula

C56H55ClN2PtS6

fw

1178.92

T (K)

153(2)

crystal system

Triclinic

space group

P-1

a (Å)

8.890(5)

b (Å)

17.166(6)

c (Å)

18.043(5)

α (deg)

112.215(4)

β (deg)

101.180(5)

γ (deg)

91.193(5)

3

V (Å )

2487.2(17)

Z

2
3

1.574

-1

μ (mm )

3.167

F(000)

1192

crystal size (mm)

0.05 × 0.05 × 0.15

θ (deg)

2.91 to 27.48

Index ranges

-9  h  10

ρ (g/cm )

-17  k  20
-21  l  21
Gaussian

Absorption correction
Max. and min. transmission
GOF on F2

0.6480 and 0.8577

R1, R2 [I > 2ζ (I)]

0.0665, 0.1412

1.026

R1, R2 (all data)

0.1083, 0.1613
-3

Largest diff. peak and hole (e.Å )

4.923 and -1.266
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Table 32. Selected bond lengths [Å] and angles [°] for 27 and 29.
27
Bond distances (Å)
Pt1-C3
1.99(2)

Pt1-Cl1

2.311(3)

Pt1-N1

2.105(16)

Pt1-S2

2.442(6)

S1-C1

1.74(2)

S1-C4

1.79(2)

C3- Pt1-S2

147.5(6)

N1-Pt1-S2

78.6(4)

Cl1-Pt1-S2

103.58(17)

C3-Pt1-N1

79.0(7)

C3-Pt1- Cl1

96.9(6)

N1-Pt1-Cl1

174.4(4)

Bond angles (º)

29
Bond distances (Å)
Pt1-C31

1.914(9)

Pt1-N1

2.034(7)

Pt1-N2

2.042(7)

Pt1-Cl1

2.401(3)

S1-C3

1.656(13)

S1-C4

1.683(11)

C31-Pt1-N1

80.8(3)

N1-Pt1-N2

161.0(3)

C31-Pt1-N2

80.4(3)

C31-Pt1-Cl1

177.9(3)

N1-Pt1-Cl1

98.2(2)

N2-Pt1-Cl1

100.7(2)

C3-S1-C4

94.2(6)

C16-S2-C5

92.7(5)

C25-N1-Pt1

125.3(6)

C24-N1-Pt1

114.8(6)

C36-N2-C32

120.4(8)

C36-N2-Pt1

125.5(7)

C32-N2-Pt1

114.1(6)

C2-C1-C4

101.7(11)

C8-C7-C6

115.0(8)

C11-C12-C13

117.1(8)

Bond angles (º)
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Chapter 5: Magnetic and Conductivity Studies of Conducting
Metallopolymers
INTRODUCTION
Conducting Polymer Magnetism
In the late 1970’s,1,2 conjugated polymers were proclaimed as futuristic new
materials that would lead to the next generation of electronic and optical devices. It now
appears that with the discoveries of polymer light-emitting diodes and organic transistors
new technologies are imminent. In particular, polythiophenes are an important
representative class of conjugated and electrically conducting polymers that form some of
the most environmentally and thermally stable materials. Polythiophene possesses unique
properties that have been used in many device applications including electrical
conductors, nonlinear optical devices, sensors, batteries, and new types of memory
devices. Creative design and development strategies of novel polythiophenes are still
under way to obtain interesting materials and enhanced performance in certain devices. In
addition to the various physical phenomena currently related to conjugated polymers,
magnetism is one of the latest properties found in polymers.
Magnetism traditionally has been restricted to compounds containing metal ions.
The first conjugated organic magnet was reported in 2001.3 Compared to discrete organic
radicals, in conducting polymers, the magnetic moments are created upon doping. The
possibility of ferromagnetic behavior in conducting polymers has been theoretically
addressed4,5 and evidence of this interaction has been reported.6,7 However, the majority
of such materials are spinless bipolarons, or π-dimers with low spin concentrations in
doped conjugated polymers. This lack of spin has limited the applications of these
structures as magnetic materials and further development of bi-functional materials.
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These drawbacks stimulate us to synthesize new types of magnetic conducting
metallopolymers which are both magnetic and electrically conductive. Our strategy is
inspired by the previous investigations of molecular magnets, where an inorganic
approach has been followed by Kahn et al.8 and Drillon et al.,9 using metal ions bridged
by closed-shell organic ligands. Herein, one-dimensional ferrimagnets were obtained,
which in some cases ordered ferromagnetically at low temperature. Later on Gatteschi
developed the idea by choosing ligands which contain free radicals and investigated the
interaction between metal ions and organic radicals.10 By following Gatteschi’s method
an extraordinary VII(TCNE)x·y(CH2Cl2) complex with Tc above room temperature was
prepared.11 Since then quite a few interesting research reports were published about the
coexistence of conducting electrons and localized spins from metals, which leads to
numerous

intriguing

phenomena,

such

as

paramagnetic

superconductivity,12

antiferromagnetic superconductivity,13 magnetic-field induced superconductivity,14 and
conducting molecular antiferromagnetic behavior.15 These exciting results promote us to
the idea of directly binding metal ions to conducting polymers, which produce polarons
upon doping. In this chapter, our goal is to prepare magnetic conducting metallopolymers
with a polythiophene backbone by taking advantage both of transition metal d spins and
polaronic ferromagnetism in conducting polymers. A promising strategy for creating this
type of bi-functionality focuses on a variety of polydentate nitrogen donor ligands with
thiophene groups, where the nitrogen atoms chelate the metal ions while the thiophene
groups act as the polymerizable portion. This type of intimate interaction between metal
center and polymer backbone in an inner sphere mode will lead to a magnetic conducting
metallopolymer architecture. As such, the inorganic metal centers can interact
magnetically due to the relatively strong magnetic interaction through π-conjugated
system as compared to the through-space interaction. Also, the polymer backbone can
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simultaneously have a structuring effect and bring an additional property such as
conductivity, luminescence, or optical activity.
Spin Crossover (SCO) Background
Considering the striking and fascinating behavior of SCO compounds and the rich
literature base on this class of complexes, we chose 3d transition metal Fe(II) for our
initial studies. The incorporation of Fe(II) into the polymer backbone offers the
possibility of: (a) increased cooperativity thus leading to steep and wide hysteresis loop
for the purpose of memory device; (b) attenuating the conducting properties by switching
on the bi-stable SCO center (switchable SCO polymer conductors).
As a consequence of the energy splitting of the d orbitals into the t2g and eg sets in
a ligand field, octahedral complexes of certain transition metal ions with configurations
d4 to d7, may exist in either the high-spin (HS) or low-spin (LS) state, depending on the
nature of the ligand field about the metal ion.16-20 Although spin transitions have been
observed for all the configurations listed above for the first transition series and a very
limited number of the second transition series, Fe(II) is the most commonly reported one.
For the d6 ion of Fe(II), for example, the two states are illustrated by [Fe(H2O)6]2+, which,
with the configuration t2g4eg2, has four unpaired electrons and thus is strongly
paramagnetic (5T2g state in octahedral symmetry), and [Fe(CN)6]4- (t2g6eg0) which has no
unpaired electrons (1A1g state). SCOs are found in many natural systems where they play
a vital role in controlling biological functions.21 They are also observed in certain
minerals and in geological processes where the relationship between pressure and spinstate is particularly intriguing.22 Although in the synthetic systems, SCO was first
recognized in 1931 and has been investigated extensively since the mid-1970s, only
during the 1980s, however, was it realized that SCO compounds could be used as active
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elements in memory devices.23-25 The basic principle of this type of memory device lies
on the hysteresis effect of the SCO complexes. The fundamental origin of the SCO
phenomenon is molecular, but the shape of the temperature dependence of the high-spin
molar fraction, xHS = f(T), depends strongly on intermolecular interactions. The more
pronounced these intermolecular interactions are, the steeper the xHS = f(T) curve around
T1/2 (the temperature at which two spin states are present in the ration 1 : 1). When the
magnitude of these intermolecular interactions overcomes a threshold value, the SCO
phenomenon may become cooperative, which, if pronounced, may lead to a thermal
hysteresis loop. In this case, the temperature of the LS → HS transition in the warming
mode, Tc↑, is higher than the temperature of the HS → LS transition in the cooling mode,
Tc↓. Between Tc↑ and Tc↓, the state of the system, LS or HS, depends on its history, and
hence on the information which has been stored, conferring a memory effect on the
system. The loop width and steepness are related to the strength of the cooperative
interactions. For a given system, allowing SCO centers to communicate via covalently
bound chemical bridges, i. e. in a polymeric species, is an important strategy to enhance
cooperativity.26,27 Our approach to a novel conducting metallopolymer structure includes
direct bonding of Fe(II) to the backbone of the polymer, which guarantees a polymeric
structure for the effective communication of SCO centers. This arrangement will lead to
increased control of metal complex spacing. Furthermore, the polymer backbone brings
the additional property of conduction. Besides, the use of electrodeposition provides easy
fabrication of thin films of controlled thickness, which is very important for the practical
application of these materials.
With the recognition that SCO compounds bear the potential for practical
application in switching and display devices, recent activities in this field have been
mostly devoted to the design of new SCO compounds in which SCO properties may be
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combined with other physical or chemical properties in a synergic fashion, e.g. magnetic
exchange, liquid crystalline properties, host-guest chemistry, non-linear optics, electrical
conductivity and ligand isomerization.28-36 Such synergic cooperative systems with two
or more phase transitions of different physical nature may lead to a number of advantages
in practical applications, e.g. enhancement of spin transition signals, switching and
sensing in different temperature regimes. Among them, pioneering work on the
coexistence of SCO and electrical conductivity has been reported by Faulmann et al.,37-39
where the cooperativity in SCO cations was enhanced via the control of π-packing, a
supramolecular synthetic strategy.
Scope of Our Research
Four different ligand systems, L8 - L11 (Scheme 14) have been synthesized, in
which the nitrogen donor moiety serves as a metal binding group and thiophene or its
derivatives as polymerizable groups. Generally, we chose the polydentate nitrogen donor
environment systems which have been shown to favor SCO in the literature, then install
the polymerizable groups into those ligands. According to different synthetic strategies,
we can either attach the polymerizable groups in the last step, or install the polymerizable
groups at the beginning.

