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Abstract

A series of polyaryleneethynylene =n-comjugated polymers that contain fae-(5,5-
diethynyl-2,2-bipyridine}Re"CO},Cl as part of the n-conjugated polymer backbone have been
synthesized by Pd-mediated coupling chemistry. Three metal-organic polymers P10, P25 and
P50, have been prepared which contain, respectively, 10, 25 and 50 mol.% of the Re{I) repeat
uaits in the polymer chain. These polymers have been characterized by ‘H- and '*C-NMR
and FTIR spectroscopy and gel permeation chromatoegraphy. The analysis indicate that the
pholymers contain the intact Re(1) chromophore and M, values of 10-15kDa are typical
{GPC, relative to polystyrene}. The metal-organic polymers feature two spectrally-distinct
absorption bands, one due to the w, 7* absorption of the polymer backbone and another at
lower energy which is attributed to the da {Re}—ng,, metal to ligand charge transfer {MLCT)
absorption. The luminescence properties of the polymers have been examined in fluid solution
at 298 K and in a 2-methyltetrahedrofuran (MTHF } solvent glass at 77 K. These spectroscopic
studies reveal that: (1) fluorescence from the 'n, a* exciton state is observed at 2.80 eV in all

* Corresponding anthor, E-mail: kschanze@chem. vfl ede

0010-8545/98;532.00 © 1998 Elsevier Science S.A. All rights reserved.
PII 50010-8545(98300016-2



288 K D Ley. K5 Schanze [/ Coordination Chemistry Reviews 17§ ( 1998) 287 307

of the polymers at 298 and 77 K, but the intensity and lifetime of the fluorescence is quenched
as the mole fraction of Re in the polymers increases; {2) phosphorescence from the 3, n*
state of the conjugated polymer backbone is observed at 1.93 eV in P10-P50 at 77K; (3}
luminescence from the dn—n* MLCT state is observed at 1.8¢V in the metal-organic
polymers at 77 K. © 1998 Elsevier Science S.A.

Reywords: n-Conjugated polymers; Fluorescence; Phosphorescence; Luminescence

1. Introduction

r-Conjugated polymers, typified by poly-p-phenylene {PPP), polyphenylene viny-
lene {PPV}, and polyphenylene ethynylene {PPE), represent a class of organic based
materials that possess unique optical and electronic properties [1]. Some examples
of these unique properties include high electronic conductivity in the doped polymers
[2], high absorptivity in the visible and/or near-IR regions [3] and large fluorescence
quantum yields [4]. In addition to the useful optical and electronic properties, the
fact that the materials are organic in nature makes it possibie to readily process
them into films that display the favorable mechanical properties characteristic of
organic polymers. Because of this unique combination of properties, n-conjugated
polymers have received considerable attention from scientists and engineers inter-
ested in fabricating electronic and/or electro-optical devices which comsist partly or
wholly of n-conjugated polymers [5-7]. One significant example of a device applica-
tion for m-conjugated polymers is as the active medium for wavelength-tunable,
organic-based light emitting diodes {LEDs} [8-11].

In part, because of the significant potential for commercially viable applications
[12], r-conjugated polymers have become the subject of intense research by chemists
and physicists. In particular, a number of recent studies have examined the photo-
physical properties of organic-based =-conjugated polymers in an effort to provide
a clear basis for understanding and controlling the light absorption and emission
properties of the materials {13~-20]. Most of this work has focused on PPV and its
analogs, since this material is currently the most promising candidate for use in
organic LEDs.

Although significant research attention has focused on all-organic polymers, rela-
tively little work has been carried out concerning the photophysical properties of
n-conjugated polymers that contain transition metal complexes [21-24]. This is
surprising, given that the photophysics and excited state redox properties of many
transition metal chromophores are tunable [25-27], and that this feature could be
very useful in allowing one to tailor the photophysical properties of n-conjugated
polymers. Recognizing the void in this area, we recently set out to synthesize and
characterize the photophysics of n-conjugated polymers that contain transition metal
chromophores as an integral component of the =-conjugated backbone [28]. In our
initial foray into this area, we prepared and characterized the series of n-conjugated
polymers PO-P58. The structure of these polymers is based on the polyaryleneeth yny-
lene (PPE) architecture and they contain the fac-( bpy)}ReXCO);Cl chromophore as
an integral component of the n-conjugated backbone.



K D. Ley, K.S. Schanze | Coordination Chemistry Reviews 171 { [998) 287 307 289

OCH, QOCH;
Cr=H0=40
(O=A %

SCH, QCHy
1: X=C-H
2: X=N
OCH;, DCH;
==
W
OCH, RelCORTI  OCH;
3

Scheme 1. Chemical structures of model compounds

The Re(l) chromophore was selected for incorporation into the PPE-type
n-conjugated polymers for several reasons. First, this chromophore features an
energetically low-lying metal to ligand charge transfer (MLCT) excited state based
on a dr {Re)—n* (diimine) transition [27,29]. The MLCT state has been thoroughly
studied in an array of {diimine}Re'(CO},X complexes and usually it is Jong-lived
and luminesces in the red part of the visible spectrum [27,29,36]. Second, the MLCT
excited state of the Re{I)} chromophere is a moderately strong oxidant, and therefore,
polymers that contain this chromophore may display unusual photoredox {or pho-
toconductive) properties [27]. Third, the (bpy}Re(CO),Cl complex carries a neutral
charge; consequently, the Re(I) containing polymers are electrically neutral and are
very soluble in Jow-dielectric solvents such as CHCI; and THF.

The present manuscript describes the synthesis and photophysical characterization
of polymers PO-P50. In addition, the small molecule model compounds 1-3
{Scheme 1) have also been examined to provide infermation concerning the proper-
ties of the isolated chromopheric units which comprise the polymer. The studies
indicate that Pd-mediated coupling chemistry [31,32] can be used 1o incorporate the
diethynylbipyridine-substituted Re{1} metal complex into the backbone of PPE-type
n-conjugated polymers. The photophysics of the resulting =-conjugated metal-
organic polymers is unusual in that the materials display the spectroscopic signatures
of both the organic-based n-conjugated network and the metal-based charge
transfer states.

