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Abstract 

A series of  polyary!eneethynytene a-coaiugated po;ymers that contain f:~c~(5°5'* 
diethynyl-2,2'-bipyridine)Re~(CO)~Ci as parl  of the a-coajuga |ed poiymer backbone have N:ev~ 
synthesized by Pd-mediated coupling chemistw. Three metaL-organic polymers PI0,  P25 and 
P50, have been prepared which con~aim respectively, t0, 25 and 50 mot.% ofd~e Re( I ) repazat 
units in the polymer chain. These polyme,,s have been characterized by ~H~ and ~:~C~NMR 
and F T t R  spectroscopy and gel permeation chromatography.  The analysis indicate that the 
pholyme~s conufin the intact Re( I ) c h r o m o p h o r e  a,~,.! M~, vah:tes of  I0~ 15 kDa  are typical 
{(}PC, relative to polystyrene), The metaL-organic polymers feature two spectra!ly-distincI 
absorption bands, one due to the n. =* absorption of  the pol:aner backbone and another at 
lower energy which is at tr ibuted to the d n (  Re).~ ~ < ,  metal to ligand charge transfer ( MLCT ) 
absorption. The luminescence properties o f  the polymers have ~ e n  examined in fluid solution 
at  298 K and in a 2omethyltetrahedrofl~rm,, ( M T I I F )  soIven~ glad,.5; at 77 K These sp*ectro~;copic 

v - e V  studies reveal t h a t  ( 1 ) f luorescen~ from the ~a, n* exciion s~ate i=.~ observed a~ z:.,.4~ i)~ all 
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of the polymers at 298 and 77 K, but the intensity and lifetime of the fluerescence is quenched 
as the mole fractior~ of Re in the polymers increases; (2) phosphorescence from the 3n, n* 
state of the conjugated polymer backbone is observed at 1.93 eV in PI0-PS0 at 77 K; (3) 
luminescence from the dn~n* MLCT state is observed at 1.8eV in the metal-organic 
polymers at 77 K. © 1998 Elsevier Science S.A. 

Keywords." n-Conjugated polymers; Fluorescence; Phosphorescence; Luminescence 

1. Introduction 

n-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 possible to readily process 
them into films that display the favorable mechanical meperties characteristic of 
organic polymers. Because of this unique combination of properties, n-conjugated 
polymers have received considerable attention from scieatists and engineers inter- 
ested in fabricating electronic and/or electro-optical devices which consist partly or 
wholly of n-conjugated polymers [5-7]. One significant example of a device applica- 
tion for n-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 
[t 2], n-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 n-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 n-conjugated backbone [28]. In our 
initial foray into this area, we prepared and characterized the series of n-conjugated 
polymers P0-P50. The structure of these polymers is based on the polyaryleneethyny- 
lene (PPE) architecture and they contain thefac-(bpy)Rd(CO)3C1 chromophore as 
an integral component of the n-conjugated backbone. 
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Scheme 1. Chemical structures of model compounds 

The Re(I) 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 dn (Re)--,n* (diimine) transition [27,29]. The MLCT state has been thoroughly 
studied in an array of (diimine)Re~(CO)3X complexes and usually it is long-lived 
and luminesces in the red part of the visible spectrum [27,29, 30]. Second, the MLCT 
excited state of the Re (I) chromophore is a moderately strong oxidant, and therefore, 
polymers that contain this chromophore may display unusual photoredox (or pho- 
toconductive) properties [27]. Third, the (bpy)Rd(CO)3C1 complex carries a neutral 
charge; consequently, the Re(I) containing polymers are electrically neutral and are 
very soluble in low-dielectric solvents such as CHCI3 and THF. 

The present manuscript describes the synthesis and photophysical characterization 
of polymers P0-P50. In addition, the small molecule model compom~ds 1-3 
(Scheme 1) have also been examined to provide information concerning the proper- 
ties of the isolated ehromophoric 1:nits which comprise the polymer. The studies 
indicate that Pd-mediated coupling chemistry [31,32] can be used to incorporate the 
diethynylbipyridine-substituted Re(I ) metal complex into the backbone of PPE-type 
n-conjugated polymers. The photophysics of the resulting n-conjugated metal- 
organic polymers is unusual in thet the materials display the spectroscopic signatures 
of both the organic-based n-conjugated network and the metal-based charge 
transfer states. 

