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Synthesis of Main-Chain Polyoxometalate-Containing Hybrid
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Hexamolybdate clusters have been embedded through covalent bonds into the main chain of poly-
(phenylene acetylene)s. These hybrid polymers were synthesized by palladium-catalyzed coupling reactions
of a diiodo functionalized cluster with a diethynylbenzene derivative or a diethynyl functionalized cluster
with a diiodobenzene derivative. These polymers are soluble in organic solvents sudliN-as
dimethylformamide (DMF) and dimethyl sulfoxide (DMSO), and free-standing films can be spin-coated
or cast from solutions. While hybrid monom2a exhibits a sharp melting transition at 248, polymers
5aand5b show glass transitions at 125 and 1@, respectively. Cyclovoltammetry studies of the hybrid
polymers revealed a reversible reduction wave at 1.19 V versus Ag/égmparable to those of
bifunctionalized imido derivatives of hexamolybdates. These polymers show intense absorption in the
visible range but with little fluorescence emissions, indicating efficient fluorescence quenching of the
embedded polyoxometalate (POM) cluster on the organic phenylene acetylene units. Simple single-layer
photovoltaic (PV) cells with a device configuration of indiutin oxide (ITO)/polymer/Ca have been
fabricated and a power conversion efficiency of 0.15% has been obtained, which is significantly higher
than PV cells fabricated with other conjugated polymers in the same device configuration. These results
convincingly demonstrate the potential applications of POM-based orgiaaiganic hybrids in molecular
electronics and photonics.

Introduction nuclear metal centers. Efforts toward incorporating metal
{:Iusters in the main chain have had only limited sucéess.
Among various inorganic clusters, polyoxometalates (POMs)
stand out not only in their structural diversity but also in the
tunability of their many properties, ranging from molecular
shape to solubility and from charge density to redox
potentials? In addition, the molecular nature of POM clusters

The past decade has witnessed significant advancemen
in the development of main-chain metal-containing poly-
mers! The motivation in exploring such polymers lies not
only in the fundamental synthetic challeAdmit also in the
perspective of generating new materials with unique redox,
electrical, optical, and magnetic propertfe3he recent
development of creative synthetic strategies and organome-
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Main-Chain Polyoxometalate-Containing Hybrid Polymers

makes it possible to modify their structures at the molecular
level in a rational and controlled versinindeed, great
efforts have been devoted in developing hybrid polymers
containing covalently linked POM&While numerous hybrid
polymers with POM clusters incorporated in the side chains

have been recorded and all of these polymers have electri{y-Mog0,* 4 Bu,N*

cally insulating nonz-conjugated backboné$there has been

no report, as far as we know, on main-chain POM-containing
polymers. This is not surprising considering the difficulty
in making pure difunctional organometallic species. We have
previously reported a novel reaction that allows the selective
synthesis of difunctionalized POM clustétdNe have also
pointed out that the so-prepared difunctionalized clusters can
be used as monomers for the synthesis of main-chain POM-
containing hybrid polymers. We report herein the detailed
synthesis of the first two POM-containing hybrid main-chain
polymers and the studies of their electronic, optical, and
electrochemical properties.

Results and Discussion

Synthesis of Monomers and PolymersScheme 1 shows
the synthesis of bifunctionalized POM clusters with either
two iodo or two ethynyl groups. As demonstrated previ-
ously!* by use of the tetrabutylammonium salt of an
octamolybdate anionoafMogO,¢]*~ as the starting cluster,
bifunctionalized imido derivative®a and2b are selectively
synthesized in good yields. Both compounds are obtained
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Scheme 1. Synthesis of Bifunctionalized Clusters
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protons in the isopropyl substituents. The protons of the
counterion give four signals at 0.96, 1.35, 1.60, and 3.10
ppm. The integration ratio of signals associated with protons
in the functionalized cluster anion over those in the coun-
terion, for example, protons g over h (see Scheme 1 for
proton labeling), indicates a bifunctionalization @b.
Compared to théH NMR spectrum of the corresponding
monofunctionalized cluster, the aromatic signalfare
slightly upfield-shifted (by~0.3 ppm)?* which indicates a
less electron-withdrawing nature of the Mbl bond in2b,

a result of better electron-donating power of imido ligands

as red crystals and are soluble in common organic solventsOver oxo ligands. Th&C NMR spectrum, which shows four

such as acetonitrile, methylene chloride, acetone, etc.
The structural characterization @k has been reported

previously*! The'H NMR spectrum ofb, shown in Figure

1, shows one singlet in the aromatic region. The signal

aromatic carbon signals (13Q30 ppm), two ethynyl carbons
signals (83.4 and 80.1 ppm), and six alkyl carbon signals, is
consistent with the structure. The elemental analysis (see
Experimental Section) also confirmed the purity and the

corresponding to the ethynyl protons appears as a singlet agtructure of compoundab.