2. Resulis and discussion
2.1. Synthesis of model compounds and conjugated polymers

Schemes 2—4illustrate the overali synthetic route used to prepare model com-
pounds 1-3 and polymers PO-P50. The key compound in these schemes is 5,5

diethynyl-2,2-bipyridine (5), which is obtained in high yield from 35,5-dibromo-2,2"-
bipyridine {4} by treatment with trimethylsilyl acetylene in the presence of the
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Scheme 4. Polymer synthesis and structure

PA{PPh;),Cl, catalyst [33]. Synthesis of dibremobipyridine 4 via trearment of 2,2-
bipyridine - HBr with Br, at high temperature under pressure has been reported by
Ziessel and coworkers [34], but in our hands this procedure proved to be very time-
consuming and produced 4 in low yield. Thus, in order to improve access to the
key compound 5, we developed a new synthesis of 4, which is a modification of the
synthesis of 5,5"-dichloro-2,2"-bipyridine [35]. This procedure is cutlined in Scheme 3
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and affords 4 in three steps with an overail 40% vield from the commercially available
starting compound, 2,5-dibromopyridine.

Once diethynylbipyridine 5 was available in a sufficient quantity, synthesis of the
model compounds and polymers proceeded at a rapid pace. Thus, treatment of 5
with two equivalents of 2-iodo-1,4-dimethyoxybenzene [6] in the presence of
Pd{(PPh,), afforded dimethoxyphenylethyny! bipyridine {2) in good yield. Treatment
of ligand 2 with one equivalent of Re{C0)sCl in refluxing toluene;CH,Cl, produced
model complex 3 which has been fully characterized by NMR. FAB-MS as well as
various photophysical technigues.

Polymers P0O—P50 were prepared via Pd-mediated cross coupling as illustrated in
Scheme 4. [13,14] The polymers differ with respect to the mole ratic of 4,4"-diethynyl-
biphenyl {7} and (5,5 -diethynyl-2,2-bipyridine)Re'(C0);CI (8} used in the polymer-
ization reaction mixture. {In the acronym used to identify the polymers, Pn, the
number indicates the mol.% of 8 used in the reaction mixture. For example, in the
synthesis of P10, the reaction mixture contained 90 mol.% of 7 and 10 mol.% of 8.}
Polymerization was effected under various reaction conditions using several different
Pd catalysts including Pd(PPh,),Cl,, Pd{dba), and Pd(PPh,),. Optimal results
were obtained with 5mol.% Pd(PPhy),Cl, and 5mol% Cul catalyst in the
THF/diisopropylamine (2:1 v:v) at 70° for 16 h. The polymers were analyzed by
H- and *C-NMR spectroscopy, as well as FTIR. UV-visible absorption, and
fluorescence spectroscopy {see below).

2.2. Polvmer characterization

An important objective of the present investigation has been the structural charac-
terization of metal containing polymers PO-P56. The structural characterization was
effected on a series of polymers synthesized under identical conditions, the only
variable being the mole fraction of the Re-containing diethynyl monomer {8) used
in the reaction mixture. The resulting series of polymers PO-P5(} were characterized
by using gel permeation chromatography {GPC), 'H- and *C-NMR and FTIR
spectroscopy. In the present report we describe in some detail the results of the GPC
and FTIR analysis, while the NMR results will be described elsewhere.

The GPC method used to characterize PO-P50 relies on polystyrene standards to
provide information regarding the molecular weight distribution of the polymer
sample. Unforiunately, owing to the significant structural differences between poly-
mers PO-P50 and polystyrene (e.g. PO-P50 are rigid-rod polymers, while polystyrene
is a random coil }, molecular weight distributions determined by GPC do not provide
information regarding the absolute molecular weight of the polymers [36]. Despite
this shortcoming, GPC data 1s useful in several ways. First, it provides a measure
of the relative molecular weight distributions of a series of refated polymers and,
second, it allows one to determine the dispersion in the molecular weight distribution
of a given polymer sample. The dispersion is described by the polydispersity index
{PDI} which is given by the ratio M, /M., where M, and M, are, respectively, the
weight- and number-average molecular weights of the sample {37].

GPC traces for analysis of PO-PS0 are jllustrated in Fig. | and the results of the
GPC analysis are listed in Table 1. Several points are clear upon inspection of the
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Fig. 1. GPC chromutogram traces for polymer samples PO-P50.

Table 1
GPC analysis of polymers®

180% of chromatopram area

95% of chrotnatogram area

Polymer M, (kD) M, (kD) PDI M, (kD)* M, (kTH PDI
Po 15.2 79.7 52 135 374 2.7
P10 1.5 67.9 6.4 8.8 207 2.2
P25 3.9 69.2 7.7 7.9 16.4 2.1
P50 6.3 56.8 88 7.8 6.4 2.0

*THF solvent relative 1o polystyrene standards.
"Author please supply relevant caption.
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GPC data. First, each polymer sample is characterized by a bimodal molecular
weight distribution. The polymers are dominated by a single fraction { = 95% chroma-
toerarn ared Wmin nas M, ranpng Srom B-95%D. Yiowever, eacn sampe Do
exiiforts a smde Mgn motecuar weigar fracton (X3% Jaromarogrant area,
M, > 100 kD). This bimodal distribution is consistently observed, and apparently is
characteristic of the methodology used to produce the “hairy rod” polyaryleneethy-
nylene polymers. One possibility 1s that the high-M,, fraction is due to cross-linked
polymer chains that are formed by side reactions produced by the PdL, catalyst. A
siecond PESSIOINTY 18 Tnzt Yhe ‘mgh-M,. fracion 15 componest of Yse sampie Yhal is
physically cross-linked by entanglement of the octadecyl side-chains. Table 1 contains
listings of the M., M, and PDI values determined for the polymer samples by using
the entire chromatogram area and by using the area under the principal eluting
fraction. This comparison clearly illustrates that the PDI and M., values are skewed
upward significantly by the presence of the small, high molecular weight fraction.
However, note that the M, value, which better represents the composition of the
bulk of the polymer sample {on a per mole basis), is not influenced significantly by
the high molecular weight fractien. The next point that is evident from the GPC
data is that the A values for the metal-organic polymers (e.g. P10-P56) are
generally lower compared to that for the organic polymer P(. The lower M, values
for the metal-containing polymers likely reflect the fact that Re-bipyridine monomer
8 is less reactive in the Pd-catalyzed cross coupling reaction compared with the
bipheny! monomer 7. The impact that this difference in reactivity has on the structure
of the polymers is unclear at present. However, if 8 is incorporated into the growing
polymer chains mare slowly than 7, it is likely that the Re sites are dispersed within
a polymer that is primarily organic, as opposed to being contained in segments
dominated by Re-containing repeat uaits.