Scheme 14. Molecular structure of L8 - L11.
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This kind of ligand design also minimizes spinless bipolaron formation as the
polymer structure only consists of comparatively short two-ring or four-ring spin
containing units. Our polymers are anticipated to have a much stronger effect on the SCO
centers through covalent bonds. Equally, when the metal centers undergoes cooperative
SCO behavior, the electronic transport in the conducting backbone will also be affected
dramatically, which suggests a promising precursor for the synthesis of switchable SCO
polymer conductors.
All complexes have been characterized by X-ray diffraction analysis and
elemental analysis. Variable temperature electron paramagnetic resonance (EPR)
spectroscopy and magnetic susceptibility were measured to monitor the spin state change
of the Fe(II) system. The conductivities of films containing transition metals have also
been measured.
EXPERIMENTAL
General Methods
Air- and moisture-sensitive reactions were carried out in oven-dried glassware
using standard Schlenk techniques under an inert atmosphere of dry argon. Dry DMF and
1,4-dioxane were used from EMD as sure-seal bottles. Iodine was purchased from J. T.
Baker. Tri-n-butyltin chloride, sodium amide, thiophene-2-acetonitrile, ethyl formate,
cyanuric chloride, pyridine, and 2,6-dibromopyridine were purchased from Alfa Aesar.
3,4-Ethylenedioxythiophene was obtained from AK Scientific. Hydrazine and 4(trifluoromethyl)phenol were purchased from Sigma-Aldrich. Sodium hydride and raney
nickel

(slurry

in

water)

were

purchased

from

Aldrich.

dichlorobis(triphenylphosphine)palladium(II)
tetrakis(triphenylphosphine)palladium(0)

were
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Transand

obtained

from

Strem.

2,6-

Bis(chloromethyl)pyridine and trifluoromethanesulfonic anhydride were purchased from
TCI. Toluene, tetrahydrofuran, diethyl ether and CH2Cl2 were dried using a doublecolumn anhydrous solvent system (Innovative Technologies, Newburyport, MA) and
further degassed via nitrogen purge prior to use.
NMR spectra were recorded with Varian 400 MHz (1H and

C{1H})

13

spectrometer. Low-res mass spectrometry was carried out by Thermo Finngan TSQ 700.
Elemental analysis was performed by QTI, Whitehouse, NJ (www.qtionline.com). X-ray
photoelectron spectroscopy (XPS) was carried out on a PHI 5700 XPS system equipped
with a dual Mg X-ray source and monochromatic Al X-ray source complete with depth
profile and angle-resolved capabilities. The dc magnetization was measured with a
commercial superconducting quantum interference device (SQUID) magnetometer. Xband EPR spectra were recorded on a Bruker EMX Plus spectrometer equipped with a
nitrogen flow cryostat.
Crystal Structure Determination
A suitable crystal was mounted on a glass fiber and placed in the low-temperature
nitrogen stream. The data were collected on a Nonius Kappa CCD diffractometer using a
graphite monochromator with MoK radiation ( = 0.71073Å). Data reduction was
performed using DENZO-SMN.40 The structure was solved by direct methods using
SIR9741 and refined by full-matrix least-squares on F2 with anisotropic displacement
parameters for the non-H atoms using SHELXL-97.42
Electrochemistry
Electrochemical syntheses and studies were performed in a dry-box under a
nitrogen atmosphere using a GPES system from Eco. Chemie B. V.. All the
electrochemical experiments were carried out in a three-electrode cell with a Ag/AgNO3
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reference electrode (silver wire dipped in a 0.01 M silver nitrate solution with 0.1 M
TBAPF6 in CH3CN), a Pt button working electrode or an ITO coated glass electrode, and
a Pt wire coil counter electrode. Potentials were relative to this 0.01 M Ag/AgNO3
reference electrode. Ferrocene was used as an external reference to calibrate the reference
electrode before and after experiments were performed and that value was used to correct
the measured potentials. The supporting electrolyte was 0.1 M TBAPF6 that was purified
by recrystallization three times from hot ethanol before being dried for 3 days at 100 oC
under active vacuum.
Film Thickness
Film thickness was determined using a Veeco Dektak Profilomter. Films were
prepared on interdigitated microelectrode that was first treated by successive sonnication
in deionized water, ethanol, acetone, and methylene chloride. Electropolymerization was
performed for 5 and 10 cycles at a scan rate of 100 mV/s.
In Situ Conductivity
In situ conductivity measurements were carried out at a scan rate of 10 mV/s with
a 40mV offset potential between the two working electrodes. The conductivity (ζ) was
then calculated by the equation ζ = (iD/VD)(D/nTL), where iD is the drain current, VD is
the offset potential, and T is the polymer thickness; with a 5 μm gap, D; n = 99 gaps; and
0.5 cm electrode length, L. The conductivity was then calculated from the value of the
drain current by applying geometrical factors.
Synthesis
Synthesis of 2,6-Bis[4-(2,2’-bithienyl-5-yl)pyrazol-1-yl]pyridine (L8)
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5-(Tributylstannyl)-2,2’-bithiophene was prepared by Swager’s method.43 2,6Bis(4-iodopyrazol-1-yl)pyridine was prepared using the procedure described by
Zoppellaro.44

Scheme 15. Synthesis of L8.
2,6-Bis(pyrazol-1-yl)pyridine. Sodium hydride (2.4 g, 0.1 mol) was added to a
250 mL of 3-necked flask. Dry THF (50 mL) was transferred to the flask. Pyrazole (6.8 g,
0.1 mol) was slowly added to the above solution under N2. The mixture was stirred at
room temperature for 30 min until all bubbles evolved and the solution became clear.
After the addition of 2,6-dibromopyridine (11.8 g, 0.0496 mol), the mixture was stirred at
60 °C overnight. The solvent was evaporated, and the residue was suspended in 300 mL
of NH4Cl(aq). The white solid was filtered out, washed with water and methanol, dried
under vacuum to get 9.47 g product (Yield = 90.4%). Purity and composition were
confirmed by comparing 1H NMR spectroscopy data to literature values.45
2,6-Bis[4-(2,2’-bithienyl-5-yl)pyrazol-1-yl]pyridine

(L8).