3.39 ppm. The doublet at 1.27 ppm is attributed to the methyl
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The structure oRb was further studied by single-crystal
X-ray diffraction. As shown in Figure 2, the molecular
structure of2b confirmed the expected atom connectivity.
Compound2b crystallizes in the triclinic space grow, as
does compound®a'* The Mo—N bond distances ir2b
(1.74-1.75 A) and2a (1.748 A) are slightly longer than
those found in their corresponding monosubstituted deriva-
tives [1.729(5) and 1.733(6) A, respectively], while the ®
distances (1.371.38 A) are significantly shorter (1.52 A3
which indicates less triple-bond character in v bonds
and more double-bond character in—R bonds in the
bifunctionalized clusters. This may be due to the fact that
bifunctionalized clusters are more electron-rich, resulting in
less ligand-metal pr—dx interaction. The cluster ions in
the lattice of2b organize into dimers driven by hydrogen
bonds between the rather acidic ethynyl proton of one cluster
and the bridging oxygen atom of the other cluster.

The synthesis of the polymers is shown in Scheme 2. Both
2a and 2b can be used as monomers for the polymer
synthesis. Polymeba was synthesized by the Sonogashira
coupling reaction oRawith 3 or 2b with 4 in DMF at room
temperaturé?13When excess organic base such as triethyl-
amine was used, as usually happens in the Sonogashira
coupling reaction, no polymer was obtained. While the
coupling reaction did go through as compoisappeared
quickly, depolymerization occurred as some of the imido
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Figure 1. 'H NMR and3C NMR spectra o2b in acetonitrile.

Figure 2. Anion structure oRb. The displacement ellipsoids were drawn

at the 50% probability level. Selected bond lengths (angstroms) and bond
angles (degrees): MeiN1 1.743(3), Mo+-01 2.2173(19), Mo2N2
1.750(3), Mo2-01 2.2239(19), Mo3014 1.698(2), Mo3-01 2.3558(19),
Mo4—015 1.693(2), Mo4 01 2.3518(19), Mo5016 1.687(2), Mo5

01 2.3828(19), Mo6016 1.685(2), Mo6-01 2.3689(19), N+C2 1.378-

(4), N2—C17 1.376(4); Mo+N1-C2 175.0(3), Mo2N2—-C17 173.6(2).

bonds (Mo-N bonds) were broken, especially with pro-

longed reaction timé3 It appears that the MeN bond is

not very stable in the presence of excess triethylamine.
Lowering the amount of triethylamine, however, significantly

decreases the polymerization rate. Fortunately, the polym-

erization can be accelerated by adding exceg£33%. Thus,
with 1 equiv of triethylamine and excess®Os;, polymer
bawas obtained after 24 h of reaction. The resulting polymer
is a dark red powder. Copolyméib, with lower cluster
loading in the polymer backbone, was synthesized by a
similar coupling reaction oRa with compounds3 and 4.
The molar ratio oRa:3:4 is 1:2:1. Both polymerSaand5b
exhibit excellent solubility in DMF and DMSO.

In polymers5aand5b, the covalently embedded clusters
are linked by a rigid conducting oligo(phenylene ethynylene)
bridge. The repeating structural unit, particularly of polymer

5a, resembles the structure of our previously reported cluster

(12) Sonogashira, K.; Tohda, Y.; Hagihara, Tétrahedron Lett1975 4467
(13) Xu, B.; Wei, Y.; Barnes, C. L.; Peng, Zngew. Chem., Int. EQ00L,
40 (12), 2290.
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Figure 3. Structure of hybrid dumbbeb.