2. Results and discussion 

2. I. Synthesis of model compounds and conjugated potymers 

Schemes 2-4illustrate the overall synthetic route used to prepare model com- 
pounds 1-3 and polymers P0-P50. The key compound in these schemes is 5~5'- 
diethynyl-2,2'-bipyridine (5), which is obtained in high yield from 5,5'-dibromo-2,2'- 
bipyridine (4) by treatment with trimethylsityl acetylene in the presence of the 
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Scheme 2. Synthesis of Re( t ) complexes 
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Scheme 3. Synthesis of dibromopyridine 
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P0 x = 0 ,  y = l . 0  

P l 0  x = 0 . 1 , y = 0 . 9  

P25 : x = 0.25, y = 0.75 

PS0 : x = 0 , 5 ,  y = 0 . 5  

Scheme 4. Polymer synthesis and structure 

Pd(PPh3)2C12 catalyst [33]. Synthesis of  dibromobipyridine 4 via treatment of 2,2'- 
bipyridine. HBr with Br 2 at high temperatme 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 outlined in Scheme 3 
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and affords 4 in three steps with an overall 40% yield 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-l,4-dimethyoxybenzene [6] in the presence of 
Pd(PPh3)4 afforded dimethoxyphenylethynyl bipyridine (2) in good yield. Treatment 
of ligand 2 with one equivalent of Re(CO)sCI in refluxing toluene/CH2C12 produced 
model complex 3 which has been fully characterized by NMR, FAB-MS as well as 
various photophysical techniques. 

Polymers P0-P50 were prepared via Pd-mediated cross coupling as illustrated in 
Scheme 4. [ ! 3, 14] The polymers differ with respect to the mole ratio of 4,4'-diethynyl- 
biphenyl (7) and (5,5'-diethynyl-2,2'-bipyridine)Re~(CO)3C1 (8) used in the polymer- 
ization reaction mixture. (In the acronym used to identify the polymers, Pn, the 
number indicates the tool.% of 8 used in the reaction mixture. For example, in the 
synthesis of Pl0, 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(PPh3)2CI2, Pd(dba)2 and Pd(PPh3)4. Optimal results 
were obtained with 5mo1.% Pd(PPh3)2C12 and 5mo1.% CuI catalyst in the 
THF/diisopropylamine (2:1 v:v) at 70 ~ for 16 h. The polymers were analyzed by 
all- and t3C-NMR spectroscopy, as well as FTIR, UV-visible absorption, and 
fluorescence spectroscopy (see below). 

2.2. Polymer characterization 

An important objective of the present investigation has been the structural charac- 
terization of metal containing polymers P0-P5G. The st t :actural 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 P0-PS0 were characterized 
by using gel permeation chromatography (GPC), IH- and 13C-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 P0-PS0 relics on polystyrene standards to 
provide infon-nation regarding the molecular weight distribution of the polymer 
sample. Unfortunately, owing to the significant structural differences between poly- 
mers P0-P50 and polystyrene (e.g. P0-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 is useful in several ways. First, it provides a measure 
of the relative molecular weight distributions of a series of related 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 Mw/Mn, where Mw and Mn are, respectively, the 
weight- and number-average molecular weights of the sample [37]. 

GPC traces for analysis of P0-PS0 are illustrated in Fig. 1 and the results of the 
GPC analysis are listed in Table 1. Several points are clear upon inspection of the 



292 td D. Ley, K. S, :2chance/(bordt)tation CTzemistr)" Review.; 171 , 1998) 287 307 

v 

0 

o 
03 

< 

60 _.. PO 
40  -~ 

J 

20  -~ 
J 

0 @ - - - - ~  
I 

200 -} 

100 

40  -~ 
i 

°i 
1 l 

40 

20] 
oI 

o 

/ i 

PlO 

/ 

i t 

?25 / i  

- - _ _ !  - ~ j  I 
! 

pso f~ I 
i 

/ ~ 

l "1 t / 

I 0 20 30 40 

R e t e n t i o n  t i m e  / m i n  

Fig, 1. GPC chromatogram traces for polymer samples P0-PS0. 

Table 1 
GPC analysis of polymers" 

100% of chromatogram area 

Polymer M, (kD) Mw (kD) PD1 

95% of chromatogram area 

M. (kD) b Mw (kD) P D I  

P0 15.2 79.7 5.2 13.5 37.4 2.7 
P10 10.5 67.9 6.4 8.8 20.7 2.3 
P25 8.9 69.2 7.7 7.9 16.4 2.1 
P50 6.3 56.8 8.8 7.8 16.0 2.0 

~THF solvent relative to polystyrene standards. 
bAuthor please supply relevant caption. 