While it is not possible to make any definitive conclusions regarding the actual
molecular weight of PO0-PS0, comparison of the GPC data for the present polymers
with that reported for structurally simrilar PPE-type rigid rod polymers implies that
polymer sampies PO-P50 are likely to cousist of chains having 10-30 repeat units
[36]. Ongoing studies in our laboratory seek to use *H-NMR analysis of p-rert-
butylphenyl end-capped polymers to determine the degree of polymerization (X,)
for the metal coniaining podymers, bt these experiments have been frosirared dve
to overlap between the resonance of the tert-butyl end-cap group and the very strong
resonance of the octadecyl polymer side-chains.

The carbonyl groups within the (bpy)Re{CO);Cl chromophore typically give rise
to three cheardy resolved IR bands in vhe Y9OD-2050 cm ™ ' region 138). FTIR analysis
of polymers P10-P58 1o CCl, soiution confirms the presence of the intact Re({)
chromophore by the appearance of CO bands at 2024, 1930 and 1907 em ™! [the
a'(1), a" and a'(2) bands, respectively]. The approximate molar absorptivity for the
a(l) band in the (bpy}Re{CO),Cl chromophore was determined by examining
the concentration dependence of the 202dom™f FTIR absorption of
{4,4"-(di-tert-butyl )-2,2"-bipyridine}Re(CO},Cl in CCl, (¢x=5000 M 'cm™!). By
using this value it is possible 1o estimate the concentration of the (hpyIRe(COLCI
chromophore present in solutions of polymers P10-P50. This information, in turn
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allows us to estimate the mole fraction of the {(bpy)Re{CQ),Cl repeat unit (yz.) in
the polymers. This analysis leads to values of yz,=0.13, 0.26 and 0.33, respectively,
for P16, P25 and P50.

2.3. Photophysics of model compounds

The photophysics of model compounds 1-3 were investigated to define the proper-
ties of the chromophoric units that comprise the metal-organic x-conjugated poly-
mers. Table2 contains a listing of many photophysical parameters for the
compounds, including absorption maxima and extinction coefficients, as well as
emission maxima, quantum yields and lifetimes. Fig. 2 compares the absorption and
emission spectra of the three compounds at ambient temperature in THF solution
and Fig. 3{a}) compares the emission spectra of 1 and 2 at 77K in a 2-
methyltetrahydrofuran {MTHF ) solvent glass.

Organic compounds 1 and 2 display qualitatively similar absorption and fluores-
cence properties. The absorption of both chromophores is dominated by a compara-
tively intense near-UV transition which is due to the lowest &, * transition. In fluid
solutton, both compounds emit strong blue fluorescence (@~ 1.0} with a small
Stokes shift, which is presumably due to the comparatively rigid structure of the
compounds. The absorption and fluorescence maxima of bipyridine 2 are red-shifted
slightly relative to those for biphenyl 1, apparently due to the effect of the bipyridyl
nitrogens on the HOMO-LUMO gap. The fluorescence lifetimes of 1 and 2 are on
the order of 1 ns, which is typical for =, n* fluorescence [39]. The large fluorescence
quantum yields coupled with the short lifetimes indicate that the radiative decay
rates of both chromophores are very large (k,~10%s"'). The low temperature
fluorescence spectra of 1 and 2 [Fig. 3(a)] are unremarkable. The spectra are blue-
shifted compared with the room temperature spectra and vibronic structure is
observed. Phosphorescence was not detected in the low-temperature spectra of 1
and 2 for /< 800 nm.

Table 2
Photophysical properties ot model compounds”

Compound 4., absorbance (mm}  Assignment [, emission @&, Tem (1IS) Amax EHISSION
(€™M Tom T 10 {nm)298 K 298K 28K (nm)*77 K
| 314 {sh){40.0} . T* 413 .95 i 389
34210525 r ot
2 330 ¢40.5) . n* 470 0.94 24 413
366 {56.5) w,
2 406 (10.1) n.a* L & 433 (11, <3O <1ns 410
MLCT (1)
20103 moa* 1L & 690 (MLCT) S0 ns 590
MILCT {MLCT
*Ambient temperature data for THF solutions and low-temperature data in 2-methyitetrahydrofuran

{MTHF ) glass.
*0-Q band in structured low-temperature spectium.
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Fig. 2. {a) UV-visible absorption spectra of mode] compounds 1-3 in THF solution. Solid line. 1. dashed
line, 2; dash-dot line, 3. (b) Luminescence spectra of model compounds 1-3 i THF solution at 298 K.
Drashed line, 1; solid line, 2: dotted line, 3.

