ORGANIC
LETTERS

Post-Coordination of Multinuclear Vol 2003
Transitional Metal Clusters to 47914794
Azulene-Based Polymers: A Novel

Strategy for Tuning Properties in

m-Conjugated Polymers

Fuke Wang,™* Yee-Hing Lai,*" and Ming Yong Han**

Department of Chemistry, National University of Singapore, 3 Science Drive 3,
Singapore 117543, Singapore, and Institute of Materials Research and Engineering,
3 Research Link, Singapore 117602, Singapore

chmlaiyh@nus.edu.sg

Received September 10, 2003

ABSTRACT

Az = azulene; M = metal cluster

Direct treatment of azulene—thiophene copolymers with Rus(CO)y, led to unique examples of coordination of a multinuclear transition metal
cluster to conjugated polymers. The polymer—metal cluster formation could be confirmed by tH NMR spectroscopic studies, and the coordination
mode could be deduced from the crystallographic structure of model compounds. The composition of ruthenium carbonyl cluster could be
used as a governing factor to tune the electronic, optical, and morphological properties of the organometallic polymers.

Conjugated polymers such as polyacetylenes, polythiophenesz-conjugated polymer backbones as the face-capping liand.
and polyanilines, as well as oligomers and derivatives of Such a coordination would be desirable because multinuclear
these materials, have been extensively stutliedorporation transition-metal clusters have many promising properties such
of transition-metal complexes into conjugated polymer as catalytic capacitythe ability to form bulklike metallic
backbones could result in more interesting and promising properties along the polymer backbone, and the addition of
advanced materials. The transition metals may impart desiredsensitivity to anions and small molecules (e.g., C@,and
magnetic, electronic, and optical properties, as well as uniqueNO).2¢
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Herein, we present our initial study of the synthesis and coupling constants compared to thoselimand 1c. Both
characterization of soluble organometallic azulene-basedcomplexeslb and 1c showed symmetrigH NMR spectra
conjugated polymers with multinuclear ruthenium clusters. with similar chemical shifts and coupling constants for H13,
The composition of ruthenium carbonyl cluster was found H14, H17, and H18. On the other hand, the proton4iof
to govern the electronic and optical properties of the resulting and 1c, in positions proximal to the cluster-bound carbon
organometallic polymers. framework, show significant differences in chemical shift

1,3-Bis(3-methylthienyl)azulene was prepared by a Ni- (Table 1). This was presumably symptomatic of the two
catalyzed cross-coupling reaction between 2-bromo-3-me-different cluster nuclearities involved. FT-IR spectra of the
thylthiophene and 1,3-dibromo-azulehieating a solution ~ ruthenium cluster complexeisa—c showed strong, charac-
of [Rus(CO) and1in xylenes for 2 h gave three complexes teristic absorption peaks that corresponded to the CO
la—c that could be separated by chromatography. Prolongedstretching mode and appeared within the range of 2060
reaction time resulted in slow decomposition of the reactant. 1770 cn*, depending on the position of the terminal
Compoundsla—c were confirmed to be di-, tri-, and carbonyl groups. Complexeisa and 1c displayed only the
tetraruthenium Comp|exeS, respective|y’ by Spectra| and presence of terminal Carbonyls in the solid state, whereas
elemental ana|ysis_ These Correspond to three types Oflb exhibited absorption in both the terminal and brldglng
coordination mode between the azulene-cored conjugatedcarbonyl regions.
molecules and ruthenium carbonyl clusters. The major Complexlcwas crystallized as triclinic system withPal

product,1c, was isolated as an intensely red crystal, and its SPace group. Figure 1 shows that the four ruthenium atoms
single-crystal structure is illustrated in Figure 1. define a distorted tetrahedron in the tetranuclear complex

and three of the four ruthenium atoms associated with the
azulene ligand are each bonded to two terminal carbonyl
ligands, whereas the fourth is linked to three terminal
carbonyl groups. In complekc, azulene is arched across
the face of the ruthenium cluster. Carbons in the five-
membered ring of azulene are bound to one ruthenium atom
in the conventionalr-cyclopentadienyl-metal coordination
mode. The remaining five carbons in the seven-membered
ring are bound to the other two ruthenium atoms in.a
pentadienyl coordination mode, with the central carbon
bonded to two ruthenium atoms.