K.D. Ley, K.S. Schanze / Coordination Chemistry Reviews 17l (1998) 287-3()7 293 

GPC data. First, each polymer sample is characterized by a bimodal molecular 
weight aistribution. The polymers are dominated by a single fraction ( .~ 95% chroma- 
togram area) which has Mn ranging from 8-14 kD. However, each sample also 
exhibits a small high molecular weight fraction (~.5% chromatog~am area, 
Mn > 100 kD). This bimodal distribution is consistently observed, and apparently is 
characteristic of the methodology used to pre.duce the "hairy rod" potyaryleneethy- 
nylene polymers. One possibility is that the high-Mw fraction is due to crossqinked 
polymer chains that are formed by side reactions produced by the PdL2 catalyst. A 
second possibility is that the high-Mw fraction is component of the sample that is 
physically cross-linked by entanglement of the octadecyl side-chains. Table 1 contains 
listings of the M,, Mn 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 -Mw values are skewed 
upward significantly by the presence of the small, high molecular weight fraction. 
However, note that the Aim value, which better represents the composition of the 
bulk of the polymer ~;ample (on a per mole basis), is not influenced significantly by 
the high molecular weight fraction. The next point that is evider.~t from the GPC 
data is that the M.:, values for the metal-organic polymers (e.g. P'I0-PS0) are 
generally lower compared to that for the orgmfic polymer P0. The lower Mn values 
for the metal-containing pol~ffners likely reflect the fact that Re-bipyridine monomer 
8 is less reactive in the Pd-catalyzed cross coupling reaction compared with the 
biphenyl monomer 7. The impact that this difference in reactivi~ty has on the structure 
of the polymers is unclear at present. However, if 8 is incorporated into the growing 
polymer chains more slowly than 7, it is likely that the Re site:~ are dispersed witNn 
a polymer that is primarily organic, as opposed to being contained in segments 
dominated by Re-containing repeat units. 

While it is not possible to make any definitive conclusions regarding the actual 
molecular weight of P0-PS0, comparison of the GPC data for the present polymers 
with that reported for structurally similar PPE-type rigid rod polymers implies that 
polymer samples P0-P50 are likely to consist of chains having 1!0-30 repeat units 
[36]. Ongoing studies in our laboratory, seek to use ~H-NMR analysis of p-tert- 
butylphenyl end-capped polymers to determine the degree of polymerization (X,) 
for the metal containing polymers, but these experiments have lzeen frustrated due' 
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)3C1 chromophore typically give rise 
to three clearly resolved IR bands in the 1900-2050 cm-a region [38 ]. FTIR analysis 
of polymers P10-P50 in C C I  4 solution confirms the presence of the intact Re(I) 
chromophore by the appearance of CO bands at 2024, 1930 and 1907 cm -~ [the 
a'( i ), a" and a'(2) bands, respectively]. The approximate molar absorptivity for the 
a'(1) band in the (bpy)Re(CO)3C1 chromophore was determined by examining 
the concentration dependence of the 2024 cm- ~ FTIR absorption of 
(4,4'-(di-tert-butyl)-2,2'-bipyridine)Re(CO)3Cl in CC14 (E ~ 5000 M - ~ cm~ ~). By 
using this value it is possible to estimate the concentration of the (bpy)Re(CO)3C1 
chromophore preseht in solutions of polymers P10-PNt. This information, in turn 
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allows us to estimate the mole fraction of the (bpy)Re(CO)3Cl repeat unit (X~) in 
the polymers. This analysis leads to values of 7,~ =0.!3,  ~ !6 and 0.33, respectively. 
for P10, P25 and Pg0. 

2.3. Photophysics of model conwoun&" 

The photophysics of model compound; 1-3 were investigated to define the proper- 
ties of the chromophoric milts that comprise the metal-organic re-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 I and 2 at 77 K in a 2- 
methyltetrahydrofman (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 r~, rt* transition. In fluid 
solution, both compounds emit strong blue fluorescence (qsr~ 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 flimrescence lifetimes of I and 2 are on 
the order of 1 ns, which is typical for x, r~* fluorescence [39]. The large fluorescence 
quantmn yields coupled with the short lifetimes indicate that the radiative decay 
rates of both chromophores are very large (k~109s-~) .  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 2 < 800 nm. 

Table 2 
Photophysical  properties of  model  c o m p o u n d s  ~ 

C o m p o u n d  2 ..... absorbance  ~nm) Ass igmnent  2 . . . .  emission qo~m r~m (ns) 2m~ emission 
(e ...... M I cm i t03) (mn)298 K 2{)g K 298 K (mn)~'77 K 

1 314 (sh)(40.0) re. re* 413 0.95 1.t 389 
342 ( 52.5 } r~. r~* 
330 (40.5) r':. rE* 470 0.94 2.4 413 
366 (56.5) ~, ~* 

3 406 (10.1) r~., ~z* I L &  433 (ILl  <0.001 <1 ns 410 
M L C T  ( tL)  

322 (10.3) x, ~* Ik  & 690 ( M L C T )  90 ns 590 
M LCT ( M LCT 1 

aAmbient  temperature  da ta  for T H F  solut ions and low-temperature  da ta  in 
I M T H F )  glass, 
b0-0 band in s tructured low-temperature  spectrum. 