The absorption and luminescence properties of Re(I}model complex 3 differ
significantly compared with those of the free bipyridine ligand 2. First, the absorption
spectrum [Fig. 2(a)] is dominated by a broad band with £ . =406 nm. This band
18 red-shifted and has a significantly lower molar absorptivity compared with the =,
n* absorption of free ligand 2. Complexes of the type {diimine}Re'(CO);Cl typically
feature a low-energy absorption (€ x5.0x10°M ~!cm™') due to the dn(Re}—>=*
(diimine} MLCT transition [27,29]. On this basis, we assign the 406 nm absorption
in 3 to the MLCT transition. However, note that the molar absorptivity of the
406 nm band in 3 is larger than typical for MLCT transitions in related complexes,
and this implies that the low energy band may also have some n, n* intraligand
(IL}) character.
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Fig_ 3. {a) Luminescence spectra at 77 K in MTHF solvent glass. {a) Dashed line, 1 {4,, = 350 nm}; solid
line, 2 (4, =350 nm). (b) Dashed iine, 3 (1_, =380 nm): solid line, 3 (4.0 =450 nm).

Fig. 2(b} displays the room temperature emission spectrum of 3 obtained with
A5 =380 nm. First, it is important to note that although two emission bands are
observed, the quantum yields of the emissions are very weak ( Table 2). The emission
spectrum 1s dominated by a relatively narrow band at A,,, =433 nm. The lifetime
of the 433 nm emission is very short (<1 ns), and on this basis we assign it to
fluorescence from the 'n, n* IL state of the coordinated bipyridine ligand. The low
quantum yield and short lifetime of the =, x* IL fluorescence arises because the IL
state is quenched by fast intramolecular energy transfer to the MLCT manifold,
which is at a lower energy (vide infra). Fluorescence from n, n* IL state is not
typically observed in transition metal complexes; however, in 3 the large radiative
decay rate of the diphenylethynylbipyridine ligand allows fluorescence to “leak out”
even though the r, n* state is short-lived. Interestingly, the n, n* IL fluorescence is
blue-shifted relative 1o the position of the fluorescence of the free bipyridine ligand
2. The blue shift (and vibronic shoulder) in the n, =* IL fluorescence is likely due
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to the fact that the chelated ligand is unable to relax along the inter-ring torsional
mode after photoexcitation. In addition to =, #* IL fluorescence, 3 features a very
weak, broad emission with A, =690 nm and t290 ns. The characteristics of this
emission strongly suggest that it can be assigned to the MLCT excited state,

Fig. 3(b) illustrates two emission spectra of Re(l) complex 3 at 77 K in MTHF,
one collected with /=380 nm and the second with Ai,=450nm. The spectrum
obtained with the shorter excitation wavelength shows two structured emission
bands: one with A,,,~413nm and the second with A...~5%0 nm. The spectrum
obtained with the longer excitation wavelength features only the long wavelength
emission. First, it is clear that the 410 nm emission band is due to fluorescence from
the 'r, =* IL state of the diethynylbipyridine ligand. This assignment is supported
by the fact that the position and bandshape of this band is ¢losely similar to that
observed for free ligand 2 at 77 K [see Fig. 3{a}]. Assignment of the long-wavelength
luminescence band is more dubious. A curious feature is that the bandshape of this
emission is subtly different for 380 and 450 nm excitation. In particular, with 450 nm
excitation the band features three very clearly resolved vibronic transitions. By
conirast, with 380 nm excitation, the resolution of the vibronic bands is poorer, and
there is evidence for an underlying band on the 0.1 transition. Given this excitation
wavelength dependence, we believe that the long-wavelength emission band is due
to a superposition of phosphorescence from the 3z, n* IL state and to luminescence
from the de—=* MLCT state. Assuming that MLCT state contributes to the long-
wavelength emission, then the MLCT emission is blue-shifted approximately
2500 cm ™' compared with its position at 298 K (e.g. the band shifts from 690 to
590 nm upon cooling}. Such blue-shifts are characteristic for MLCT emission upon
cooling to 77 K, and the 2500 cm ™" shift observed for 3 is typical [40,41].

2.4. Polymer photophysics

The absorption spectra of PO-P50 are compared in Fig. 4(a}. The polymers feature
an absorption band (1., =400 nm) having an intensity that decreases with increas-
INg Xge- This absorption band is simnilar in energy and bandwidth to the absorption
of structurally-related PPE-type polymers [13-16], and on this basis it is assigned
to the =, n* transition of the conjugated polymer backbone. The Re-containing
polymers P10-P56 feature an additional absorption band {2 =440-540 nm) with an
intensity that increases with yg,. This long wavelength absorption is clearly associated
with the (bpy}Re(CO),Cl chromophore and it is assigned to the MLCT transition
arising from promotion of an electron from a dn (Re) level into a =* level of the
comjugated polymer backbone {e.g. dn—+n},, MLCT). Note that the MLCT trans-
ition in the polymers is red-shifted significantly from its position in model complex
3. The red-shift likely arises because the =%, orbital (which is the acceptor for the
MLCT transttion) is significantly delocalized (and therefore stabilized) by the conju-
gated polymer backbone.

Excitation of solutions of P0-P50 into the x, n* absorption band produces a
strong emission with A,,~435 nm and a shoulder on the long-wavelength side due
to vibronic coupling [Fig. 4(b)]. The emission is Stokes-shifted only a small extent
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Fig. 4. {a) Absorption spectra of polymers P0O--P50 in THF solution. Spectra were obtained on solutions
having the same polymer concentration (mass per unit volume). Spectra are converted to a “moiar
absorptivity” scale by dividing the concentration by the median molecular weight of the monomer repeat
units. {b} Fluorescence spectra of PO-PS0 in at 298 K (4., =380 nm). Spectra are normalized to reflect
the fluorescence quantum yields.

from the w, #* absorption of the polymer backbone, and on this basis it is assigned
to fluorescence from the 'z, n* exciton state. The 'n, n* assignment is supported by
the fact that the fluorescence is very similar in energy and bandshape to that observed
in related PPE- and PPV-type n-conjugated polymers [4,13-20}.