Scheme 2. Synthesis of Hybrid Polymers 5a and 5b
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dumbbell 6 (Figure 3)!* Indeed, the'H NMR spectra of
polymer5a and dumbbellb, shown in Figure 4, are quite
similar. Both spectra show two signals in the aromatic region
with an integration ratio close to 2:1, consistent with their
structures. Peaks corresponding to protons in the counterion
(3.10, 1.60, 1.35, and 0.96 ppm) appear at nearly identical
chemical shifts in both spectra. Notice that th¢ NMR
spectrum of5a has two additional peaks at 3.81 and 1.25
ppm, while the spectrum & has one additional signal at
2.59 ppm. This is due to the fact that the cluster-bonding
phenyl rings in5a have two isopropyl substituents, while
those in6 have two methyl substituents. Polymea also
shows a very small peak at 7.47 ppm that was identified as
the end-group protons associated with the aromatic terminus.
The integration ratio of the peak at 7.47 ppm vs that at 7.32
ppm is 1:18. Assuming both ends of the polymer are capped
by the iodo end group (as no acetylene proton signal is
observed in the NMR), this integration ratio gives the number
of repeating units at 18.

The 'H NMR spectrum of copolymebb is shown in
Figure 5. The aromatic protons in the cluster-binding phenyl

(14) Lu, M.; Wei, Y.; Xu, B.; Cheung, C. F.-C.; Peng, Z.; Powell Ahgew.
Chem., Int. EA2002 41 (9), 1566.
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Figure 4. *H NMR spectra of monome2a, polymer5a, and dumbbelb Figure 6. DSC and TGA thermograms of hybrids, 5a and5b under
in acetoneds. nitrogen.
” na{‘ \ and polystyrenes as the standards, give weight-average
{4 ;9 molecular weights of 161 000 and 162 000 fa& and5b,
- = respectively. It is noted that the separation of hybrid polymers
i in GPC columns is very poor as exceedingly narrow
L b Tm— molecular weight distributions<(1.05) for both5a and5b
g were obtained. While the molecular weights based on GPC

T T T T T T T (relative to polystyrene standards, which are clearly not good
- 6 5 4 3 2 ppa standards for the.rigid polymers) may be questionable, light
Figure 5. H NMR spectrum of polymeBb in DMSO. scattering analys'ls, pgrformed ona Dawn EOS system' from
Wyatt Technologies with an Optilab rEX DRI detector, gives
an average molecular weight of 91 kg/mol, indicating
rings (proton a; see Scher@dor proton labeling) appear as  polymers are indeed obtained. The intrinsic viscosity for
a relatively sharp signal at 7.27 ppm. Protons in the middle polymer5a, measured on an Ubbelohde capillary viscometer
phenyl rings ortho to the alkoxy substituents (protons b) give at 30°C, is 0.2 dL/g. It should be noted that the polyelec-
multiple broad peaks from 6.99 to 7.20 ppm, unlike those trolyte nature, the rigid and yet zigzag backbone character-
in polymer5a where they appear as only one broad peak, istics, and the possible peculiar aggregation behavior of the
indicating varied bridge lengths between embedded clustershybrid polymers may render the applicability of these
in polymer5h. On the basis of the integration ratio of 1:1.5 techniques questionable. Nonetheless, it is reasonable to
of signal a over signals b combined, an average bridge lengthclaim that hybrid polymers are indeed produced.
of five phenyl rings and four triple bonds can be deduced, Thermal Properties. While numerous imido derivatives
which is consistent with the monomer feeding ratios. The of hexamolybdates have been reported, there has been no
end-group proton signals seen in the spectrurbafvere report as far as we know on their thermal properties. We
not observed in théH NMR spectrum of5h. Elemental have studied the thermal properties of hybi2é and
analysis gave both C and Mo contents within 2% of polymers5a and 5b by differential scanning calorimetry
theoretical values. These results point to higher degrees of(DSC) and thermogravimetric analysis (TGA). As shown in
polymerization for polymebb than polymerSa Figure 6, monomeRa exhibits a sharp melting transition at
The Fourier transform infrared (FTIR) spectra of polymers around 240°C, while polymers5a and 5b show glass
5a and 5b both show two strong, broad bands at 782 and transitions at 125 and 102C, respectively. All of these
940 cmil, which are attributed tov(Mo—O—Mo) and hybrids are thermally stable up to 250. The decomposition
v(Mo=0), respectively. A shoulder peak at 967 ¢ntan of these hybrids appears to be separated into two stages,
be identified that corresponds igMo=N). The v(C=C) which is particularly clear for polymerSa and 5b. The
band appears at 2194 ci typical of ArG=CAr triple weight loss associated with the first stage is around 26%,
bonds. 21%, and 18%, respectively, f@a, 5a, and5b, which fits
Molecular Weights. Besides end-group analysis, other reasonably well with the weight percentage of counterions
techniques such as viscometry, gel-permeation chromatog-in their respective compositions (25%, 24%, and 19%). It is
raphy (GPC), and light scattering measurements have beerlikely that counterions are lost first, followed by the cluster-
applied to evaluate the molecular weights of the hybrid bond organic segments.
polymers. The GPC measurements, which were carried out Electronic Properties. Figure 7 shows the UV/vis absorp-
at 30°C on a Styrogel 4E column with DMF as the eluent tion spectra of compoundza and2b and polymersa and
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Figure 8. Cyclic voltammograms of the hexamolybdate, its mono- and
bifunctionalized derivatives, the dumbbéll and the hybrid polymers.
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5b, as well as dumbbelb. The absorption spectra of
polymers5a and5b are again remarkably similar to that of
dumbbell6. All of them have a broad absorption peak at
438 nm in the visible range, which is significantly batho-
chromically shifted from those ad?a and 2b. The lowest
energy electronic transitions are attributed to the ligand-to-
metal charge transfer (LMCT) transition involving the
Mo—N z bonds. The contribution of the—s* transition