2-methyltetrahydrofl~ran 
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Dashed line. I: solid !inc. 2: doued  line. 3. 

The absorption and luminescence properties of  Re(I}model complex 3 differ 
significantly compared with those of the lYee bipyridine tigand 2. First, the absorption 
spectrum [Fig. 2(a)] is dominated by a broad band with 2~x ~406 nm. This band 
is red-shifted and has a significantly lower molar absorptivity compared with the n, 
n* absorption of free ligand 2. Complexes of  the type (diimine)Rd(COhC1 typically 
feature a low-energy absorption ( e ~ 5 . 0 x  103 M--I cm-~) due to the dr~(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 relate2 :omptexes, 
and this implies that the low energy band may also have some n, n* intratigand 
(IL) character. 
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Fig. 2(b) displays the room temperature emission spectrum of 3 obtained with 
2~× = 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 is dominated by a relatively narrow band at )~,x =433 rim. The lifetime 
of the 433 nm emission is very short (< 1 ns), and on this basis we assign it to 
fluorescence from the 1re, re* IL state of the coordinated bipyridine ligand. The low 
quantum yield and short lifetime of the re, ,~* 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 rt, ~* 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 ~, re* state is short-lived. Interestingly, the rt, re* IL flaorescence is 
blue-shifted relative to the position of the fluorescence of the free bipyridine ligand 
2. The blue shift (and vibronic shoulder) in the rt, ~* 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 n, n* IL fluorescence, 3 features a very 
weak, broad emission with 2max ~ 690 nm and r-~90 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(I) complex 3 at 77 K in MTHF, 
one collected with 2ex=380 nm and the second with 2~x=450 nm. The spectrum 
obtained with the shorter excitation wavelength shows two structured emission 
bands: one with 2m~x~410nm and the second with 2maxg590nm. 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 in, n* IL state of the diethynylbipyridine ligand. This assignment is supported 
by the fact that the position and bandshape of this band is closely similar to that 
observed for flee ligand 2 at 77 K [see Fig. 3(a)]. Assignment of the tong-wavelength 
luminescence band is more dubious. A curious feature is that the bandshape ef  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 
contrast, 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 3n, n* IL state and to luminescence 
from the drown* 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 -1 shift observed for 3 is typical [40,41]. 

2.4. Polymer photophysics 

The absorption spectra of P0-PS0 are compared in Fig. 4(a). The polymers feature 
an absorption band (2ma x ,~-,400 rim) having an intensity that decreases with increas- 
ing ~Re. This absorption band is similar 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, n* transition of the conjugated polymer backbone. The Re-containing 
polymers P10-PS0 feature an additional absorption band (2=440-540 nm) with an 
intensity that increases with ZRe. This long wavelength absorption is cleariy associated 
with the (bpy)Re(CO)3Cl chromophore and it is assigned to the MLCT transition 
arising from promotion of an electron from a dn (Re) level into a n* level of the 
conjugated polymer backbone (e.g. dn~'/~Toly* MLCT). Note that the MLCT trans- 
ition in the polymers is red-shifted significanuy from its position in model complex 
3. The red-shift likely arises because the 7~poly :~ orbital (which is the acceptor for the 
MLCT transition) is significantly delocalized (and therefore stabilized) by the conju- 
gated polymer backbone. 

Excitation of solutions of P0-PS0 into the n, n* absorption b~nd produces a 
strong emission with 2max ~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  P0=PS0 in T H F  solution. Spectra were obtained on solutions 
havitl°..e the same polymer, conceutra t lon (mass  pet  unit  voltune}. Spectra are converted to a " 'molar 
absorpt ivi ty" scale by dividing the concentra t ion by the median molecular weight of  the monomer  repeat 
units. (b)  Fluorescence spectra of  P0 PSI) in at 298 K (2¢~ = 380 nml .  Spectra are normalized to reflect 
the lluorescence q u a n t u m  yields. 

from the n, n* absorption of  the polymer backbone, and on this basis it is assigned 
to fluorescence from the in, n* exciton state. The In, 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 (qsfl) were detemfined for P0-P50 and the results 
are listed in Table 3. In general, ~fl is comparatively large for all of  the polymers; 
however, it is apparent that q5 n decreases as ZRe increases. The fluorescence decay 
kinetics for solutions of P0-PS0 (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, 
(r)=cqzl+-~zZ> where ~i and zi, are, respectively, the normalized amplitude a~d 
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Table 3 
Photophysics of  polymers  ~' 