Fluorescence quantum yields (@) were determined for PO-PS0 and the results
are listed in Table 3. In general, @, is comparatively large for all of the polymers;
however, it is apparent that &, decreases as yg. increases, The fluorescence decay
kinetics for solutions of P0-P50 (Table 3) are biexponential but are generally domi-
nated by a large amplitude component with a lifetime of less than 1 ns. In order to
facilitate comparison of the overall fluorescence decay kinetics of the different
polymers, median lifetimes were computed according to the expression,
(1) =27y +2,7,, Where %; and 1, are, respectively, the normalized amplitude and
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Table 3
Photophysics of polvmers®
Polymer 4, absorbance Assignment 4, emission  &h Lins) () (o (as)! s, emission
{nmy298 K {(nm1298 K 298K MBK 208K (77T K
PO 400 ont 435 0.28 0.81(095) il 443
6.39{0.05)
PID 4460 ront 435 0.16 0.72¢0961 078 443
465 {sh} da—z* I8 {004} 643
MLCT
= 690
P25 400 moat 433 [N ]] 0.32{G8]) 048 443
469 {sh} dmoer* 1.34 {0.19) 643
MLOT
= 60U
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“Ambient temperature data for THE solutions and low-temperature data in 2-methyltetrahydrofuran
{MTHF) giass.

PQuantum yield of n, n* Auorescence.

¢Lifetime {r,) and normalized amplitude {x,} recovered from it of r, a* fluorescence decay to biexponential
expression, f{¢)=x expi - /1, ~xpexpi -7k

“Median lifetime caicuiated from the expression, <> =u7) + 2,1,

lifetime of the /th decay component recovered from the biexponential fits of the
decays {{t>, Table 3}. Interestingly, the median fluorescence lifetimes for PO-P50
(like the fluorescence quantum yields) decrease as yg, increases. The parallel decrease
in (7> and @, with increasing &, indicates that the 'x, #* exciton is quenched by
the (bpy)Re(CO},Cl chromophore in the polymers. However, although quenching
is abserved, it is not particularly efficient even at high xg..

Further information regarding the excited states mvolved in the photophysics of
PO-P50 comes from luminescence spectroscopy carried out at 77 K in MTHF solvent
glasses, Fig. 5 illustrates low temperature emission spectra of P10-PS0 obtained
with excitation Inio the n, =n* manifold of the n-conjugated polymer
(4., =380 nm). First, at low temperature all of the polymer samples (including P0)
exhibit fluorescence from the 'n. n* state of the polymer backbone. Remarkably,
the fluorescence band maximum and bandwidth is aimost the same at room temper-
ature mn fluid and at low temperature in the glass [compare Figs. 4(b) and 5]. This
correspondence reveals very weak electron—phonon coupling in the fluorescent exci-
ton state and implies that the exciton is very delocalized. At low temperature
metal- organic polymers P16-P50 exhibit additional emission band(s) in the red.
This emission appears as a sharp band with A, ~643 nm (fwhm =400 ¢cm ™ ') super-
imposed on a broad band with 4_,, =690 nm. We tentatively assign the sharp 643 nm
luminescence feature to phosphorescence from the *m, =* state of the conjugated



300 K.D. Ley, K8 Schanze [ Coordination Chemistry Reviews 171 ( 1998) 287 . 367

da+5

Emission Intensity
(au)

Wavelength/ nm

Fig. 5. Luminescence spectra of polymers P10 -P50 in MTHF glass at 77 K {(2,, = 380 am). Specira were
obtained on samples having equivalent concentration (mass per unit volume). Because of the sample and
cryostat configuration it was difficult o maintain consistent sample position: therefore, relative emission
intensities are only approximate. Small peaks in 400-410 nm region are due to Raman scatlering.

polymer backbone and the broad 690 nm emission to the dn (Re)— pory MLCT
manifoid.

Although phosphorescence has previously not been observed in many
n-conjugated polymer systems, our assignment is supported by the close similarity
between the 643 nm [uminescence and that observed from metal-organic PPE poly-
mer 10 (Scheme 5) [42]. Thus, at 25 K 10 exhibits fluorescence at 405 nm (3.06 eV )
and phosphorescence at 521 nm (2.38 eV, fwhm~320 cm™'); these spectral assign-
ments indicate that in 10 the singlet~triplet (S-T) splitting is approximately 0.7 eV.
Two points are significant when comparing the [uminescence of P10-P50 and 16,
First, the width of the 0-0 phosphorescence band in 10 is 320cm ™, in good
agreement with the width of the 643 nm feature in P10-P50. Second, assuming that
in P10-P50 the 443 nm (2,80 ¢V ) emission is fluorescence and the 643 nm (1.93 eV}
emission is phosphorescence, a 0.8 eV S-T splitting is computed, in close agreement
with the 8-T splitting for 10.

T(BU}s

—3

P{Bu);

Scheme 5. Structure of organometallic polymer.
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At this point the MLCT assignment for the broad luminescence band underlying
the *x, n* phosphorescence is less solid. However, assuming that the MLCT assign-
ment 18 correct, then the low temperature emission spectra imply that the energy of
the MLCT state in the polymers (i, =690 nm, 1.8eV) is approximately 0.3 eV
lower in energy than in model complex 3 (A,,., =590 nm, 2.1 eV). This difference in
MLCT states energies derived from the low temperature emission spectra is at least
consistent with the difference in the position of the MLCT absorption bands of 3
(Amax =406 nm, 3.05 V) and the polymers (,,,, =460 nm, 2.70 eV ).

2.5, Excited states in the metal containing polymers

Based on the spectroscopic assignments for the absorption and Iuminescence data
it is possible to construct a Jablonski diagram (Fig. 6}. In this diagram, states arising
from the organic component of the polymer are at left, while states arising from the
metal-containing repeat units are given at right. The state energies are based on the
position of luminescence bands (E,,,) in the low temperature spectra, except for
the *‘MLCT level which is based on the absorption band maximum. Thus, the !x,
n* and *n, n* exciton states of the m-conjugated polymer backbone lie at 2.80 and
1.94 eV, respectively, while the 'MILCT and 3MLCT levels arising from the
drn—n},, transition lie at 2.7 and 1.8 eV, respectively. Excitation spectroscopy {(data
not presented) implies that energy transfer occurs from the iz, »* exciton to the
dr—my,, *MLCT manifold. as anticipated based on the relative ordering of the

rnt 280aV
TMLCT 2.7V
15C
ISC
3 -
nE 1.948V 3MLCT 1.8V
+hv
_hv 1SC +hv 13C
y hv

Fig. 6. Jablonski diagram for polymers P10-P50.
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states. On the other hand, the low temperature spectroscopy implies that the *x, =*
exciton and the *MLCT state are in ¢lose energetic proximity. Furthermore, the
apparent observation of emission from both states at low temperature implies that
the two states are either m equilibrium or are not rapidly interconverting. Recent
studies of d® metal complexes indicate that a barrier to interconversion between 3z,
7* 1L and *MLCT states may exist when the two manifolds are in close energetic
proximity [ 30,43,44]. A similar effect may be operating in metal containing polymers
P10-P50.