associated with the organic conjugated bridge cannot be rulec{ndium=—

out, however. Note that dialkoxysubstituted poly(phenylene
ethynylenes), for example, polyméc (x = 0,y = 1 in
Scheme?2), have absorption maxima around 450 #Hm.
Fluorescence studies show that both polynteasand 5b

exhibit no fluorescence at room temperature under excitation

from 200 to 500 nm, while polymesc is strongly fluores-
cent. Apparently, the nonemissive LMCT excited-state
quenchesrt—a* transition states.

Electrochemistry. Figure 8 shows the cyclovoltammo-

grams of the parent hexamolybdate cluster, the monofunc-

tionalized cluster [MgO15(N(Pr)CsHsl], the bifunctionalized
monomeraand2b, dumbbell6, and the hybrid polymers.

Lu et al.
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Figure 9. Current density vs voltage for an ITO/polymga/Ca device.

reversibility. Note that the cyclic voltammograms of poly-
mers were measured on polymer films while those of small
compounds 4a, 2b, and 6) were based on solutions. As
observed previously, the reduction becomes progressively
more difficult from the parent cluster to the monofunction-
alized cluster and to the diimido derivativ&he reduction
potential of dumbbell6 is very close to that of the
monofunctionalized cluster, while polymesa and5b show
similar reduction potentials to those of diimido-functionalized
monomers. Clearly, the MeN imido bonds survived the
polymerization and purification processes. It is noted that
the reduction potentials of the hybrids depend mainly on the
number of imido ligands, while showing little dependence
on thesr-conjugation length of the organic segments. Clearly,
the reduction process is associated with the clusters. On the
other hand, during the anodic scan, all hybrids exhibit
irreversible oxidation waves that show strong dependence
on the organic segments. The oxidation potentials decrease
from 2ato 6 and to hybrid polymers, reflecting continuously
increasedr-conjugation. The oxidation processes are thus
attributed to the removal ofr-electrons from the organic
conjugated systems.

Photovoltaic Devices.Photovoltaic devices with a thin
layer of polymeiba sandwiched between a transparent anode
tin oxide, ITO) and a metal cathode have been
fabricated. Figure 9 shows the currenbltage (—V) of the
device under 100 mW/ctillumination (AM1.5G). The
open-circuit voltage \{,) and short-circuit currentl{) are
0.47 V and 1.12 mA/c respectively. The filling factor is
0.29. The calculated power conversion efficiency is 0.15%.
The Isc and power conversion efficiency are more than 1
order of magnitude higher than those of a typical single-
layer polymer device with similar device structures, such as
the one with poly[2-methoxy-5-(2thylhexyloxy)-1,4-phen-
ylvinylene] (MEH-PPV) as the active layéf.

