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Abstrac~ 

A great deaI of research has concentrated on long range electron and energy transport in 
transition metal-based systems, including molecular donor-acceptor assemblies, electron and 
energy transfer cascades, dendrimers, and derivatized polymer systems. In an effort to improve 
efiiciencies for electron and energy transport over large distances, several groups have now 
turned to conjugated systems. Several challenges exist to incorporating conducting 
materials/polymers in the study of photoinduced electron and ener~ transfer: solubility and 
processibility of the materials, thermal stability and hmitations on direct spectroscopic charac- 
terization due to band gap absorptions. We have prepared a tlew series of conducting materials 
thai provides for direct incorporation of chromophores and electrophores within the b;ickbone 
of a conducting polymer. Energy transfer dynamics between conducting polymer bridges and 
porphyrin or met~d-to-ligand charge transfer (MLCT) chromophores can be controlled 
through intermolecular interactions in solid vs sotution samples. " ~  have also developed a 
methodology to incorporate transmissive benzothiophene-type polymers such as polyisothia- 
naphthene (PITN) within a copolymer assembly. These new materials are now being used to 
investigate long range electronic coupling and have potential applications that range from 
artificial photosynthesis to light emitting diodes. 'C 1998 EIsevier Science S.A. 

Kcrwords: Electron lransfer; Energy transfer; Electronic coupling 

l ,  |ntr(~tuction 

Electronic c:ommunication in extended material~; repre~;ems a challenging and 
interdisciplinary research area [1 ~ 22]. tn recent years, numerous new materials have 
bee~ developed for applications that range from electro-optic devices [19--22] to 
artificial photosynthesis [ | -- 18]. The goal in these materials is to create supramoiecu- 
far complexes that when irradiated with electromagnetic radiation wilt undergo 
electron and energy ~ransfer processes that result in controlled and useful changes 
in the material. By combining inorganic photochemistry with recent developments 
in conducting polymer chemistry {23-261. we are seeking to create photoactive 
copotymers that wili provide further insight imo file dynamics of long range 
electronic coupling. 

/. 1. tfnerKr tran~[~*r and charge separatk~n models 

l.ong rat'~ge ctectron trod energy transfer in molecular sy~a.ems is best exemplified 
by the photochemistry of the mac{ion cc~ttcr in the photosynthelic assembly [ 1.--8]. 
t:k*~lMwing excitatkm, a series of energy and eleclron transfi:~r events occurs within 
several hundred picoseconds that separates electrons and holes within a molecular 
architecture. Given the high efficiency of  the natural system,, a great deal of  effort 
has gone into understanding the thndamentaI processes involved in the ek "~ron and 
energy transier events [ I~+5]. In addition, theoretical st, udies and experiments involv- 
ing model complexes have provided a cfitic'al basis fbr our understanding of  
~:ie(.~ onto coupling in these extended systems [ 1 O~; . . . .  7,, 
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Typical artificial photosynthetic assemblies incorporate a series of energy and 
electron transfer events from dot.ors, D, to acceptors, A. that separate a charge over 
a large distance (Fig. I (a)) [ 5,7, 8,16- i 8]. The advantage of this system is a substan- 
tial decrease in the rate of energy-wasting back electron transfer. The disadvantage 
is the resulting loss in available free energy. AG, that results from the cascading 
electron transfer events. A more effective method of separating charge would be to 
incorporate a degenerate set of  orbitals that would provide for redistribution of 
electron density from D to A without a significant decrease in available free energy 
(Fig. l(b)).  

There are several examples in the literature of newly-created model dimeric struc- 
tures that involve coRiugated bridges in the context of the donor-acceptor model 
system [t0-t8,27-301. Dimer sltldies are limited by the relatively small distances of 
charge separation that can be achieved and by the single electron transfer events 
that occur. Photosynthesis often invoives muhiple electron transfer events. Recently~ 
several groups have extended this technology to create multi-chromophoric arrays 
[ I 0- t 5, 19-22] and derivatized polymers [9.27-30]. 

1.2. Con&~cti~g potymers 

Electrical conductivity in extended conjugated systems has been known for over 
20 years [3t]. Preparation of organic structures where conjugation ex*ends over 
hundreds of monomer units such as thiophene, pyrrole or acetylene, results i~ 
electronic communication and condu( ~on that is as eiticient as metallic conductors 
such as copper, e.g. 10sS cm -~ [3l]. By combining recent synthetic methodologies 
we can create ~molecular wires" that interconnect multiple chromophores and 
quenchers wil!,m a single molecular framework. 