2.6. Exciton diffusion and trapping by Re (1) chromophores

In order for the Re(1) sites to effectively quench the 'm, =* exciton, two processes
must be rapid and efficient. {1} The exciton must diffuse rapidly along the polymer
backbone, effectively sampling an entire polymer chain during its lifetime (21 ns).
(2} The exciton must be trapped efficiently each time it comes within the encounter
distance of a Re(I) repeat unit. If both processes are rapid and efficient, quenching
is expected to be efficient even at low yg.. We now discuss background material
pertinent to these two processes.

Several studies imply that intrachain diffusion of a 'n, n* exciton (process I
above) in n-conjugated polymers is fast compared with its lifetime. For PPVY-type
polymer films, diffusion of “a relaxed exciton’ (e.g. one that has already migrated
from a short to a long conjugated segment by ultrafast Forster transfer} is thermally
activated, and the one-dimensional diffusion length of the relaxed exciton is approxi-
mated to be 50 A. Assuming that the data on PPV films can be extrapolated to the
PPE-type polymers in solution, a 50 A diffusion length implies that, during its
lifetime, a 'n, n* exciton will sample 10 or more repeat units. Another study supports
the notion that in PPE type m-conjugated polymers the 'n, n* exciton samples a
substantial fraction of a polymer chain during its ca. 1 ns lifetime. Thus, Swager
and co-workers demounstrated that an electron acceplor { paraquat} which is com-
plexed to a cyclophane pendant group on a PPE-type polymer is extremely effective
at quenching an exciton [14]. This work. albeit qualitative, implies that during its
lifetime the 'm, #* exciton has a diffusion length comparable to the length of a
typical polymer chain (20--30 repeat units in Swager's study).

The other important process for exciton quenching is the trapping event { process
2 above). A significant body of data on small-molecule transition metal complexes
implies that this process should also be rapid and efficient in the metal-organic
n-conjugated polymers. Thus, the fluorescence of organic ligands coordinated to
d* transition metals is typically strongly quenched in small-molecule complexes [45],
For example, this effect is clearly manifest in complex 3: free diimine ligand 2 is
strongly fluorescent (@n=1}; however, only very weak m, n* IL fluorescence is
observed from complex 3. The IL fluorescence is quenched by intramolecular energy
transfer to the MLCT manifold which is at lower energy compared with the IL state.

The experimental results on PO-P50 imply that at room temperature in fluid
solution the Re sites are not particularly efficient traps for the 'n, =* exciton.
However, the median fluorescence lifetime <) decreases as yg, increases, which is
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consistent with a quenching mechanism that involves dynamic quenching of a
diffusing exciton by the Re units. Unfortunately, the available data does not allow
us to distinguish whether quenching is limited by exciton diffusion or exciton trapping
by the metal complex sites. Given the large body of data on small molecule complexes
which indicates that 'z, n* IL states are efficiently quenched by energy transfer to
the MLCT manifold [45], we believe that the trapping event {process 2) should be
very efficient in P10-P50. Thus, we tentatively conclude that the relatively inefficient
quenching in the metal-organic polymers is a result of the slow intrachain diffusion
of the 'w, ©* exciton.

3. Experimental
3.1. Synthesis

Solvents and chemicals used for synthesis were of reagent grade and were used
without purification unless otherwise noted. 5,5-diethynyl.2,2-bipyridine (5) was
prepared from 5,5-dibromo-2,2"-bipyridine {4} according to the method described
by Ziessel and co-workers [33]. 2-lodo-14-dimethoxybenzene (6) {46],
2,5-diiodo-1,4-dioctadecyloxybenzene (9) [14], and 4,4 -diethynylbipheny} {7} {47]
were prepared according to literature procedures. fac-(5.5'-diethynyl-2,2%
bipyridine}Re'(CO),Cl (8) was prepared by refluxing 5 with Re{C0)sCl in toluene.

3.1.1. 5-Bromao-2-thiomethylpyridine [ 48]

2,5-Dibromopyridine {18.0 g, 42,2 mmol} was dissolved in DMF {200 m!} and
the resulting solution was stirred under nitrogen. Sodium thiomethane {(6.5g,
92.8 mmol} was added to the DMF solution and the reaction was stirred at room
temperature for 1 h. The resulting solution was rinsed with water (5x200ml),
extracted with diethyl ether, and the ether layer was separated and dried over sodium
sulfate. After removal of the solvent under reduced pressure the crude product was
obtained as a white crystalline solid. The crude product was purified by chromatogra-
phy on silica gel (hexane solvent) and was obtained as a white crystalline material,
yield 7.5 g (87%). "H-NMR (CDCl,) §2.52 (s, 3H). 7.0 (d, 1H), 7.56 {dd, 1H). 8.47
(d. 1H}, “C-NMR {CDCl;} § 158.6, 150.1, 138.2, 122.6, 115.6, 13.4. Elemental
analysis: calculated for C;H,NBrS: C, 35.31: H, 2.96; N. 6.86; found: C, 35.63: H,
2.89; N. 6.67.