2,6-Bis(4-

iodopyrazol-1-yl)pyridine (1.15 g, 2.48 mmol) and Pd(PPh3)2Cl2 (0.305 g, 0.44 mmol)
were added into a 3-necked flask. The mixture was evacuated under vacuum for 20 min,
then dry DMF was cannula transferred into the flask followed by 5-(tributylstannyl)-2,2’174

bithiophene (2.28 g, 5 mmol). After the mixture was heated at 120 °C for four hours,
another portion of 5-(tributylstannyl)-2,2’-bithiophene (2.28 g, 5 mmol) was added. The
reaction mixture was heated at 120 °C overnight. After cooling, 100 mL of CH2Cl2 was
added. The resulting solution was washed with NH4Cl(aq), NaF(aq) and water. The organic
phase was evaporated. The crude product was purified on silica gel column with CH2Cl2
as eluent to yield a yellow solid (0.396 g, 29.6%). 1H NMR (400 MHz, CDCl3): δ (ppm)
= 8.65 (d, J = 0.8, 2H), 7.88 (m, 3H), 7.82 (d, J = 0.4, 1H), 7.81 (d, J = 0.8, 1H), 7.17
(dd, J = 1.2, 5.2, 2H), 7.14 (dd, J = 1.2, 5.2, 2H), 7.08 (m, 4H), 6.98 (dd, J = 3.2, 5.2,
2H). CI-MS (CH2Cl2) m/z: 540 [L8]+. Elemental anal. calcd. (Found) for L8, C27H17N5S4:
C, 60.08 (59.21); H, 3.17 (2.66); N, 12.98 (12.54).
Synthesis of 2,6-Bis((4-(thiophen-2-yl)-1H-pyrazol-1-yl)methyl)pyridine (L9)
Thienyl-2-malonaldehydonitrile and 4-(thiophen-2-yl)-1H-pyrazole were prepared
according to literature methods.46,47
NaH (72.0 mg, 3.0 mmol) was added to a 3-necked flask. Dry THF was
transferred into the flask under Ar. 4-(Thiophen-2-yl)-1H-pyrazole (450.6 mg, 3.0 mmol)
was slowly added to the above mixture under Ar. The mixture was stirred at room
temperature for 30 min until all bubbles evolved and the solution became clear. After the
addition of 2,6-bis(chloromethyl)pyridine (176.0 mg, 1.0 mmol), the mixture was
refluxed for 18 h. The solvent was evaporated, the residue was suspended in NH4Cl(aq) to
obtain a white precipitate. The solid was collected by filtration, washed with plenty of
water, dried under vacuum at 70 °C overnight to get the target product (177.6 mg, 44%).
1

H NMR (400 MHz, CD3Cl): δ (ppm) = 7.82 (t, J = 8.0, 1H), 7.79 (s, 2H), 7.68 (s, 2H),

7.20 (d, J = 8.0, 2H), 7.09 (dd, J = 0.8, 5.2, 2H), 7.00 (dd, J = 0.8, 5.2, 2H), 6.94 (dd, J =
3.6, 5.2, 2H), 5.63 (s, 4H).
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C{1H} NMR (100 MHz, CDCl3): δ (ppm) = 155.8, 139.6,
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137.7, 135.0, 127.9, 127.3, 123.3, 122.8, 121.9, 117.8, 56.8. CI-MS (CH2Cl2) m/z: 404
[L9]+. Elemental anal. calcd. (Found) for L9, C21H17N5S2: C, 62.51 (62.57); H, 4.25
(4.76); N, 17.36 (17.11).

Scheme 16. Synthesis of L9.
Synthesis of 2-(3,4-(Ethylenedioxy)thien-2-yl)-4,6-di(1H-pyrazol-1-yl)-1,3,5-triazine
(L10)

Scheme 17. Synthesis of L10.
2,4-Dichloro-6-(3,4-(ethylenedioxy)thien-2-yl)-1,3,5-triazine.

3,4-

Ethylenedioxythiophene (1.42 g, 10.0 mmol) was added to dry THF in a 100 mL schlenk
flask. n-BuLi (1.6 M in hexanes, 6.87 mL) was added dropwise to the above solution at
-78 °C. After stirring at -78 °C for one hour, the resulting solution was cannula
transferred to a THF solution of cyanuric chloride (1.84 g, 10.0 mmol) at -78 °C. The
mixture was stirred at -78 °C for two hours, then the temperature was increased to room
temperature. After stirring overnight at room temperature, 200 mL of CH2Cl2 was added.
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The organic phase was washed with NH4Cl(aq) and water, dried over MgSO4, then
evaporated. The crude product was purified on silica gel column with CH2Cl2 as eluent to
get pale yellow product (1.19 g, 41%). 1H NMR (400 MHz, CD3Cl): δ (ppm) = 6.82 (s,
1H), 4.48 (t, J = 4.0, 2H), 4.29 (t, J = 4.0, 2H).

13

C{1H} NMR (100 MHz, CDCl3): δ

(ppm) = 171.3, 169.4, 148.4, 142.9, 113.0, 111.8, 66.0, 64.3. CI-MS (CH2Cl2) m/z: 290
[M]+. Elemental anal. calcd. (Found) for C9H5Cl2N3O2S: C, 37.26 (36.98); H, 1.74 (2.01);
N, 14.48 (14.72).
2-(3,4-(Ethylenedioxy)thien-2-yl)-4,6-di(1H-pyrazol-1-yl)-1,3,5-triazine (L10).
NaH (211.2 mg, 8.8 mmol) was added to a 3-necked flask. Dry THF (50 mL) was
transferred into the flask under Ar. Pyrazole (598.4 mg, 8.8 mmol) was slowly added to
the above mixture under Ar. The mixture was stirred at room temperature for 30 min until
all bubbles evolved and the solution became clear. After the addition of 2,4-dichloro-6(3,4-(ethylenedioxy)thien-2-yl)-1,3,5-triazine (1.16 g, 4.0 mmol), the mixture was
refluxed overnight. The solvent was evaporated, the residue was redissolved in CH2Cl2.
The organic phase was washed with NH4Cl(aq) and water, dried over MgSO4, then
evaporated. The crude product was purified on silica gel column with CH2Cl2 : MeOH
(10 : 1) as eluent to get pale yellow product (925 mg, 65.4%). 1H NMR (400 MHz,
CD3Cl): δ (ppm) = 8.73 (dd, J = 0.8, 3.2, 2H), 7.92 (dd, J = 0.8, 1.6, 2H), 6.76 (s, 1H),
6.54 (dd, J = 1.2, 2.8, 2H), 4.54 (m, 2H), 4.31 (m, 2H).
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C{1H} NMR (100 MHz,