299 

Polymer 2 . . . .  absorbance  Ass ignment  *~rnax emission 44'1 ri (nsj (u,)~ ( r )  (ns) '~ 2 . . . .  emission 
(nm)298 K fnm}298 K 298 K 298 K 298 K {nm)77 K 

P0 400 re. ~* 435 0.28 0.81 (0.951 t .I  443 
6.39 ( 0.05 } 

P10 400 Tt. rt* 435 0. I6 0.72(0.96} 0.78 443 
465 (sh) d rr-~rc* 2.19 ( 0.04 } 643 

M L C T  

P25 400 re. rz* 435 0.11 0.32 t0.81) 0.4~, 
469 {sh) d r ~ a *  t.04 t0.19) 

M L C T  

P50 388 ~, r~* 432 0.073 0.!2 (%46) 0.40 
469 d r t ~ x *  0.62 ~0.54 

M L C T  

690 
443 
643 

690 

434 

643 

-~ 690 

"Ambient  tempera ture  da ta  fl~r T H F  solutions and toxv-~emperature da~a in 2-methyi te t rah ' ,drofuran  
( M T H F  ) glass. 
bQuantum yield of ft. n* fluorescepce. 
~Lifetime (r~} and normalized amplitude (~1 recovered f rom fit of  =. x* fluorescence decay ~o biexpo~emial  
expression, l(tt  = 7~ exp ', - ¢r:} + :'2 exp { .- l r d .  

-dMedian lifetime calculated from the expression. < ,- > = :qr~ -~- :C,z_,. 

lifetime of the ith decay component recovered fiom the biexponential fits of  the 
decays ({r) ,  Table 3). Interestingly, the median fluorescence lifetimes for P0-PS0 
( like the fluorescence quantum yields) decrease as/~Re increases. The parallel decrease 
in ( r )  and qsrl with increasing gR~ indicates that the t=, rt* exciton is quenched by 
the (bpy)Re~(CO)3C1 chromophore in the polymers. However, although quenching 
is observed, it is not particularly efficient even at high 7,R~- 

Further information regarding the excited states involved ill the photophysics of 
P0-PS0 comes from luminescence spectroscopy carried out at 77 K in MTHF solvent 
glasses. Fig. 5 illustrates low temperature emis,~ion spectra of PI0-P$0 obtained 
with excitation into the rt, rr* manifold of the ~e-conjugated polymm 
(2ex = 380 nm). First, at low temperature all of  the polymer samples (including P0) 
exhibit fluorescence from the ~ ,  rr* state of the polymer backbone. Remarkably, 
the fluorescence band maximum and bandwidth is almost the same at room temper- 
ature in fluid and at low temperature in the glass [compare Figs. 4(b)  and 5]. This 
correspondence reveals very weak electron-phonor~ f:oupling in the fluorescent exci- 
ton state and implies that the excito~, is very cielocalized, At low temperature 
metal-organic polymers PI0-Pg0 exhibit additional emission band(s) in the red. 
This emission appears as a sharp band with 2m~. ~ 643 nm (~\vhm ~ 400 cm-x) super- 
imposed on a broad band with/ ,~x ~690 rim. We tentatively assign the sharp 643 nm 
luminescence feature to phosphorescence f;om ~he ,a~. ~,  state of  the conjugated 
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Fig. 5. Luminescence spectra of polymers P10-P50 in MTIIF glass at 77 K (2~ = 380 nm). Spectra were 
obtained on samples having equivalent concentration (mass per unit volume). Because of the sample and 
cryostat contiguration it was difficult to maintain consistent sample position: therefore, relative emission 
intensities are on}y approximate. Small peaks in 400-410 nm region are due to Raman scattering. 

polymer backbone and the broad 690 nm emission to the dn (Re)~n*oly MLCT 
manifold. 

Although phosphorescence has previously not been observed in many 
n-conjugated polymer systems, our assignment is supported by tile close similarity 
between the 643 nm luminescence 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 v 320 cm ° :); these spectral assign- 
ments indicate that in 10 the singlet-triptet (S-T) splitting is approximately 0.7 eVo 
Two points are significant when comparing the luminescence of P1O-PS0 and 10. 
First° the width of the 0-0 phosphorescence band in 10 is 320cm -1, in good 
agreement with the width of the 643 nm feature in PI0-PSO. Second, assuming that 
in PII0-PS0 the 443 nm (2.80 eV ) 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 S-T splitting for 10. 

t P(Bu)s ! 