3.1.2. 5-Bromo-2-methylsulphinyipyridine {35 ]

5-Bromo-2-thiomethylpyridine (7.2 g, 35.5 mmol ) was dissolved in 45 ml of glacial
acetic acid and hydrogen peroxide (4.80 g, 42.3 mmo!} was then added dropwise to
the solution. The reaction mixture was then stirred at room temeprature for 24 h at
which time the mixture was cooled in an ice bath and neutralized with sodium
carbonate until basic (pH =12). The neutralized solution was extracted with diethyl
ether, the ether layer was separated and dried over sodium sulfate. Evaporation of
the ether under vacuum produced a white solid which was further purified by
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chromatography on silica gel (hexane solvent), yield 7.30g (94%) 'H-NMR
(CDCly) 8 2.75 (s, 3H), 7.85 (d, 1H), 8.0 (dd, 1H), 8.58 (4, 1H) *C-NMR
{CDCl,) 6 164.4, 150.4, 140.4, 121.8, 120.6, 41.0.

3.1.3. 55-Dibromo-2,2"-bipyridine {(4) [35}

n-Propyl magnesium bromide in THF (6.0ml! of a 1.0 M solution, 6.0 mmol)
was added by using a syringe to an ice-cold, stirred solution of 5-bromo-
2-methylsulphinylpyridine (1.90 g, 8.64 mmol) in 60 ml of diethylether. After addi-
tion of the Grignard reagent, the reaction mixture was allowed to warm to room
temperature and stirred for 1 h. Water was then added and the reaction mixture was
neutralized by the addition of dilute hydrochloric acid. The neutralized aquecus
soluticn was extracted with toluene, the organic layers were combined and dried
over socdium sulfate. After removal of solvents under reduced pressure, the crude
product was rinsed with excess acetone and collected by filtration. After the acetone
wash, the final product was obtained as a white solid, yield 0.66 g (49%). 'H-NMR
(CDCIy) & 7.92 (dd, 2H), 8.28 (4, 2H), 8.70 (d, 2H). *C-NMR (CDCl,) § 153.4,
150.0, 139.3, 122.0, 121.2.

3.1.4. 4.4%-bis-{{ 2, 5-dimethoxyphenyl) ethynyl} biphenyl (1)

4,4"-Diethynylbiphenyl (7) (0.300 g, 1.48 mmol), 2-iodo-1,4-dimethoxybenzene
(6) (0.820 g, 3.10 mmol}, Pd(PPh,),Cl, (0.063 g, 0.088 mmol) and Cul (0.034 g,
4.178 mmeol} were placed in a 200 ml Schlenck flask that was purged with Argon.
Tetrahydrofuran and diisopropylamine {8 and 5 ml, respectively} were added and
the solution was heated at 70 °C for 10 h. Upon cooling, the reaction mixture was
filtered to remove inscluble Pd-byproducts and the solvents removed in vacuo. The
crude product was disselved in CH,Cl; and passed through a short (3 cm) column
of silica gel, yielding an orange solid upon evaporation of the solvent, yield 0.586 g
{84%). The material was purified further for spectroscopic studies by recrystallization
from toluene; the compound was recovered after recrystallization as a light yellow
solid, yield 0.420 g. *H-NMR (CDCly) 8 3.79, (s, 6H, OCH,), 3.89 (s, 6H, OCH;),
6.86 (m, 4H, phenyl), 7.08 (d, 2H, phenyl), 7.63 (d, 8H, biphenyl) *C-NMR
(CDCly) 8 154.5, 153.2, 139.9, 132.1, 126.7, 118.0, 115.8, 112.9, 122.2, 93.2, 86.7,
56.5, 55.8.

3.1.5. 55-bisf{ 2 5-dimethoxyphenyl) ethynyi]-2,2-bipyridine (2)
5,5%-diethynyl-2,2-bipyridine (5) (0.20g, 0.98 mmol), 2-icdo-1,4-dimethoxy-
benzene (6) €0.562 g, 2.16 mmol) Pd(PPh,),Cl, {41.2 mg, 0.058 mmol} and Cul
(23 mg, 0.120 mmol ) were placed in a 200 ml Schlenck flask that was purged with
Argon. Tetrahydrofuran and diisopropylamine (8 and 5 ml, respectively) were added
and the selution was heated at 70°C for 10 h, upon cooling the mixture was filtered
and then the solvent removed in vacuo, yielding a brown solid. The crude product
was purified for spectroscopic studies by preperative thin layer chromatography
(silica gel, eluted with 2% MeOH/CH,Cl,). The purified product was obtained as a
yellow solid, yield 75 mg. *H-NMR (CDCl,) & 3.80 (s, 6H, OCH,), 3.90 (s, 6H,
OCHj;), 6.90 (m, 4H, phenyl), 7.09 (s, 2H, phenyl), 7.98 (4, 2H, bpy, J=7.8 Hz},
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8.40 (br 5, 2H, bpy), 8.83 {br 5, 2H, bpy) 3C-NMR (CDCly) 6 154.6, 153.8, 153.2,
151.6, 139.4, 120.7, 120.5, 118,0, 116.5, 112.0, 90.2, 56.4, 55.8.

3.1.6. fac-(5,5"-bis{( 2,5-dimethoxyphenyl) ethynylj-2,2'-bipyridine} Re {CO);Cl {3}

Bipyridine 2 {0.050 g, 0.24 mmol} was dissolved in [0 ml of CH,Cl,/toluene (1:1
v.v) and the resulting sclution was added to a 20 ml flask containing Re(CO).Cl
(0.217 g, 0.60 mmol). The reaction mixture was heated at refiux for 14 h. After this
period the solution was cooled and the solvents removed in vacuo, vielding a crude
crange solid. The product was purified by repeating rinsing with diethyl ether/toluene
and was obtained as a brick orange solid, yield, 0.110 g {88%). "TH-NMR (CDCl,)
0 382 {5, 6H, OCH,), 3.91 (5, 6H, OCH,}, 6.89 (¢, 2H, phenyl}, 6.96 {d, 2H,
phenyl), 7.07 (s, 2H, phenyl), 8.10 (br s, 4H, bpy), 9.16 (s, 2H, bpy). *C-NMR
{CDCly) & 55.9, 56.3, 87.6, 94.9, 110.8, 112.0,, 117.9, 122.6, 124.6, 140.5, 153.0,
153.2, 155.1, 1553, 196.7. HRMS {FAB, positive ion, NBA) ealculated
for C;H,0;N;ReCl (M*), 782.083, observed, 782.084; calculated for
Ci3sHo407NRe(M-Cl1 ). 747.114, observed, 747.112.