CDCl3): δ (ppm) = 168.8, 161.4, 146.1, 144.4, 141.6, 129.3, 113.3, 108.8, 108.2, 64.7,
63.1. CI-MS (CH2Cl2) m/z: 353 [L10]+. Elemental anal. calcd. (Found) for L10,
C15H11N7O2S: C, 50.99 (51.24); H, 3.14 (3.68); N, 27.75 (26.98).
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Synthesis of 1,1',1''-((4-(3,4-(Ethylenedioxy)thien-2-yl)phenyl)methanetriyl)tris(1Hpyrazole) (L11)

Scheme 18. Synthesis of L11.
4-(Tri(1H-pyrazol-1-yl)methyl)phenol. NaH (1.92 mg, 80 mmol) was added to a
3-necked flask. Dry THF (100 mL) was transferred into the flask under Ar. Pyrazole
(5.44 g, 80 mmol) was slowly added to the above mixture under Ar. The mixture was
stirred at room temperature for 30 min until all bubbles evolved and the solution became
clear. After the addition of 4-(trifluoromethyl)phenol (3.24 g, 20 mmol), the mixture was
refluxed for 18 h. The solvent was evaporated to get the residue, which was collected by
filtration, washed with diethyl ether. The crude product was dissolved in water, dilute
HCl (10%) was added dropwise to precipitate the product until the pH = 7. The white
precipitate was collected by filtration, washed with water, then dried under vacuum to
give the target product (3.61 g, 59%). 1H NMR (400 MHz, CD3Cl): δ (ppm) = 7.72 (dd, J
= 0.8, 1.6, 3H), 7.50 (dd, J = 0.4, 1.2, 3H), 7.14 (s, 1H), 6.90 (dd, J = 2.4, 6.8, 2H), 6.64
(dd, J = 2.4, 6.8, 2H), 6.35 (dd, J = 2.0, 2.8, 3H). 13C{1H} NMR (100 MHz, CD3OD): δ
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(ppm) = 159.5, 141.1, 132.3, 130.2, 128.0, 114.7, 106.2, 93.3. CI-MS (CH2Cl2) m/z: 306
[M]+.
4-(Tri(1H-pyrazol-1-yl)methyl)phenyl trifluoromethanesulfonate. 4-(Tri(1Hpyrazol-1-yl)methyl)phenol (712 mg, 2.0 mmol) was added to a schlenk flask. Dry
pyridine (20 mL) was added into the flask at 0 °C. Trifluoromethanesulfonic anhydride
(705 mg, 2.5 mmol) in dry pyridine (10 mL) was added dropwise to the above solution at
0 °C under Ar. After stirring at 0 °C for another two hours, the solution was stirred at
room temperature overnight. The mixture was poured into 100 mL of diethyl ether, then
washed with water and dilute HCl (10%). The organic phase was evaporated to get a
yellow solid (695 mg, 79.3%). 1H NMR (400 MHz, CD3Cl): δ (ppm) = 7.66 (dd, J = 0.8,
1.6, 3H), 7.32 (d, J = 9.2, 2H), 7.25 (dd, J = 0.8, 2.8, 3H), 7.23 (d, J = 14, 2H), 6.32 (d, J
= 1.6, 2.8, 3H). 13C{1H} NMR (100 MHz, CD3Cl): δ (ppm) = 150.7, 142.0, 137.9, 132.3,
131.8, 121.2, 107.2, 92.6.
1,1',1''-((4-(3,4-(Ethylenedioxy)thien-2-yl)phenyl)methanetriyl)tris(1Hpyrazole) (L11). 4-(Tri(1H-pyrazol-1-yl)methyl)phenyl trifluoromethanesulfonate (438.4
mg,

1.0

mmol),

LiCl

(127.2

mg,

3.0

mmol),

and

2-(tributylstannyl)-3,4-

(ethylenedioxy)thiophene (860.2 mg, 2.0 mmol) were added into a 3-necked flask. The
chemicals were dried under vacuum for 30 min, then 1,4-dioxane (50 mL) was
transferred into the flask. Pd(PPh3)4 (69.5 mg, 0.06 mmol) was added under N2. The
mixture was refluxed overnight. The solvent was evaporated to get the crude product,
which was further purified on silica gel column with CH2Cl2 as eluent to get 235 mg of
product, yield: 54.3%. 1H NMR (400 MHz, CD3Cl): δ (ppm) = 7.75 (t, J = 2.0, 3H), 7.73
(dd, J = 2.0, 2.8, 2H), 7.54 (dd, J = 0.8, 2.8, 3H), 7.09 (dd, J = 2.0, 2.8, 2H), 6.36 (dd, J =
1.6, 2.8, 2H), 6.34 (s, 1H), 4.30 (m, 2H), 4.25 (m, 2H).

13

C{1H} NMR (100 MHz,

CD3OD): δ (ppm) = 142.5, 141.6, 139.4, 135.6, 135.2, 132.6, 129.2, 125.6, 116.5, 106.7,
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99.0, 93.3, 65.0, 64.6. CI-MS (CH2Cl2) m/z: 432 [L11]+. Elemental anal. calcd. (Found)
for L11, C22H18N6O2S: C, 61.38 (61.66); H, 4.21 (4.69); N, 19.52 (19.14).
Synthesis of [FeL8(CH3OH)3](ClO4)2·CH3OH·0.5H2O (31)
Ferrous perchlorate hydrate (25.5 mg, 0.1 mmol) dissolved in MeOH was slowly
diffused into the L8 (54.0 mg, 0.1 mmol) solution in CH2Cl2. After a few weeks, yellow
crystals suitable for X-ray diffraction analysis were found (54.0 mg, 29%). Elemental
anal. calcd. (Found) for 31 - CH3OH - 0.5 H2O, C30H29Cl2FeN5O11S4: C, 40.46 (40.11);
H, 3.28 (3.73); N, 7.86 (7.45).
Synthesis of Fe(L9)2(ClO4)2·2CH3OH ·H2O (32)
Ferrous perchlorate hydrate (25.5 mg, 0.1 mmol) dissolved in MeOH (5 mL) was
added to L9 (80.7 mg, 0.2 mmol) solution in CH2Cl2 (10 mL). The resulting yellow
solution was stirred at room temperature under N2 for 2 h. Diethyl ether was slowly
diffused into the above solution to get colorless crystals (26.3 mg, 23%). Elemental anal.
calcd. (Found) for 32 - 2CH3OH - H2O, C42H34Cl2FeN10O8S4: C, 47.51 (47.19); H, 3.23
(3.37); N, 13.19 (13.41).
Synthesis of Fe(L9)2(BF4)2·C3H6O (33)
Ferrous tetrafluoroborate hexahydrate (6.8 mg, 0.02 mmol) in acetone (2 mL) was
slowly diffused into the L9 (8.1 mg, 0.02 mmol) solution in CH2Cl2 (5 mL) in a sealed
tube. After one week, green crystals were found (6.7 mg, 31%). Elemental anal. calcd.
(Found) for 33 - C3H6O, C42H34B2F8FeN10S4: C, 48.67 (48.22); H, 3.31 (3.49); N, 13.51
(12.98).
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Synthesis of Fe(L9)2(BF4)3·C3H6O (34)
Ferrous tetrafluoroborate hexahydrate (33.8 mg, 0.1 mmol) in acetone (10 mL)
was added into the L9 (80.7 mg, 0.2 mmol) solution in CH2Cl2 (20 mL). The mixture was
stirred under N2 for several hours, then filtered. The filtration was stored at the
refrigerator (~ -20 °C). Yellow crystals suitable for X-ray diffraction analysis were
obtained after a few days (30.7 mg, 26%). Elemental anal. calcd. (Found) for 34 C3H6O, C42H34B3F12FeN10S4: C, 44.91 (45.17); H, 3.05 (2.63); N, 12.47 (13.02).
Synthesis of Fe(L10)2(ClO4)2·CH3OH (35)
Ferrous perchlorate hydrate (25.5 mg, 0.1 mmol) dissolved in MeOH (5 mL) was
added to L10 (70.7 mg, 0.2 mmol) solution in CH2Cl2 (10 mL). The resulting orange
solution was stirred at room temperature under N2 for a few hours. Diethyl ether was
slowly diffused into the above solution to get red crystals (34.8 mg, 35%). Elemental
anal. calcd. (Found) for 35 - CH3OH, C30H22Cl2FeN14O12S2: C, 37.48 (36.89); H, 2.31
(2.54); N, 20.40 (20.76).
Synthesis of Cu2(L11)2(SO4)2(CH3OH)2·2CH3OH (36)
CuSO4·5H2O (25.0 mg, 0.1 mmol) in MeOH (10 mL) was added to L11 (43.0
mg, 0.1 mmol) solution in CH2Cl2 (10 mL). The mixture was stirred at room temperature
under N2 overnight. The solution was filtered, the filtration stood at room temperature for
a couple of days to get yellow crystals (61.5 mg, 47%). Elemental anal. calcd. (Found)
for 36, C48H52Cu2N12O16S4: C, 44.06 (43.19); H, 4.01 (3.27); N, 12.85 (13.03).
RESULTS AND DISCUSSION
Structure Determination
Crystal Structure of [FeL8(CH3OH)3](ClO4)2·CH3OH·0.5H2O (31)
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Figure 65. ORTEP diagram of 31 showing the labeling scheme of selected atoms at 30%
probability level. Hydrogen atoms, perchlorate anions and solvent molecules
are omitted for clarity.
In one unit cell of the solid state structure of 31, there are two [FeL8(CH3OH)3]2+
cations, four perchlorate anions, two methanol solvent molecules and one water
molecule. An ORTEP perspective view of the cationic moiety of 31 is shown in Figure
65. The Fe(II) center is six-coordinate in a distorted octahedral geometry. One L8 ligand
is bound to Fe(II) with two nitrogen atoms from the pyrazole rings and one nitrogen atom
from the pyridine ring. The Fe-N distances involving the pyrazole unit are longer
(2.184(7) Å) than the pyridine one (2.134(7) Å). However, these Fe-N bond lengths are
typical for high-spin iron(II) centers.48 The other three coordination sites are completed
by three oxygen atoms from the coordinated methanol molecules with average Fe-O bond
length of 2.107(7) Å, which are in the normal range of Fe-O(methanol) bond distances.49
The N-Fe-O is almost linear with the average angle of 173.5°. The two pyrazole rings are
almost coplanar with the pyridine rings. The dihedral angles between two pyrazole rings
and pyridine ring are 2.4° and 5.4°. The thiophene rings in this molecule are also parallel
to the bis(pyrazol-1-yl)pyridine portion with the largest dihedral angle of 9.3°. That the
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ligand to metal ratio is not the common 2 : 1 for Fe(II) bis(pyrazol-1-yl)pyridine complex
can be explained by the large steric hindrance of the ligand.
Crystal Structure of 32 - 34