10 

Scheme 5, Structure of organometallic polymer. 
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At this point the MLCT assignmei~t for the broad luminescence band underlying 
the 3n, n* phosphorescence is less solid, However, assuming that the MLCT assign- 
ment is correct, then the low temperature emission spectra imply that the energy of 
the MLCT state in the polymers (2m,~=690nm, 1.8 eV) is approximately 0.3 eV 
lower in energy than in model complex 3 (2m==: = 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 
(2m,, = 406 nm, 3.05 eV) and the polymers (2~,=~ ~ 460 nm, 2.70 eV). 

2.5. Exc i ted  states in the metal  containing polymers 

Based on the spectroscopic assignments for the absorption and luminescence data 
it is possible to constrrct 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 enerNes are based on the 
position of luminescence bands (Emax) in the low temperature spectra, except for 
the ~MLCT level which is based on the absorption band maximum. Thus, the in, 
n* and an, ',~* exciton states of the n-conjugated polymer backbone lie at 2,80 and 
1.94eV, respectively, while the ~MLCT and 3MLCT levels arising from the 
dn-e/l:*oly transition lie at 2.7 and 1.8 eV, respectively. Excitation spectroscopy (data 
not presented) implies that enerey transfer occurs from the In, n* exciton to the 
dn-~n~oiy 3MLCT manifold, as anticipated based on the relative ordering of the 

O018H37 

I ' Y = /  - .,.J - -  1 
L OClIHa:' Re(CO)3Cl J I1 

~~,~:* 2.80 eV 

3~,x* 194 eV 
i 

+hV i 
-hv 

-hv I 
1SC +hv t f ISC 

-hv 1 

! I 

1MLCT 2.7 eV 

3MLCT 1.8eV 

Fig. 6. Jablonski diagram for polymers PIO-PSO. 
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states. On the other hand, the low temperature spectroscopy implies that the 3n, n* 
exciton and the 3MLCT state are in close energetic proximity. Furthermore, the 
apparent observation of emission from both states at low temperature implies that 
the two s~ates are either in equilibrium or are not rapidly interconverting. Recent 
studies of d o metal complexes i~dicate that a barrier to interconversion between 3n, 
n* IL and 3MLCT states may exist when the two manffblds are in close energetic 
proximity [30.43,44]. A similar effect may be operating in metal containing polymers 
P19-P50. 

2.6. Exciton diffusion and trapping by Re ( I) chromopho~z~s 

In order Ibr the Re(I)  sites to effectively quench the an, re* excitom two processes 
must be rapid and efficient. (1) The exciton must diffuse rapidly along tbe polymer 
backbone, effectively sampling an entire polymer chain during its lifetime ( ~  1 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 ZR~" We now discuss background material 
pertinent to these two processes. 

Several studies imply that intrachain diffusion of a ~n, re* exciton (process 1 
above) in n-conjugated polymers is fast compared with its lifetime. For PPV-type 
polymer films, diffusion of  '°a relaxed exciton" (e.g. one that has already migrated 
from a short to a tong 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 it diffusion length implies that, during its 
lifetime, a in, n* exciton will sample 10 or more repeat units. Another study supports 
the notion that in PPE type n-conjugated polymers the in, re* exciton samples a 
substantial lYaction of a polymer chain during its cm 1 ns lifetime. Thus, Swager 
and co-workers demonstrated that an electron acceptor (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 ~n, n* 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 6 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 
strongiy fluorescent (q~a~ 1); however, only very weak n, 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 P0-P50 imply that at room temperature in fluid 
solution the Re sites are not particularly efficient traps for the In, n* exciton. 
However, the median fluorescence lifetime ( , )  decreases as ;,:R~ increases, which is 
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consistent with a quenching mechanism that involves dynamic quenching of a 
di~?-sing exciton by the Re units. Unfortunately, the available data does not allow 
us to ~.~ ~stinguish whether quenching is limited by exciton diffusion or e~,:citon trapping 
b,., the metal complex sites. Given the large body of data on small molecule complexes 
which indicates that ~rc, n* IL states are efficiently quenched by energy transfer to 
me 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 i~3 the metal-organic polymers is a result of the slow intrachain diffusion 
of the ~ ,  re* 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-Iodo-l,4-dimethoxybenzene (6) r46], 
2,5-diiodo-l,4-dioctadecyloxybenzene (9) [14], and 4,4'-diethynylbiphenyl (]~ i~ .! 
were prepared according to literature procedures, fac-(5,5'-diethynyl,2,2'- 
bipyridine)Rd(CO)aC! (8) was prepared by refluxing 5 with Re(CO)5 ~ ~ ,!uene. 