3.1.7. Polymer PO

Diethynylbiphenyl 7 (44 mg, 0.220 mmol), diiododialkoxybenzene 9 (190 mg,
0.219 mmol} PACl, (2 mg, 0.011 mmol}, PPh;, (13 mg, 0.0495 mmol) and Cul (2 mg,
0.011 mmol} were combined in 6 ml of diisopropylamine and 14 ml of THF under
nitrogen. The mixture was heated at 70 °C for 16 h. Through the course of the
polymerization the solution became noticeably more viscous and highly fluorescent
(blue}. The reaction mixture was cooled to room temperature and then added
dropwise with stirring to 300 mi of acetone. The vellow precipitate was collected
and washed repeatedly with hot acetone, hot acetonitrile, hot ethanol and hexane.
Some lower molecular weight material was removed by the washings as evidenced
by the fact that the washings were strongly fluorescent. After drying overnight at
40 °C, 130 mg of PO was isolated as a yellow solid, yield 73%. GPC (CHCL,,
polystyrene standards} M,=13.5, M, =374kD (PDI=2.7). '"H-NMR (CDCl33 6
0.87 (br, 1}, 1.24 (br, 5), 1.56 (br, m), 1.84 (br, m), 4,04 {br, 1), 6.92 (br, 5), 7.0 (br,
s), 7.62 (br, 53. *C-NMR (CDCly) & 14.1, 22.7, 26.1, 29.4, 29.7, 32.0, 69.7, 87.0,
94.8, 114.0, 116.9, 122.8, 126.8, 132.1, 140.0, 153.7.

3.1.8. Polymer P10

Diethynylbiphenyl 7 (40 mg, €.199 mmol), Re complex & (11 mg, 0.022 mmol},
diiododialkoxybenzene 9 (190 mg, 0.21% mmol), PdCl, (2 mg, 0.011 mmol) PPh,
(13 mg, 0.0495mmol) and Cul (2mg, 0.011 mmol} were combined in 6 ml of
ditsopropylamine and 14 ml of the THF under nitrogen. The mixture was heated at
76 °C for 16 h. Through the course of the polymerization the solution became
noticeably more viscous and highly fluorescent {blue). The reaction mixture was
cooled to room temperature and then added dropwise with stirring to 300 mi of
acetone. The red-orange precipitate was collected and washed repeatedly with hot
acetone, hot acetonitrile, hot ethanol and hexane. Some lower molecular weight
material was removed by the washings as evidenced by fact that the washings were
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strongly fluorescent. After drying overnight at 40 °C, 115 mg of P10 was isolated
as a red-orange solid, vield 62%. GPC (CHCl;, polystyrene standards)
M_ =88, M, =20.7kD {PDI=2.3). 'H-NMR (CDCI;) & 0.87 (br, 1). 1.24 (br, 5},
1.56 (br, m), 1.84 (br, m)}, 4.04 (br, t}, 6.92 {br, 5), 7.0 (br, 5}, 7.62 (br, 5} 8.08 (br,
51, 9.18 {br, 5). BC-NMR (CDCl,) & 14.1, 22.7, 26.1, 29.4, 29.7. 32.0. 69.7, 87.0,
94.8, 114.0, 116.9, 122.8, 126.8, 132.1, 140.0, 153.7.

3.1.9. Polymer P25

This pelymer was prepared according to the procedure described for polymer P10
except with 33 mg of 7 (0.166 mmol ) and 28 mg of 8 {0.055 mmol }. After purification
P25 was isclated as a red-brown solid, yield 115 mg (5% %). GPC (CHCl,, polysty-
rene standards) A, =7.9kD, M,=16.4 (PDI=2.1). 'H-NMR (CDCl,) § 0.87 {(br,
£}y, 1.24 (br, s), 1.56 {br, m), 1.84 {(br, m), 4.04 {br, t}, 692 (br, 5), 1.0 (br, 5), 7.62
{br, 5}, 8.08 (br. 53, 9.18 (br, 5). >*C-NMR (CDCl,) & 14.1, 22,7, 26.1, 29.4, 29.7,
320,697, 87.0, 948, 114.0. 116.9, 122.8, 126.8, 132.1, 1400, 153.7.

3.1.10. Polymer P50

This polymer was prepared according to the procedure described for polymer P16
except with 22 mg of 7 {0.11 mmol ) and 56 mg of 8 ((.111 mmol ). After purification,
P25 was isolated as a red-brown solid, vield 138 mg (65%). GPC (CHCl,, polystyrene
standards} M, =7.8kD, M, =16.0 (PD1=2.0). 'H-NMR {CDCL,) 0.87 (br, 1}, 1.24
{br, s}, 1.56 {br, n1), 1.84 (br, m), 4.04 (br, 1}, 6.92 {br, 5}, 7.0 {(br, 5), 7.62 {br, 5).
8.08 (b, 53, 9.18 (br, 5). *C-NMR (CDCl,} & 14.1, 22.7, 26.1, 29.4, 29.7. 32.0, 69.7,
§7.0.94.8, 114.0, 116.%, 122.8, 126.8. 132.1, 140.0, 153.7.

3.2, Photophysical measuremenis

All photophysical experiments were carried out using equipment and procedures
that have been described in detail in previous publications [49,50]. Fluorescence
quantum yields were determined relative to three actinometers (al} in ethanol solu-
tion): anthracene {@5=90.27) [51], 9,10-dicyanoanthracene (Pyn=0.87) [52], and
perylene (@5 =0.87) [52]. The reported fluorescence quantum yields are the average
of the experimentally determined quantum vields relative to the three actinometers.
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