Figure 66. ORTEP diagram of the cationic structure of 32 showing the labeling scheme
of selected atoms at 30% probability level. Hydrogen atoms, perchlorate
anions and solvent molecules are omitted for clarity.
32 crystallizes in the triclinic space group P-1. To the best of our knowledge, it is
the first time that the structure of complexes containing the 2,6-bis[(pyrazol-1yl)methyl]pyridine derivatives with Fe(II) has been reported. The triclinic unit cell of the
solid state structure contains one Fe(L9)22+ cation, two perchlorate anions, two methanol
molecules and one water molecule. Two L9 ligands coordinate with one Fe(II) center.
The Fe-N1 and Fe-N5 distances are 2.149(7) and 2.169(8) Å, respectively, which are
typical of those observed with other complexes of Fe(II) with nitrogen containing
heterocycles as ligands in high-spin state.50 The pyridyl nitrogen is also connected to the
iron atom, but the distance is longer (2.281(7) Å). The slightly longer Fe-N distances
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involve the pyridine rings indicate that the geometry around iron is best described as a
slightly elongated octahedron. There is a trans arrangement of the pyrazolyl rings, which
orient above and below the plane of the central pyridyl ring, as pictured in Figure 66. The
dihedral angles between two pyrazole rings with the pyridine ring are 55.6 and 63.9°.
This arrangement has been published before for those metal complexes with 2,6bis[(pyrazol-1-yl)methyl]pyridine.51 In L9, the dihedral angles between the thiophene
rings and pyrazole ring are 11.7 and 15.4°. The cationic units are associated into onedimensional (1D) supramolecular chains based on S···S interactions (3.513 Å) as shown
in Figure 67.

Figure 67. Association of the cationic units in 32 into 1D supramolecular chains based on
the S···S interactions of thiophene rings between neighboring molecules.
Complex 33 and 34 have the same cationic structure as that of complex 32. In
complex 33, the coordination geometry of Fe(II) is also an elongated octahedron with
longer Fe-N(pyridine) bond length of 2.272(10) Å and shorter Fe-N(pyrazole) bond
lengths of 2.150(9) and 2.162(9) Å. The dihedral angles of two pyrazole rings and
pyridine ring (60.6 and 73.2°) are larger than those in 32. Complex 34 crystallizes in
monoclinic space group C2/c. There are one Fe(L9)3+ cation, three tetrafluoroborate
anions and one acetone solvent molecule in the unit cell. Due to the oxidation state
change of the Fe metal center from +2 to +3, the Fe-N bond lengths in 34 are shorter than
those in complex 32 and 33. The long Fe-N(pyridine) (2.117(5) Å) and short Fe184

N(pyrazole) (2.106(5) Å) bonds compose the elongated octahedral geometry of Fe(III).
The bond length shortening also leads to the decreased dihedral angles between the
pyrazole rings and pyridine ring (53.7 and 58.8°).
Crystal Structure of Fe(L10)2(ClO4)2·CH3OH (35)

Figure 68. ORTEP diagram of the cationic structure of 35 showing the labeling scheme
of selected atoms at 30% probability level. Hydrogen atoms, perchlorate
anions and solvent molecules are omitted for clarity.
Ligand L10 is a modification of 2,4,6-tris(pyrazolyl)-1,3,5-triazine. EDOT
polymerizable group is first attached to the triazine through stille coupling. The other two
Cl atoms are substituted by pyrazole later. The coordination chemistry of 2,4,6tris(pyrazolyl)-1,3,5-triazine and Fe(II) has never been explored before. As a derivative
of 2,4,6-tris(pyrazolyl)-1,3,5-triazine, L10 may adopt various coordination modes with
metal ions, such as tridentate terpyridine-like and bidentate bipyridine-like modes.
Crystal structure analysis shows that in complex 35, L10 adopts the tridentate mode with
three nitrogens coordinating with the Fe(II) (Figure 68). The Fe-N(triazine) bond distance
(2.076(13) Å) is shorter than the Fe-N(pyrazole) bond distances (2.262(16) and 2.283(14)
Å), which makes a compressed octahedral geometry for Fe(II). The triazine ring C-N
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distances of C8-N2 (1.383(18) Å) and C7-N1 (1.41(2) Å) are typical single-bond values,
and the remaining four C-N distances are narrowly spread in the double-bond range
(between 1.31(2) and 1.345(19) Å). Two pyrazole rings are almost coplanar with the
triazine ring with the dihedral angles of 3.3 and 5.0°. The dihedral angle between the
thiophene ring and the triazine ring is 11.8°.
Crystal Structure of Cu2(L11)2(SO4)2(CH3OH)2·2CH3OH (36)