The absorption spectrum of compouddfeatures two
strong bands withmax = 297 and 242 nm that are assigned
to ther—s* transition of the thiophene and azulene units in
Figure 1. An ORTEP diagram of complekc. the compound, respectively. The coordination of ruthenium
carbonyl clusters and azulene introduced a dramatic blue shift
of thesr—s* transition absorption of azulene in the ruthenium

The 'H NMR spectrum of the diruthenium compleba complexes. Ther—s* transition absorption in thé&-ruthe-
suggests an asymmetric conformation. This was evident fromnium cluster {a—c) shifted about 50 nm to a shorter
the resolution of signals for H13 and H17, and H14 and H18, Wavelength, compared with that of compouhdThe large

respectively (Table 1), and their significantly different DPlue shiftis likely derived from rehybridization of the metal-
bonded carbons of azulene, fron? $p s, thus decreasing

the extent of delocalization of the electrons.
Copolymers of poly(bithienyl-azulenyl) with different side

Table 1. *H NMR Data for Compound. and Its Ruthenium chains (GoH.1 or OCi2H2s), namely2 and 3, respectively,
Complexes were prepared by oxidative polymerization in the presence
chemical shift (9) of FeC} according to our previously published procedure
proton? 1 1a 1b 1c (Scheme 1§:They were obtained with a good yigld (ca40
60%) and high molecular weights. GPC analysi® ahd3,
:Ei; ;'22 EZ)) 2'% EZ)) g'gi EZ)) i'gi(gs)) using polystyene as standards, showed number-average
H(8) 8.38 d 523 « 5.04 ) 431 ) molecular weights () of 25 600 and 31 500, respectively.
H(5) 7.20 (1) 5.44 (1) 3.98 (1) 5.14 (1) These polymers were found to be thermally more stable than
H(7) 7.20 (t) 5.28 (1) 3.98 (1) 5.14 (1) the monomer, and their corresponding organometallic com-
H(6) 7.63 (t) 3.70 (t) 2.28 (t) 2.08 (t) plexes were prepared by simply refluxing the conjugated
H(13) 7.06 (d) 6.98 (d) 6.86 (d) 6.83 (d) polymers and RiCO),» in xylenes under an argon atmos-
H(14) 7.34 (d) 7.27 (d) 7.12 (d) 7.12 (d) phere for 6 h. Four polymeric complexes with different
H(17) 706(d)  687(d)  686(d)  6.83(d) ruthenium contents were prepared in this woda and5a
H(18) 7.34 (d) 7.08 (d) 7.12 (d) 7.12 (d)

were prepared by reactiryand 3, respectively, with Ry
aRefer to numbering system given in Figure 1.

(6) Wang, F.; Lai, Y.-H.Macromolecule2003,36, 536.
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Scheme 1. Synthesis of the Four Polymer-Ruthenium
Carbonyl Clustergla,b and5a,b
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Figure 2. A comparison of théH NMR spectra of polyme8 and
its ruthenium complexeSa and5b.

each reaction, the dark green solution was cooled to room

temperature and then added to hot methanol to precipitate

the polymer complex. The polymer complex was then
washed with hot methanol several times and dried under
reduced pressure for 8 h. All four polymer complexes are
soluble in most organic solvents such as chloroform, THF,
toluene, and xylenes. In this communication, poly®eand
its complexe$a and5b will be used to illustrate the tuning
of their properties going from the free polymer to its polymer
complexes.

The polymer-ruthenium carbonyl cluster formation was
confirmed by*H NMR spectrum (Figure 2). Generally, in

complexesba and 5b. The shift in An.x depends on the
content of ruthenium carbonyl clusters attached to the
conjugated polymer backbone. The spectrum of metal-free
polymer 3 is dominated by &mnax at 458 nm arising from
the 7—x" transition of the conjugated polymer backbone.
When coordinated with ruthenium carbonyl clust&swas
blue-shifted about 15 nm an8b about 30 nm. This
progressive blue shift is clearly associated with an increasing
degree of disruption of the diatropicity of the azulene ring
resulted from coordination with ruthenium carbonyl clusters,