A drawback to the use of many conjugated polymers m photohxtuced electron 
transfer is that they are themselves strongly colored [321. Bandgap |ransitions 
typically occur in the visible r~:gion of the spectrum, thereby decreasing the quantum 
yield in photoexcitation experiments and limiting spectroscopic charactei'ization of 
the excited slate and electron lransfer p~'oducts. A solution to ~his problem would 
be to adjust the bandgap transition to lower energies, e.g. to the near IR, and this 
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has recently been achieved in the form of a polybenzo[djthiophene conjugated 
polymer [33, 34]. The observation of transmissive behavior in a conjugated system 
thus provides an opportunity to overcome the optical limitations of conducting 
polymers. 

In the work summarized here we have prepared several new conjugated systems 
that systematically incorporate transition metal-based chromophores within the 
conjugation of extended n-systems. We have included both derivatized porphyrins 
(M=Zn, Ni, Cu, and free base) and metat-to-ligand charge transfer (MLCT) 
complexes (M =Ru; L=4,4'-dimethyl-2,2'-bipyridine, terpyridine) as the chromo- 
phores in these systems, shown below. Finally, we have extended our efforts on 
conducting polymer systems to include derivatized polyisothianaphthene (PITN, 
vide infizt). 

"-,; Ru2+"N'~- J 

Porphyrin Monomer Ruthenium Terpyridine Complex 

2. Porphyrin copMymers 

l. Synthetic strategies 

The Wittig reaction has been widely used tc~ synthesize conjugated conducting 
polymers [35,36]. Recently, this reaction has also been used in constructing porphy- 
rin dimers, trimers and a star-like pentamer [37-30]. By further exploration of this 
methodology, we have synthesized linear, conjugated porphyrin polymers as depicted 
in Scheme 1 [40]. The key to the preparation of these polymers is the synthesis of 
the apprt)pr~ateiy-functionalized porphyrin phosphonium salts 2. We began with the 
synthesis of 5,15,-bis(chloromethylphenyl)-10,20-bis(mesityl )porphyfin I [41 ], and 
then the porphyrin phosphonium salts were prepared by reaction of I with triphenyl 
phosphine (PPh3). The Wittig reaction of the porphyrin phosphonium salt and 
various oligophenylenevinytene dialdehydes [40] ted to porphyrin polymers with 
different livkage lengths (FbPP3, FbPPS, FbPP9). 

There are several distinct advantages to these new polymer systems Ibr the study 
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Scheme i. Synlhefic ~}~ew, e iYJr porp!~yrin ma~omer.~ and polymers. 

ot e~ectr{, r~ and energy transfer~ The  reaction is facile even under  room tempe~ature 
condit ions,  mak ing  modificat ion o f  the po lymer  and  c h r o m o p h o r e  readily accessible. 
The  solubility o f  the porphyr in  copoIymers  is substantial ly increased due to the long 
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atkoxyl substituents attached to the oligophenylenevinylene units. This is a common 
stralegy in the synthesis of  soluble polymers [35,36.42]. Based on recent work by 
Lindsey and coworkers, mesityl substituents on porphyrm rings also contribute to 
the solubility of m,.~lti-porphyrin arrays [10-15]. Finally, the thermal stability of the 
polymer in the solid state was eahanced over pure polyphenylenevinylene (PPV) 
polymer systems based on DSC and TGA measurements [40,41 ]. 

The favorable solubility of the new porphyrin polymers provided for extensive 
characterization by traditional spectroscopies (e.g. NMR, IR) that verified the repeat 
units represented in Scheme 1 and the all-trans configuration of  the oligophenylenevi- 
nylene bridges. GPC (relative to polystyrene standards} and light-scattering measure- 
ments indicated a number average molecular weight (M,) of approximately 13 000 
for all of the systems, corresponding to degrees of polymerization that would contain 
more than 12 chrornol)hores on each polymer strand. 

2,2. Solution phowtdLvsics 

UV-vis spectra for a representative polymer and porphyrin monomer in THF 
solution are shown m Fig. 2. The absorption maxima of the porphyrin Soret bands 
1422 D.m) were all slightly red shifted and broader than that of the corresponding 
porphyrin monomer (raaximum absorption at 418 nm) due to ~-conjugation effects 
[43]. However, there was no significant difl'erence in the UV-vis spectra as a function 
of the length of x-conjugation in the bridge. No splitting of the Sorer bands was 
observed, suggesting that there may be limited ground-state electronic interaction 
between the porphyrin units in solution [37], though a lack of splitti~g does not 
preclude electronic communication [ 10--t5]. 