Figure 69. ORTEP diagram of 36 showing the labeling scheme of selected atoms at 30%
probability level. Hydrogen atoms and solvent molecules are omitted for
clarity.
The isoelectronic tris(pyrazolyl)methane ligand is formally derived from the
tris(pyrazolyl)borate ligand by replacing the central boron anion with a carbon atom,
which

has

received

less

attention.52,53

The

coordination

chemistry

of

tris(pyrazolyl)methane with transition metals typically reveals a tridentate coordination
mode. However, in the molecular structure of complex 36 (shown in Figure 69), the
tris(pyrazolyl)methyl unit acts as a bidentate ligand. The two Cu(II) centers are bridged
by sulfate anions. Two out of three pyrazole rings coordinate with Cu(II) with the Cu-N
bond length of 1.991(10) Å. The Cu(II) is five-coordinate with the coordination geometry
of square pyramidal. The equatorial plane is composed of two nitrogen atoms and two
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oxygen atoms from the bridged sulfate anions (Cu-O bond lengths of 1.948(8) and
1.923(8) Å) with the mean deviation of 0.0813 Å. The Cu1 atom is 0.0895 Å out of this
plane. The axial position of the square pyramid is occupied by the oxygen atom from the
coordinated methanol molecule with the Cu-O bond length of 2.299(10) Å. The sulfate
anions act as a bidentate bridge to connect two Cu(II) atoms with a distance of 4.830 Å.
The hydrogen bonds between the oxygen atoms of sulfate anions and the oxygen atoms
of coordinated methanol (O···H-O distance of 2.726 Å) connect the dinuclear units into
1D structure (Figure 70).

Figure 70. Association of the dinuclear units of 36 into 1D supramolecular chain based
on the hydrogen bonds between neighboring molecules.
Electrochemical Studies
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Cyclic voltammetry of 31 over a window of +1.25 to -1.5 V (vs Fc/Fc+) resulted
in the growth of a polymer film (Figure 71). The first scan has oxidation peaks around
0.8 and 1.1 V, and reduction peaks at 0.74 and 0.49 V. With increasing scans, the
oxidation and reduction peaks merge into one broad peak. All these redox peaks grow
linearly with increasing scans. The XPS data were used to determine the film
composition and metal coordination environment. The Fe 2p peak is observed at 709.7
eV. The S 2p peak is found at 162.65 eV. Quantitative XPS analysis reveals that the film
has an atomic ratio of Fe : S = 1 : 4.8, which is in agreement with the stoichiometric
molar ratio of the proposed film structure (Fe : S = 1 : 4).

Figure 71. Electrochemical polymerization of 31 (left) and 32 (right). Fc/Fc+ is the redox
couple of ferrocene.
The electrochemical behavior of 33 and 34 is similar to that shown for 32 in
Fighure 71. When the potential of the electrode was swept between -0.25 and +1.25 V
versus Fc/Fc+ at a scan rate of 100 mV/s, complex 32 is oxidatively polymerized. A
typical electrochemical polymerization of 32 is shown in Figure 71. For 32, the first
polymerization scan is characterized by a thiophene oxidation at ca. +1.1 V followed by
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the reductive process at 0.78 V on the return cycle. However, the reduction peak stops
growing after four scans.
Electropolymerization of complex 35 was performed from 2 × 10-3 M monomer
solution in CH2Cl2 by continuous cycling between -1.75 V and +1.25 V (Figure 72). The
first scan shows an oxidation peak at ca. 0.9 V, which increase linearly with increasing
scans. Different from other electropolymnerization behavior of EDOT containing ligand,
such as complex 9, the oxidation peak does not move with increasing scans. A reduction
peak is found at -1.45 V. The XPS data were used to determine the film composition and
metal coordination environment for poly-35. The Fe 2p peak is observed at 711.9 eV.
The S 2p peak is found at 163.75 eV. Quantitative XPS analysis reveals that the film has
an atomic ratio of Fe : S = 1 : 2.16, which is in agreement with the stoichiometric molar
ratio of the proposed film structure (Fe : S = 1 : 2).
Complex 36 can not be electropolymerized. It may be due to the dissociation of
the dinuclear structure in solution.

Figure 72. Left: Electrochemical polymerization of 35 (Fc/Fc+ is the redox couple of
ferrocene). Right: Plot of linear current increase vs number of scans.
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Magnetic Studies
Magnetic susceptibility measurements show that only the Fe(II)/(III) complexes
32 - 34 with L9 ligand exhibit the SCO transition. Complex 32 is measured as light
yellow microcrystalline powders. The magnetic moment versus temperature data for 32
are shown in Figure 73. The effective magnetic moment of 32 at room temperature, 5.28
μB, typical of high spin iron(II) with a small orbital contribution to the spin only magnetic
moment of 4.90 μB with g = 2.0.54 Upon cooling, the sample undergoes abrupt spin state
transitions to a populated S = 0 low-spin form. This transition is centered at 265 K and
shows a hysteresis loop of 4 K. The effective magnetic moment of 32 at 5 K is 0.56 μB
indicating the almost complete transition of the metal center.

Figure 73. Left: Variation of effective magnetic moment as a function of the temperature
for 32. Right: Enlargement of temperature dependence of the effective
magnetic moment showing the hysteresis loop.
The SCO transition is further supported by the X-band EPR spectrum at various
temperatures. Complex 32 was measured as a powder sample diluted with anhydrous
KBr at the concentration of 10-5 M. When Fe(II) is in high spin state, it has four unpaired
electrons and is EPR active. Whereas in low spin state, Fe(II) has no unpaired electrons
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and is EPR silent. Variable temperature X-band EPR spectra of 32 were recorded in
Figure 74. At 90 K, complex 32 is in low spin state, no EPR signal is observed. With
increasing temperature, a small signal at g = 4.1 is observable from 210 K. An abrupt
increase in the signal intensity is found between 270 and 280 K. At 290 K, the dominant
signal in the spectrum is a single isotropic signal with no observable hyperfine
interactions.

Figure 74. Temperature dependence of the EPR spectra on heating for 32.
The magnetic measurements of complex 33 were carried out on its powder and in
acetone solution (10-2 M). At room temperature, the effective magnetic moment in the
solid state (5.08 μB) is close to that in solution (5.0 μB). As shown in Figure 75, complex
33 displays a very broad SCO transition with the effective magnetic moment of 5.08 μB at
300 K, typical of the high spin state, to effective magnetic moment of 1.3 μB in acetone
solution and 0.8 μB in solid state at 100 K, typical of the low spin state. There is no

191

thermal hysteresis in the SCO region. The T1/2 of 33 in the solid state and acetone
solution is 245 and 256 K, respectively.

Figure 75. Left: Temperature dependence of the effective magnetic moment of 33 in solid
state (□) and acetone solution (○). Right: Temperature dependence of the
EPR spectra on heating for 33.
The SCO transition is also verified by the variable temperature EPR spectra. A
small signal at g = 4.2 is observable from 210 K. Different from the sharp intensity
change of the EPR signal in complex 32, the EPR intensity of 33 increases steadily with
increasing temperature indicating the gradual SCO transition.
The effective magnetic moment of 34 (5.81 μB) at room temperature is close to the
spin only value of high spin Fe(III) (5.92 μB). Complex 34 exhibits a partial SCO
transition from fully high spin Fe(III) above ca. 200 K to two-thirds of high spin and onethird of low spin iron(III) at 75 K. The behavior is reversible as the samples are heated
and recooled. The inverse molar magnetic susceptibility, 1/χM, is linear between 200 and
300 K and a linear least squares fit yields a Curie constant of 4.60 emu K/mol and a
Weiss temperature, of -6.3 K. Also 1/χM of 34 is linear between 2 and 120 K and yields a
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Curie constant of 3.41 emu K/mol and a Weiss temperature of -3.3 K. The small observed
Weiss temperatures indicate that, as expected, complex 34 is a dilute, fully paramagnetic
complex between 2 and 300 K. The decrease in the moments below ca. 20 K is a result of
zero field splitting of the high spin iron(III) ground state.