3.1.1. 5-Bromo-2o.thiomethy[pyridine [48] 
2,5-Dibromopyridine (10.0 g, 42.2 mmol) was dissolved in DMF (200ml) and 

the resulting solution was stirred under nitrogen. Sodium thiomethane (6.5 g, 
92.8 mmo! } was added to the DMF solution and the reaction was stirred at room 
temperature for 1 h. The resulting solution was rinsed with water (5 x200mlL 
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 (CDCI3) 62.52 (s, 3H), 7.0 (d, 1H), 7.56 (dd, 1H), 8.47 
(d, 1H), ~3C-NMR (CDCi3) ~5 158.6, 150.t, 138.2, 122.6, 115.6, 13.4. Elemental 
analysis: calculated for C6H6NBrS: 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-methylsulphinylpyridine [35] 
5-Bromo-2-thiomethylpyridine (7.2 g, 35.5 mmCri ) was dissolved in 45 ml of glacial 

acetic acid and hydrogen peroxide (4.80 g, 4Z3 ,,~~o~ ) 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 
~mer, the ether layer was separated and dried oveL" 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%) IH-NMR 
(CDC13) 6 2.75 (s, 3H), 7.85 (d, 1H), 8.0 (dd, 1H), 8.58 (d, 1H) 13C-NMR 
(CDC!3) ~ 164.4, t50.4, 140.4, 12t.8, 120.6, 41.0. 

3.t.3. 5,5'-Dibromo-2,2'-bipyridine (4) [35] 
n-Propyl magnesium bromide in THF (6.0ml of a 1.0M solution, 6.0mmol) 

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 aqueous 
solution was extracted with toluene, the organic layers were combined and dried 
over sodium sulfate. After removal of solvents under reduced pressure, the crude 
product was rinsed w~m excess acetone and collected by filtration. After the acetone 
wash, the final product was obtained as a white solid, yield 0.66 g (49%). ZH-NMR 
(CDC13) 6 7.92 (dd, 2H), 8.28 (d, 2H), 8.70 (d, 2H). 13C-NMR (CDC13) 6 153.4, 
150.0, 139.3, 122.0, 121.2. 

3.1.4. 4,4'-bis-[ ( 2,5-dimethoxyphenyl) ethynyl] biphenyt (I) 
4,4'-Diethynylbiphenyl (7) (0.300g, 1.48 mmol), 2-iodo-l,4-dimethoxybenzene 

(6) (0.820g, 3.10mmol), Pd(PPha)2CI2 (0.063 g, 0.088 mmol) and CuI (0.034g, 
0.!78 mmol) were placed in a 200 m! 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 insoluble Pd-byproducts and the solvents removed in vacuo. The 
crude product was dissolved in CH2C12 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. 1H-NMR (CDC13) ~ 3.79, (s, 6H, OCH3), 3.89 (s, 6H, OCHa), 
6.86 (m, 4H, phenyl), 7.08 (d, 2H, phenyl), 7.63 (d, 8H, biphenyl) 13C-NMR 
(CDC13) 6 154.5, 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. 5,5'-bis[ ( 2,5-dimetho.~vphetod) ethynyl]-2,2'-bipyridine (2) 
5,5'-diethynyl-2,2'-bipyridine (5) (0.20 g, 0.98 mmol), 2-iodo-l,4-dimethoxy- 

benzene (6) (0.562g, 2.16retool) Pd(PPh3)2CI2 (41.2rag, 0.058mmol) and CuI 
(23 rag, 0.120 retool) 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 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/CH2C12). The purified product was obtained as a 
yellow solid, yield 75 rag. 1H-NMR (CDCI3) 6 3.80 (s, 6H, OCH3), 3.90 (s, 6H, 
OCH3), 6.90 (m, 4H, phenyl), 7.09 (s, 2H, phenyl), 7.98 (d, 2H, bpy, J=7.8 ttz), 
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8.40 (br s, 2H, bpy), 8.83 (br s, 2H, bpy) 13C-NMR (CDC13) cS 154.6, 153.8, 153.2, 
151.6, 139.4, 120.7, 120.5, 118,0, 116.5, t12.0, 90.2, 56.4, 55.8. 

3.1.6. fac-( 5,5'-bis[ ( 2,5-dimethoxyphenyl) ethynyl]-2,2'-bipyridine) Re (C0)3Cl (3) 
Bipyridine 2 (0.050 g, 0.24 mmol) was dissolved in 10 ml of CH2Ct2/toluene (1:1 