The fluorescence spectra (422 nm excitation} of the polymers in THF solution are 
shown in Fig. 3 (top). Two emission manifolds are observed. The low energy bands 
(640-750 nm) are independent of the length of oligophenylenevinylene bridges and 
have an emi';sion lifetime of 11.5±0.3 and 1.9_+0.3 ns for the free base and Zn 
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chromophores, respectively. These low energy features can be attributed to the 
porphyrin subunits within the polymer chaim based on similarity to the monomer 
fluorescence properties and comparison of excitation and absorption spectra. The 
higher energy emission bands (450--600 ran) increase in intensity and red shift with 
increasing conjugated bridge length. These features can be assigned to the oligophe- 
nylenevinylene bridge, based on model studies of the bridge prior to polymerization. 
The emission lifetime of this higher energy state, monitored at 560 nm, was 500 ps 
t~r the FbPP9 system. The quantum yield of the emission was also enhanced as the 
bridge length increased: r P ~ m = 0 . 1 0 ,  0.13 and 0.23 for FbPP3, FbPP5 and FbPPg, 
respectively [44]. The increase in the emission qua~tum yield was dominated by the 
observed emission from the bridge, though there was a slight increase in emission 
~!uantum yield from just the porphyrin band relative to the monomer 
(~,.po~ph = 0.10, 0.11, 0.15 and 0.02 for FbPP3, FbPPS, FbPP9, and the monomer, 
respectively) [44]. 



372 B..liang et al. / Coordination Chemisto' Reviews 171 (1998) 3 6 5  3S'6 

2.3, Solid state photo.physics 

Given the extensive solubility of these new materials in organic solvents, high 
quality thin films could be obtained by spin casting 0.1M toluene solutions of the 
polymers onto glass slides. Shown in Fig, 2 are the UV-vis absorption spectra of a 
representative doped (vide mfra) and undoped polymer film (PP3). ~ihe maximum 
absorption of the undoped film at 430 nm was significantly red shifted compared to 
the spectra in THF solution. After chemical doping with nitromethane solutions of 
anhydrous FeC13, a new broad-band absorption feature appears at low energy, 
consistent with formation of a bandgap in the conducting tbrm of the polymer [31]. 
The undoped films were completely insulating, with conductivities less than 
10-~2 S cm-~ as measured by the in-line four-probe method [~5]. After doping, the 
conductivity of the film increased significantly to -~ 10 -6 S cm -*. Previously, we 
demonstrated that conductivities as high as 10 ° S cm-* can be achieved at lower 
concentrations of porphyrin in PPV polymer systems [41]. 

There was a significant shift it~ the emission intensities of the polymers when cast 
as thin films, Fig. 3 (bottom). The thin film fluorescence spectra are dominated by 
the porphyrin bands at low energy with a slight red shift from the solution spectra. 
Emission lifetimes were substantially increased (r>500 ns) in the solid state. 
Noticeably absent in the thin film spectra are the emission bands at higher energy 
associated with the oligophenylenevinylene bridge. 

2.4. Energy transfer 

One conclusion that could be drawn from the absorption and emission data above 
is that energy transt%r from the higher energy bridge state to the lower energy 
porphyrin units was taking place in the solid state, but not in solution. Further 
support Ibr this conclusion is found by comparing the absorption spectra to the 
excitation spectra in both the solution and solid state. The results of fluorescence 
excitation experiments in solution, monitoring the emission either at 550 or 724 nm, 
show that the absorptions which iead to the two emissions are consistent with 
the bridge and monomer absorptiox~ spectra, respectively. In the solid state, the 
fluorescence excitation spectrum of the tow energy baed (724 nm) overlaps com- 
pletely with the UV-vis spectrum of the polymer. Based on these results, we conclude 
that energy transfer between the bridge and porphyrin subunits is inefficient at low 
concentration in solution. 

One possible explanation for the weak intramolecular communication in solution 
is that steric hindrance between the [3-pyrrole proton of the porphyrin and the ortho 
proton of the bridge phenyl group forces the porphyrin rings out of the plane of 
conjugation in solution (Fig. 4). This has been observed previously tbr phenyl- 
substituted porphyrin dimers and oligomers [ t0-15]. This explanation is also consis- 
tent with prelimin'.ary molecular modeling work which shows that the oligophenylene 
bridges are found to adopt helical structures due to steric interactions between the 
long alkyl chains [50]. In either case, the decrease in conjugation through the 
extended system could result in the dual excited state emission observed in solution. 
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v 

Fig. 4. Nonplanar structure of porphyrin polymer. 