For a typical polymer, the absorbed photons mainly create
excitons, which have strong binding enefdyBecause the

During the cathodic scan, all hybrids exhibit one reversible €xcitons usually decay geminately (either radiatively with
reduction wave, although the two polymers show less Photoluminescence or nonradiatively), the number of free

(15) Bunz, U. H. F.Chem. Re. 200Q 100 (4), 1605. (16) Yu, G.; Zhang, C.; Heeger, A. Appl. Phys. Lett1994 64, 1540.
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charge carriers in the device is usually very small, which 30 °C on a Waters setup (a Waters 210 pump, a Waters R401
limits the photocurrent and device efficien’é)ﬁonsequently, differential refractometer, and a Styragel 4E column) with DMF
efficient polymer photovoltaic devices usually require the as the eluent. The calibration curve was determined by use of five
addition of strong electron acceptors, such as 1@ promote polystyrene standards from 800 to 90 000. Light scattering analysis
charge separatio.The much highets; and power conver- was carried out on a Dawn EOS .system with an Optilab rEX DRI
sion efficiency achieved with hybrid polymBa suggest that dgtector from Wyatt Technologies. A Hewlett-Packard 8452A
photoinduced charge separation in such hybrid polymers maydlode-array spectrophotometgr was used to rgcord the UVl/vis
- o absorption spectra. Photoluminescence properties were measured
be rather eﬁICIent, Wh'Ch, IS aIsp supported by the absenceon a Shimadzu RF-5301PC spectrofluorophotometer. Cyclic vol-
of photoluminescence. It is realized, though, that the PV cell (zmmetry (Cv) studies were carried out in acetonitrile at room
performance of such hybrid polymers pales in comparison temperature under the protection of nitrogen by use of a BAS
with the best polymer-based devices reported sé°f@he Epsilon EC electrochemical station emplayia 1 mn? Pt disk as
power conversion efficiency may be limited by the poor the working electrode, Ag/Agelectrode (0.01 M AgNg) as the
charge-transporting properties of these polymers since theyreference electrode, and a Pt wire as the counterelectrodéN[Bu
contain only limitedz-extended conjugated segments. Con- PR was the supporting electrolyte, and the scan rate was 200 mV
jugated polymers with POMs as side-chain pendants may$ - Under these conditions, the [gFe]/[Cp:Fe] couple was
be better candidates for photovoltaic applications. Efforts in observed a&., = 100 mv. For compound&a, 2b, and6, the

making such hybrid polymers are in progress. measurements were QOne in thglr acetqnltrlle solutions. For
polymers5a and5b, a thin polymer film was first cast onto the Pt

disk working electrode and the voltammograms were recorded in

Conclusions acetonitrile.

Conjugated polymers with hexamolybdate clusters embed- The fabrication procedures of the polymer photovoltaic cells
ded in the main chain through covalent bonds have beenstarted with cleaning the ITO glass substrate by ultrasonic cleaner

repared for the first time through Pd-catalvzed couplin with sequential treatments of detergent, deionized waterZ gcetone,
Fr)eatr:)tions. The structures of thge hybrid p>cl)lymers \F/)verg an_d 2-prqpano|. The cleaned ITO surface was then modified by a
confirmed by'H NMR, FTIR, and elemental analysis spin-coating of 80 nm PEDOT/PSS (Baytron P VP Al 4083). A

) polymer 5a solution was then spin-coated from DMF on the
Although the molecular weights of these polymers are . enared substrates. The thickness of the polymer film is around

moderate, good quality free-standing films can be cast from g 1 ;m. The bilayer cathodes of devices, consisting of 500 A of

solutions. While hybrid monome&a exhibits a sharp melting
transition at 246°C, polymers5a and 5b show glass
transitions at 125 and 10Z, respectively. Cyclic voltam-
metry studies show that these hybrid polymers exhibit a
reversible reduction wave at1.19 V, similar to those of
diimido derivatives of hexamolybdates. These polymers show
intense absorption in the visible range but with no fluores-
cence emissions, indicating efficient fluorescence quenching
of the embedded POM cluster on the organic phenylene
acetylene units. Preliminary photovoltaic studies have shown
that these polymers can be fabricated as single-layer pho
tovoltaic cells showing respectable power conversion ef-
ficiencies.