Figure 76. Left: Temperature dependence of the effective magnetic moment of 34. Right:
Temperature dependence of the inverse molar magnetic susceptibility of 34.
The magnetic susceptibility of complex 36 has been measured in the temperature
range of 5 - 300 K. The temperature dependence of χM and χMT product of the Cu2 unit is
shown in Figure 77. Upon cooling, χM increases, reaching a maximum of 0.154 cm3 mol-1
around 5 K. The χMT value at room temperature of 0.79 cm3 K mol-1 is slightly larger
than the spin only value of 0.76 cm3 K mol-1 expected for two isolated copper(II) ions (S
= 1/2) assuming g = 2.00. As the temperature is lowered, χMT decreases steadily to 0.69
cm3 K mol-1 at ca. 27 K, and then increases again to 0.78 cm3 K mol-1 upon cooling to 5
K. This is characteristic magnetic behavior of antiferromagnetic coupling in the dinuclear
centers. The increase of χMT at low temperature region may be due to the intermolecular
ferromagnetic interaction and monomeric impurity. To estimate the magnitude of the
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antiferromagnetic coupling, the magnetic susceptibility data (5 - 300 K) were fitted to the
modified Bleaney-Bowers equation for two interacting copper(II) ions (S = 1/2) with the
Hamiltonian in the form of H = -JS1·S2. Then an intermolecular ferromagnetic interaction
was considered, the susceptibility equation can be written as follows55
2 Ng 2  2
Ng 2  2

[3  exp(  J / kT )]1 (1   ) 
 + Nα
k (T   )
2kT
where N, g, β and ρ parameters in the equation bear their usual meaning. A temperature
independent susceptibility term (Nα) was also included and set as 1.2 × 10-4 cm3 mol-1.
The result of the fit, shown as the solid line in Figure 77, was: g = 2.06, J = -7.9 cm-1, θ
= 3.0 K, ρ = 0.012, and R = 1.8 × 10-3 (R = Σ[(χM)obs - (χM)calc]2/[(χM)obs]2). The negative
sign of J confirmed the weak antiferromagnetic coupling between adjacent copper(II)
ions through the bridging sulfate anions.

Figure 77. Plots of χM ( ) and χMT (■) versus the temperature for 36. The solid line
represents the theoretical curve with the best fit parameters.
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In Situ Conductivity

Figure 78. CV (circle) and drain current (solid line) profile (5 mV/s, offset potential of 40
mV; solid line) of poly-31 on interdigitated Pt microelectrodes in CH2Cl2
with 0.1 M TBAPF6 as a supporting electrolyte.
To probe the conduction properties of the obtained metallopolymers, we utilized
methods developed by Wrighton and co-workers56-59 to investigate polymer conductivity
as a function of oxidation potential. Complex 31 was electropolymerized on interdigitated
microelectrode to form poly-31, which connected the two sets of electrodes. After a small
potential difference (VD) was applied between the two electrodes, typically 40 mV, both
electrodes were scanned versus the reference electrode. The drain current (iD) that flowed
between the two sets of electrodes, source and drain, is then observed as a function of the
applied potential, Figure 78. This drain current can be related directly to absolute
conductivity (ζ = (iD/VD)(D/nTL)). Poly-31 displays a rapid increase in drain current upon
initial polymer oxidation followed by a subsequent decrease and eventually reaches a
plateau. The maximum in situ conductivity at 1.1 V is 9.93 × 10-3 S/cm with the film
thickness of 1.5 × 10-5 cm. We correct this conductivity by a known standard, poly(3195

methylthiophene) films grown on the same electrode. For the poly(3-methylthiophene)
film, the maximum drain current is 1.1 × 10-2 A and the film thickness is 2.8 × 10-5 cm.
The conductivity of poly(3-methylthiophene) was determined to be 0.098 S/cm. The
literature published conductivity of poly(3-methylthiophene) is 60 S/cm.60 The relation
used to correct the conductivity of poly-31 follows as: ζ(poly-31)(corr.) = (ζ(poly-31) / ζ(poly(3methylthiophene)))

× 60 S/cm. For the aforementioned values, the corrected conductivity of

poly-31 is calculated as 6.1 S/cm.
CONCLUSION
Four different types of ligand systems with polydentate nitrogen donors have been
designed and synthesized. The coordination chemistry for these novel ligands with
transition metals has been investigated. Six complexes with Fe(II)/(III) and Cu(II) have
been characterized by single crystal X-ray diffraction analysis. Variable temperature
magnetic susceptibility measurements show that Fe(II)/(III) complexes with L9 have the
SCO transition. The highest T1/2 is observed for complex 31 at 265 K, which is promising
for further synthesis of complexes with T1/2 near room temperature. The variable
temperature EPR spectra further verify the spin state change in the Fe(II) systems.
Although complexes with L9 can be electropolymerized, we can not get film thick
enough for the in situ conductivity measurements. Further modification needs to be done
to achieve better electrochemical performance. The conductivity for poly-31 was
measured as 6.1 S/cm when oxidized. Further studies in the spectral, magnetic and
electrical properties changes caused by covalently bonded metals to the conducting
polymer systems should be useful not only for information storage but also for various
devices.
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CRYSTALLOGRAPHIC DATA
Table 33. Crystal data and structure refinement of 31.

formula

C62H68Cl4Fe2N10O25S8

fw

1863.24

T (K)

153(2)

crystal system

Triclinic

space group

P-1

a (Å)

10.335(2)

b (Å)

17.206(3)

c (Å)

22.190(4)

α (deg)

86.93(3)

β (deg)

82.88(3)

γ (deg)

85.16(3)

V (Å3)

3898.0(13)

Z

2
3

1.587

-1

μ (mm )

0.806

F(000)

1916

crystal size (mm)

0.20 × 0.18 × 0.15

θ (deg)

2.97 to 25.00

Index ranges

-12  h  10

ρ (g/cm )

-20  k  19
-26  l  25
Gaussian

Absorption correction
Max. and min. transmission
GOF on F2

0.8601 and 0.8188

R1, R2 [I > 2ζ (I)]

0.0921, 0.1932

1.087

R1, R2 (all data)

0.1370, 0.2161
-3

Largest diff. peak and hole (e.Å )

2.086 and -0.802
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Table 34. Selected bond lengths [Å] and angles [°] of 31.
Bond distances (Å)
Fe1-O1

2.081(7)

Fe1-O2

2.101(7)

Fe1-O3

2.139(7)

Fe1-N2

2.174(7)

Fe1-N3

2.134(6)

Fe1-N5

2.194(7)

O1-Fe1-O2

87.5(3)

O2-Fe1-N5

88.6(3)

O1-Fe1-N3

173.5(3)

N3-Fe1-N5

73.7(2)

O2-Fe1-N3

97.6(3)

O3-Fe1-N5

88.8(3)

O1-Fe1-O3

86.0(3)

N2-Fe1-N5

147.6(3)

O2-Fe1-O3

171.7(3)

O2-Fe1-N5

88.6(3)

N3-Fe1-O3

89.2(2)

O1-Fe1-N2

101.8(3)

O2-Fe1-N2

93.9(3)

O3-Fe1-N2

92.5(3)

N3-Fe1-N2

74.0(2)

O1-Fe1-N5

110.5(3)

Bond angles (º)
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Table 35. Crystal data and structure refinement of 32.
formula

C44H42Cl2FeN10O11S4

fw

1141.87

T (K)

153(2)

crystal system

Triclinic

space group

P-1

a (Å)

11.180(2)

b (Å)

15.348(3)

c (Å)

17.002(3)

α (deg)

101.40(3)

β (deg)