~:: he solid state there is enhanced electronic communication, leading to energy 
transter from the higher energy bridge to the porphyrins. A possible explanation of 
this effect is that in the solid state the porphyrin subunits are preferentially stacking 
[46,47]. This stacking would force the porphyrin rings to be within the same plane 
as the conjugated bridge in the solid state leading to enhanced intrastrand electronic 
coupling. While it could be argued that this type of interaction would lead to self- 
quenching of the porphyrin emission [48,49], it has previously been shown that 
solid state rt-stacking of porphyrins can result in enhancement of the emission 
quantum yield compared to solution [46]. Preliminary X-ray diffraction results on 
these polymer films show that they exhibit short range order within the films. 

An alternative hypothesis would be that in the solid state an increase in interstrand 
energy transfer leads to the observed decrease in emission intensity from the bridge- 
based state. Monitoring the emission of dilute solid samples of the FbPP9 polymer 
in polystyrene or polymethylmethacrylate matrices reveals a substantial increase in 
the bridge-based emission with decreasing concentrations of the FbPP9 polymer 
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(Fig. 5 }. This inverse relationship suggests that the process leading to the observed 
loss of the dual emission is imevmolecular in nature. 

3. Donor-aeceptor copolyrnel's 

A better measure of electronic coupling ttu'ough these conjugated porphyrin 
copol3-~ner systems would be to explore interactions between two different chromo- 
phores within the same conjugated chain. This has recently been achieved by prepar- 
ing heteroporphyrin pol3qmers in which the porphyrin was varied from the free base 
to M =Zn.  Ni and Cu [50]. 

3. t. Synthetic strafegies 

The key to the design and synthesis of an alternating hetero-metalloporphyrin 
polymer is the availability of the porphyrin monomer 3, shown in Scheme 2. There 
are two remarkable features of this pon~hyrin monomer: The first is that it possesses 
reactive aldehyde substituents which can be coupled with another porphyrin diphos- 
phonium salt. The second is its high solubility due to the hexytoxy substituent on 
the phenylvinylene moiety. The reaction of porphyrin diphosphonium salt 2 with 
excess 2,5-diformyt-1,4-dihexyloxybenzene led to a cis.trans-vinyl~ae isomer of mon- 
omer 3a. Interestingly, metattation with zinc acetate in refluxing CHCt3/methanol 
ted to nearly quantitative fermation of the trans-r~etatloporphynn, 3b. as measured 
by ~H NMR. The isomerization mechanism is unclear at present, and further 
exploration is necessary. 

The reaction of metatloporphyrin diatdehyde 3a and free base porphyrin diphos- 
phonium salt 2 initially yielded a hybrid polymer with alternating Zn-porphyrin 
and tree base porphyrin units { ZnFbPP3, Scheme 2). This hybrid Zn-Fb polymer 
can be flarther metaltated by a second metal ion such as Cu(II)  or Ni(II ) ~o give 
the heterometai!ated porphyrin polymers ZnCuPP3 and ZnNiPP3. The insertion of 
the second metal ion was monitored by UV-vis abso~tion, and the spectra for each 
po!ymer in THF solution are showe in Fig. 6. Ali these porphyrin polymers are 
highly soluble in common organic solvents such as chloroform and THF, which 
facilitates spectroscopic characterization. The structure determined by NMR and 
shown in Scheme 2 is supported by subsequent metatlation of ZnFbPP3 with z~nc 
acetate to Nve the exact same ~H NMR spectrum as ZmPP3 or by demetallation to 
give the same ~H NMR spectrum as the free base porphyrin polymer FbPP3. GPC 
(versus polystyrene standards) in THF indicated a molecular weight (M~) of 12 500 
with a polydispersity of i.8. corresponding to approximately six repeat units ¢,12 
porphyrin units). 

3.2. Soh~tion photophvsics 

The electronic absorption spectra of  the hybrid F, vrphyfin polymers (ZnFbPP3, 
ZnNiPP3, ZnCuPP3), the free base porphyrin polymer (FbPP3) and the Zn porphy- 



375 

OC~H ~3 

a~<~o LiOEt ~,h> ,,o . , \ . . . .  

%.t../..~ ~,,,c~o 
[ 

V 
! 
I 
[ 
) 

2 I KOtBu 

3a: M~=2H 

3b:  M~=Zn 

.Z. 