Experimental Section

The synthesis of compoun2a has been reported previously.
All of the other chemicals were purchased from either Acros or
Aldrich and were used as received unless otherwise statedHThe
NMR spectra were collected on a Varian 400 MHz FT NMR

Ca and 1000 A of Al, were thermally deposited on the top of films
at~10° Torr. The device active area is 0.12rhel—V curves
were obtained by a Keithley 2400 source-measure unit. The
photocurrent was measured under illumination from a solar simula-
tor [Thermo-Oriel 150W solar simulator (AM1.5G)]. All devices
were fabricated and tested in a nitrogen environment.

Compound 2b A mixture of (NBu)sJMo0gOz¢ (4.31 g, 2.0
mmol), 2,6-diisopropyl-4-ethynylaniline (1.01 g, 4.1 mmol), and
dicyclohexylcarbodiimide (1.03 g, 4.1 mmol) in acetonitrile (10
mL) was refluxed fo 7 h and then cooled to room temperature.
The precipitates were separated by filtration and the filtrate was
concentrated to 5 mL. Orange-red crystals, formed from the
concentrated solution while setting at room temperature overnight,
were filtered and dried in a vacuum. Further purification was done
by column chromatography [silica gel (25800 mesh)], with Cht
CN/CH,CI, = 1:4 as the eluent to yield the title compound as orange
crystals (3.0 g, yield 87%):H NMR (CDsCN, 96) 7.24 (s, 4 H,
aryl H), 3.85 (m, 4 H, CHMg), 3.39 (s, 2 H, CCH), 3.10 (m, 16
H, CH; in Bu), 1.60 (m, 16 H, CHlin Bu), 1.35 (m, 16 H, Chlin
Bu), 1.27 (d, 24 H, CHlin iso-Pr), 0.96 (t, 24 H, CKlin Bu); 13C
NMR (CDsCN, ¢) 148.9, 126.9, 121.3, 83.4, 80.1, 59.3){,c =

spectrometer. Thermal analyses were performed on Shimadzug Hz), 29.3, 24.3, 24.0, 20.3, 13.8. Anal. Calcd faHGos

DSC-50 and TGA-60. GPC measurements were performed at

(17) Pope, M.; Swenberg, C. Electronic Processes in Organic Crystals
and PolymersOxford University Press: Oxford, U.K., 1999.

(18) Brabec, C. J.; Sariciftci, N. S.; Hummelen, J.Alv. Mater. 2001,

11, 15-26.

(19) (a) Ramos, A. M.; Rispens, M. T.; van Duren, J. K. J.; Hummelen, J.
C.;Janssen, R. A. J. Am. Chem. So@001 123 6714. (b) Brabec,
C. J,; Cravino, A.; Zerza, G.; Sariciftci, N. S.; Kiebooms, R;
Vanderzande, D.; Hummelen, J. £ Phys. Chem. B001 105 1528.

(c) Yang, X.; van Duren, J. K. J.; Janssen, R. A. J.; Michels, M. A.
J.; Loos, JMacromolecule®004 37, 2151.

(20) (a) Huynh, W. U.; Dittmer, J. J.; Alivisatos, A. Bcience2002 295
2425. (b) Peumans, P.; Uchida, S.; Forrest, SN&ure 2003 425
158. (c) Liu, J.; Tanaka, T.; Sivula, K.; Alivisatos, A. P.; Frechet, J.
M. J.J. Am. Chem. So2004 ASAP, DOI 10.1021.

MoeN4O,7 C, 41.63; H, 6.17; N, 3.24. Found: C, 41.26; H, 6.15;
N, 3.30. Orange prism-shaped single crystalgivere grown by
slow diffusion of diethyl ether into an acetonitrile solution 2.
Summary of crystal structure data fab: CgoH106M0sN4O017, M;

= 1731.13, triclinic,Pi, a = 12.647(2) Ab = 12.769(2) Ac =
22.883 (4) Ao = 89.166(4), 5 = 78.266(43, y = 80.941(4), V
=3572.4(10) R, Z=2,7 =1, T = 100(2) K, 22 776 reflections
measured, 13 547 uniqu&4{ = 0.0146),R1 = 0.0342,wR2 =
0.0919, GOF 1.017. CCDC-201038 contains the supplementary
crystallographic data for this paper. These data can be obtained
free of charge via www.ccdc.cam.ac.uk/conts/retrieving.html [or
from the Cambridge Crystallographic Data Center, 12 Union Road,
Cambridge CB21EZ, U.K.; fax444)1223-336-033 or deposit@
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ccdc.cam.ac.uk].
Polymer 5a The mixture of compound (0.0597 g, 0.2 mmol),
compound2a (0.3870 g, 0.2 mmol), bis(triphenylphosphine)-

Lu et al.