94.67(4)

γ (deg)

111.19(3)

V (Å3)

2629.0(11)

Z

2
3

1.442

-1

μ (mm )

0.613

F(000)

1176

crystal size (mm)

0.17 × 0.12 × 0.08

θ (deg)

2.91 to 27.48

Index ranges

-13  h  13

ρ (g/cm )

-13  k  18
-20  l  18
Gaussian

Absorption correction
Max. and min. transmission
GOF on F2

0.9526 and 0.9029

R1, R2 [I > 2ζ (I)]

0.0983, 0.2346

1.038

R1, R2 (all data)

0.1547, 0.2346
-3

Largest diff. peak and hole (e.Å )

1.932 and -1.844
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Table 36. Selected bond lengths [Å] and angles [°] of 32.
Bond distances (Å)
Fe1-N1

2.149(7)

Fe1-N5

2.169(8)

Fe1-N1'

2.182(7)

Fe1-N5'

2.192(7)

Fe1-N3'

2.278(7)

Fe1-N3

2.281(7)

N1-Fe1-N5

174.3(3)

N1'-Fe1-N3'

85.6(3)

N1-Fe1-N1'

85.6(3)

N5'-Fe1-N3'

87.4(3)

N5-Fe1-N1'

97.0(3)

N1-Fe1-N3

87.4(3)

N1-Fe1-N5'

90.9(3)

N5-Fe1-N3

87.5(3)

N5-Fe1-N5'

87.2(3)

N1'-Fe1-N3

90.2(3)

N1'-Fe1-N5'

171.9(3)

N5'-Fe1-N3

97.0(3)

N1-Fe1-N3'

93.9(3)

N3'-Fe1-N3

175.4(3)

Bond angles (º)
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Table 37. Crystal data and structure refinement of 33 and 34.
33

34

formula

C45H40B2F8FeN10OS4

C45H40B3F12FeN10OS4

fw

1094.58

1181.38

T (K)

153(2)

153(2)

crystal system

Triclinic

Monoclinic

space group

P-1

C2/c

a (Å)

10.397(2)

11.846

b (Å)

12.684(3)

30.598

c (Å)

19.641(4)

13.996

α (deg)

86.08(3)

90.00

β (deg)

77.76(3)

94.23

γ (deg)

84.35(3)

90.00

2516.1(9)

5059.4

3

V (Å )
Z

2

4

3

1.445

1.572

-1

μ (mm )

0.542

0.558

F(000)

1120

2436

crystal size (mm)

0.27 × 0.18 × 0.15

0.18 × 0.15 × 0.10

θ (deg)

3.21 to 25.00

3.21 to 25.00

Index ranges

-12  h  12

-14  h  14

-14  k  11

-28  k  36

-22  l  22

-16  l  16

Absorption correction

Gaussian

Gaussian

Max. and min. transmission
GOF on F2

0.9232 and 0.8675

0.9463 and 0.9062

1.068

1.031

R1, R2 [I > 2ζ (I)]

0.0849, 0.2107

0.0913, 0.1964

0.1337, 0.2463

0.1985, 0.2376

1.486 and -0.555

1.336 and -0.540

ρ (g/cm )

R1, R2 (all data)
-3

Largest diff. peak and hole (e.Å )
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Table 38. Selected bond lengths [Å] and angles [°] for 33 and 34.
33
Bond distances (Å)
Fe1-N5

2.150(9)

Fe1-N1'

2.159(11)

Fe1-N1

2.162(9)

Fe1-N5'

2.193(10)

Fe1-N3

2.272(10)

Fe1-N3'

2.291(11)

N5-Fe1-N1'

89.3(4)

N5-Fe1-N1

171.1(3)

N1'-Fe1-N1

87.0(4)

N5-Fe1-N5'

87.8(4)

N1'-Fe1-N5'

171.7(4)

N1-Fe1-N5'

96.9(3)

N5-Fe1-N3

87.2(4)

N1'-Fe1-N3

94.7(4)

N1-Fe1-N3

85.0(4)

N5'-Fe1-N3

92.9(4)

Bond angles (º)

34
Bond distances (Å)
Fe1-N5

2.106(5)

S1-C3'

0.534(14)

Fe1-N1

2.117(5)

S1-C1

1.737(8)

Fe1-N3

2.203(4)

S1-C4

1.752(7)

N5-Fe1-N5'

88.4(2)

N5-Fe1-N1

94.24(17)

N5-Fe1-N1'

172.54(17)

N1-Fe1-N1'

84.0(3)

N5-Fe1-N3

93.46(17)

N5-Fe1-N3'

86.73(17)

N1-Fe1-N3

86.14(17)

N1-Fe1-N3'

93.65(17)

Bond angles (º)

205

Table 39. Crystal data and structure refinement of 35 and 36.
35

36

formula

C31H26Cl2FeN14O13S2

C48H52Cu2N12O16S4

fw

993.53

1308.34

T (K)

153(2)

153(2)

crystal system

Monoclinic

Monoclinic

space group

Ia

C2/c

a (Å)

17.375(4)

24.872(5)

b (Å)

8.9651(18)

6.9504(14)

c (Å)

24.759(5)

32.552(7)

β (deg)

90.60(3)

106.16(3)

3856.4(13)

5404.9(19)

3

V (Å )
Z

4

4

3

1.711

1.608

-1

μ (mm )

0.724

1.023

F(000)

2024

2696

crystal size (mm)

0.10 × 0.08 × 0.05

0.15 × 0.08 × 0.05

θ (deg)

3.03 to 25.00

3.05 to 24.99

Index ranges

-20  h  20

-29  h  29

-10  k  10

-8  k  8

-29  l  29
Gaussian

-38  l  37
Gaussian

Max. and min. transmission
GOF on F2

0.9647 and 0.9311

0.9506 and 0.8616

1.060

1.137

R1, R2 [I > 2ζ (I)]

0.0613, 0.1075

0.0968, 0.2000

0.1355, 0.1352

0.1917, 0.2310

0.585 and -0.404

1.016 and -0.863

ρ (g/cm )

Absorption correction

R1, R2 (all data)
-3

Largest diff. peak and hole (e.Å )
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Table 40. Selected bond lengths [Å] and angles [°] for 35 and 36.
35
Bond distances (Å)
Fe1-N2
2.076(13)

Fe1-N2'

2.140(13)

Fe1-N7'

2.225(16)

Fe1-N5'

2.242(15)

Fe1-N7

2.262(16)

Fe1-N5

2.283(14)

Bond angles (º)
N2-Fe1-N2'

151.25(19)

N2-Fe1-N7'

126.9(5)

N2'-Fe1-N7'

70.0(5)

N2-Fe1-N5'

92.0(5)

N2'-Fe1-N5'

72.5(5)

N7'-Fe1-N5'

140.8(6)

N2-Fe1-N7

74.0(5)

N2'-Fe1-N7

125.5(5)

N7'- Fe1-N7

111.10(18)

N5'-Fe1-N7

82.1(5)

N2-Fe1-N5

69.8(5)

N2'-Fe1-N5

91.7(5)

Bond distances (Å)
Cu1-O6
1.923(8)

Cu1-O3

1.948(8)

Cu1-N4

1.991(10)

Cu1-N2

1.991(9)

Cu1-O7

2.299(10)

S1-C4

1.701(15)

Bond angles (º)
O6-Cu1-O3

94.6(4)

O6-Cu1-N4

169.9(4)

O3-Cu1-N4

86.7(4)

O6-Cu1-N2

89.1(4)

O3-Cu1-N2

176.2(4)

N4-Cu1-N2

89.5(4)

O6-Cu1-O7

95.4(4)

O3-Cu1-O7

90.9(4)

N4-Cu1-O7

94.5(4)

N2-Cu1-O7

89.5(4)

36
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