the metal-free conjugated polymer, the protons on the azulend"US increasing the HOMO—LUMO gap of the conjugated

ring appear within the normal aromatic region (#8.6
ppm). These protons will be, however, significantly shifted
upfield to 2.2-6.0 ppm, as observed in the model complexes
la—c, after coordination with ruthenium carbonyl clusters.
A comparison of the proton chemical shiftsdfnd5 with
those of model compoundsa—csuggests that di-, tri-, and
tetramultinuclear coordination clusters could also be formed
in the obtained polymer complexes. Interestingly, the ruthe-
nium cluster content in these complexes could be controlled,
as demonstrated by thel NMR spectral data. For exmple,
theH NMR spectrum oba, obtained by refluxing 1.0 equiv
of conjugated polymerd with 0.5 equiv of Rg(CO)y,
showed an approximately 1:1 ratio (Figure 2) for the two
groups of signals at 8.6, 8.4, and 7.6 ppm (protons on metal-
free seven-membered ring of azulene) and those at 6.5, 5.2
and 4.8 ppm (metal-complexed seven-membered ring of
azulene), respectively. Going fror@ to 5b resulted in
disappearance of the signals within the region of-&.2
ppm, indicating that essentially all azulene rings in the
polymer backbone oba were coordinated to a ruthenium
carbonyl cluster.

The UV—vis absorption spectra (Figure 3) exhibit a blue
shift going from the metal free polyme3 to its metal

polymer backbone.

The effect of ruthenium content on the electrochemical
properties of the complexes was examined from their cyclic
voltammograms (CV). Comparisons of the redox potentials
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Figure 3. UV—vis spectral changes going from polym&to its
ruthenium complexeSa and5b.
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of the metal-free polymerg and 3 with those of their || G

complexes revealed that the oxidation onsets and oxidation
potentials, corresponding to the conjugated polymer back-
bone, shifted cathodically (i.e., to more negative potentials)
after coordination with ruthenium carbonyl clusters. They
shifted more negatively for the complexes with higher
ruthenium carbonyl cluster content, indicating that the tunable
electrical properties of the complexes are affected by the
interaction between the ruthenium carbonyl clusters and the
m-conjugated backbone.

The sensitivity of the complexes to small molecules is
illustrated by electrochemical quartz crystal microbalance (a) (b)
(QCM) measurements of the polymer films during exposure
to iodine vapor. Figure 4 displays the frequency variations

_ found to anneal into globular spheres with diameters between

100 nm to 1lum. Generally, it was found that the higher the
ruthenium carbonyl cluster content, the smaller the average

Figure 5. SEM micrographs of (a3 and (b) freshly preparesb.

0.0k 4 5b sphere diameter. The enhanced surface-to-volume ratio of
) these metal-complexed materials is predicted to yield en-
= £ hanced sensitivity and catalytic ability, compared with the
0.0k 5a metal-free polymers.

In conclusion, to the best of our knowledgdeand5 are
the first examples of coordinating a multinuclear transitional-

20.0k £ metal cluster to ar-conjugated polymer backbone. The
3 coordination mode was assumed to be similar to that in
model compounds. As predicted, the metal-complexed
00% ' . . . - . polymers displayed tunable optical and electrical properties
10 20 30 40 Time (Mintues)

with a dependence on the metal cluster content. Importantly,
Figure 4. QCM measurement of mass increase caused by iodine (N€ metal-complexed polymers were highly sensitive to
absorption by polymers film o8, 5a, and5b. doplng with iodine vapor. It was also shown that the
annealing processes of these complexes led to formation of
spheres with diameters between 100 nm apthl The post-

of metal-complexed or metal-free polymer films upon iodine coordination process described in our work offers a straight-
vapor absorption. As seen in the figure, the metal-free forward but versatile route to prepare organometallic poly-
polymer film 3 had a 3 470 Hz change within the first 10 mers with controllable multiple compositions and thus
min, whereasa and5b showed changes of 2.5 and 4.0 times  tunable optical and electronic properties. Further work on
larger, respectively, within the same period. These changesthe sensitivity and catalytic properties of this class of
might have been due to a higher surface area and sensitivitycomplexes is ongoing.

of the multinuclear transitional metal centers.
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