Polymer 5b. The mixture of compound (0.1194 g, 0.4 mmol),
compound2a (0.3870 g, 0.2 mmol), compourd (0.1004 g, 0.2
mmol), bis(triphenylphosphine)palladium(ll) chloride (0.012 g,

palladium(ll) chloride (0.006 g, 0.008 mmol), copper(l) iodide 0.016 mmol), copper(l) iodide (0.006 g, 0.032 mmol), triethylamine
(0.003 g, 0.016 mmol), triethylamine (0.04 g, 0.4 mmol), potassium (0.08 g, 0.8 mmol), potassium carbonate (1.1 g, 8 mmol), and DMF
carbonate (0.55 g, 4 mmol), and DMF (3 mL) was stirred at room (3 mL) was reacted to yield the copolymer (yield 77%). The workup

temperature overnight. The reaction mixture was then filtered to

procedure is similar to that &fa. 'H NMR (400 MHz, DMSO#,

remove the potassium carbonate. The filtrate was poured into 25°C) 6 7.27(br, ArH, 4 H), 7.26-6.99 (br m, ArH, 6 H), 3.84 (br

methanol (30 mL) and the polymer precipitated as a dark red solid.

The polymer was collected by filtration. It was further purified by
redissolving in DMF and then reprecipitating from methanol. The
polymer was collected by filtration and dried under vacuum (yield
78%).'H NMR (400 MHz, acetonels, 25°C) 6 7.32 (br, ArH, 4

H), 7.10 (br, ArH, 2 H), 4.04 (br m;-CH, 4 H), 3.79 (br, OCH

4 H), 3.45 (t,J = 6.25 Hz, NCH, 16 H), 1.81 (br, CH 16 H),
1.44 (m, CH, 16 H), 1.34 [d,J = 7.50 Hz, CH of (Ar-)CHMe,,

24 H], 1.17 (s, 18 H, CHlin alkoxy chains), 0.97 (t) = 7.37 Hz,
CHs, 24 H). FT-IR data (cm?) 2960 (s), 2871 (s), 2194 (m), 1624
(m), 1589 (m), 1499 (m), 1466 (w), 1411 (m), 1395 (m), 1363
(m), 1273 (m), 1219 (m), 1047 (m), 1019 (m), 966 (s, sh), 946 (s),
882 (m), 778 (s). Anal. Calcd for the repeat unjtld2gN4017M0g
(%): C, 46.91; H, 6.63; N, 2.88; Mo, 29.59. Found: C, 44.24; H,
5.86; N, 2.89; Mo, 27.89. Polymé&a was also synthesized by the
coupling reaction oRb with monomer4 under the same reaction
conditions and workup procedures. The resulting polymer exhibits
slightly lower molecular weights.

m, —CH, 4 H), 3.74-3.68 (br m, OCH, 12 H), 3.15 (br, NCH,

16 H), 1.55 (br, CH, 16 H), 1.26 [m, NCHCH,CH, and CH; of
(Ar-)CHMe;,, 40 H], 1.06 (br m, 54 H, CHlin alkoxy chains), 0.92
(br, CHs, 24 H). FT-IR data (cm') 2959 (s), 2871 (s), 2196 (m),
1625 (w), 1589 (m), 1499 (m), 1475 (s), 1420 (m), 1397 (s), 1365
(m), 1273 (m), 1218 (s), 1048 (m), 1019 (m), 966 (M, sh), 946 (s),
897 (s), 884 (s), 841 (s), 779 (s). Anal. Calcd for the repeat unit
Cr1H17dN4023M0g (%) C, 53.33; H, 7.03; N, 2.22; Mo, 22.82.
Found: C, 51.96; H, 6.65; N, 2.19; Mo, 20.19.
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