v:v) and the resulting solution was added to a 20 ml flas~ ~ontaining Re(CO)sCI 
(0.217 g, 0.60 mmot). The reaction mixture was heated at reflux for 14 h. After this 
period the solution was cooled and the solvents removed in vacuo, yieldkng a crude 
orange solid. The product was purified by repeating rinsing with diethyl ether/toluene 
and was obtained as a brick orange solid, yield, 0.i I0 g (88%). 1H-NMR (CEJCI3) 
6 3.82 (s, 6H, OCH3), 3.91 (s, 6H, OCH3), 6.89 (d, 2H, phenyl), 6.96 (d, 21-!, 
phenyl), 7.07 (s, 2H, phenyl), 8.10 (br s, 4H, bpy), 9.16 (s, 2H, bpy). 13C-NMR 
(CDC13) 6 55.9, 56.3, 87.6, 94.9, 110.8, I12.0,, 117.9, 122.6, 124.6, 140.5, 153.0, 
153.2, 155.1, 155.3, 196.7. HRMS (FAB, positive ion, NBA) calculated 
for C33Hz4OvN2ReC1 (M +), 782.083, observed, 782.084; calculated for 
C33HzaOTNzRe(M-CI +), 747.i 14, observed, 747.112. 

3.1.7. Polymer PO 
Diethynylbiphenyl 7 (44 mg, 0.220 retool), diiododialkoxybenzene 9 (190 mg, 

0.219 mmol) PdC12 (2 mg, 0.011 mmol), PPh3 ( 13 mg, 0.0495 mmol) and CuI (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 i6 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 ml of acetone. The yellow 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 P0 was isolated as a yellow solid, yield 73%. GPC (CHCI3, 
polystyrene standards) Mn= 13.5, Mw=37.4 kD (PDI=2.7). IH-NMR (CDCI3) 6 
0.87 (br, t), 1.24 (br, s), 1.56 (br, m), 1.84 (br, m), 4,04 (br, t), 6.92 (br, s), 7.0 (br, 
s), 7.62 (br, s). 13C-NMR (CDC13) 6 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 PIO 
Diethynylbiphenyl 7 (40 mg, 0.199 mmol ), Re complex 8 (11 mg, 0.022 mmol ~, 

diiododialkoxybenzene 9 ( 190 mg, 0.219 mmol), PdClz (2 rag, 0.011 mmol) PPh3 
(13mg, 0.0495mmol) and CuI (2mg, 0.011 mmol) were combined in 6ml of 
diisopropylamine and 14 mi of the 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 ml of 
acetone. The red-orange precipitate was collected and washed repeatedly with hot 
acetone, hot acetonitrile, hot ethanol and t,Aexane. 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, yield 62%. GPC (CHC13. polystyrene standards) 
M~=8.8, M.~=20.7 kD (PDI=2.3). ~H-NMR (CDCIa) ~ 0.87 (br, t), 1.24 (br, s), 
1.56 (br, m), t.84 (br, m), 4.04 (br, t), 6.92 (br, s), 7.0 (br, s), 7.62 (br, s) 8.08 (br, 
s), 9~t8 (br, s). ~3C-NMR (CDC13) 6 14.1, 22.7, 26.1. 29.4, 29.7, 32.0, 69.7, 87.0, 
94.8, tt4.0, tl6.9, 122.8, 126,8, t32.1, 140.0, 153.7. 

3. L 9. Polymer P25 
This polymer 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 isolated as a red-brown solid, yield 115 mg (59 %). GPC (CHCI3, polysty- 
rene standards) M~=7.9 kD, M2= 16.4 (PDI=2.1). ~H-NMR (CDC13) c5 0.87 (br, 
t), 1.24 (br, s), 1.56 (br, m), 1.84 (br, m), 4.04 (br, t), 6.92 (br, s), 7.0 (br, s), 7.62 
(br, s), 8.08 (br, s), 9.18 (br, s). 13C-NMR (CDC13) 3 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. l. 10. Polymer PSO 
This polymer was prepared according to the procedure described for polymer P10 

except with 22 mg of 7 (0.11 mmol ) and 56 mg of 8 (0.111 mmol ). Alter purification, 
P25 was isolated as a red-brown solid, yield 138 mg (65%). GPC (CHC13, polystyrene 
standards) ?v/, =7.8 kD, Mw= 16.0 (PDI=2.0). 1H-NMR (CDC13) 0.87 (br, t), 1.24 
(br, s), 1.56 (br, m), 1.84 (br, m), 4.04 (br, t), 6.92 (br, s), 7.0 (br, s), 7.62 (br, s), 
8.08 (br, s), 9.18 (br, s). 13C-NMR (CDC13) c5 14.1, 22.7, 26.1, 29.4, 29.7, 32.0, 69.7, 
87.0, 94.~, 114.0, 116.9, t22.8, 126.8, 132.1, 140.0, 153.7. 

3.2. Photophysical measurements 

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 (all in ethanol solu- 
tion): anthracene (qsn=0.27) [51], 9,10-dicyanoanthracene (q)n=0.87) [52], and 
perytene (~bn=0.87) [52]. The reported fluorescence quantum yields are the average 
of the experimentally determined quantum yields relative to the three actinometers. 
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