T 

ZnFbPP3:  M,=Zm Mz=2H 

Z n C u P P 3 :  M~=Zn. Mz=Cu 

ZnNiPP3:  M~=Zn, Mz=Ni 

Scheme 2. S/,n~hetic scheme i;or h?,brid ~orph~rip. polymers. 

F~ 

< 

[ ] 
[ l 

300 400 500 600 700 800 
Wavelength (rim) 

Ig{~.. 6. UV-~[s spectra of h) brtd polymers and homopot)mcrs i.~ THK solution. 



376 13. Jia~t~ e* a!. / Coon&mtion Ckemistry Reviews 171 (!998) 365 386 

Table i 
Porphyrm polymer spectral parameters (2 in nm) 

Polymers Absorp*,ion Absorption EmLvdon t.il~time 

{ toluene) (fihr:) ± 5% 

Quantum yield s 
@ 

FbPP3 422 (2.66 x t0 -~) 430 660 T,4 i I.7 ~ 0.10 
FbPP5 422 (3.t3 x l0 s) 430 660 774 ! 1.3 0.13 
FbPt  x) 426 (3.38 x l0 s) 430 615 774 i! .5  0.24 
ZnPP3 426 {3.t0 x 10 ~) 434 615 665 t.9 0.07 
ZnPP5 426 438 615 665 1.9 0.09 
ZnPP'3 426 442 6t 5 665 2.5 0.18 

" T h e  lifetime was determined in tl~e presence of a yew short-lived component (ps) due to the oligopheny- 
'ene bridge. 

Quantum yields were measured agaist ZnTPP 10.033) in toluene. 

rin polymer (ZnPP3) are shovm iv_, Fig. 6. The absorption spectra of these po~hyrin 
polymers have similar absorption maxima to that of the corresponding porphyrin 
monomers. The absorption bands of the polymers are much broader, nowever, than 
those of the monomer, consistent with increased delocalization in the ,excited state 
[t0-15]. The absmption spectrum of ZnFbPP3 is essentially a superposition of 
FbPP3 and ZnPP3, particularly clear for the B-band absorptions at tow energy. 
This suggests limited electronic interaction between the porphyrin units in the ground 
state [511. 

The absorption and emission spectral parameters for the donor-acceptor sys:em 
and model copolymers arc' listed in 'Fable 1. There was no evidence for bridge-based 
fluorescence from these systems, consistent with the shorter bridge tength used here. 
The fluorescence spectrum of the ZnFbPP3 donor-acceptor copolymer is not a 

superposition of the two emission manifolds. A comparison of the fluorescence 
spectra of ZnFbPP3 and an equimolar mixture of ZnPP3 and FbPP3 (Fig. 7) clearly 
shows that there is a substantial decrease in the emission intensity from the higher 
e~ergy ZnPP3 cbromophore relative to the lower energy FbPP3. Monitoring the 
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Fig. "7. Emission spectra of hybrid polymer ZnFbPP3  and equimoiar mixture of  homopolymers  ZnPP3 
and FbPP3 in FHF solution (422 nm excitation). 
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Fig. 8. Excitation spectrum o f  ZnFbPP3 (monitored at 724 nm) compmcd  ;-ith UV-vis spectrum of  
ZnFbPP3.  

emission at 724 nm. the excitation spectrum is fouHd to overlap complete!y with 
both the Zn and Fb portions of  the ZnFbPP3 absorption manifold, Fig. 8. 

The results of  frequency-domain emission !ifetime measurements in T HF  solution 
are shown in Table 2. By comparison to the monomer and the model copolymers 
above, we can clearly assign the 1.8 and 10.1 ns components to fluorescence from 
the Zn and free base porphyrins, respectively. In the case of  the donor-acceptor 
hybrid polymer system, a small amount of an additional short-lived component is 
observed with a lifetime of --240 ps. 

3.3. Energy trm:sfer 

Based on the combined fluorescence results above, we conclude that following 
excitation, energy transfer occurs from the higher lying Zn rc-r~* state to the free 
base. The mechanism of this energy transfer process may or may not include the 
participation of the PPV bridge. In previous investigations on porphyrin dimers, 
several groups have demonstrated that rapid energy transfer can occur through a 
F6rster-type mechanism [10-22,51-53]. This mechanism would not require direct 
electronic coupling. Given the limited electronic coupling observed between the 
porphyrins and the cm~ugated PP5 and PP9 bridges above, it is also likely that a 

-[able 2 

Porphyrin pol,vmer spectra! parameters (2 in nm). all h3 THE soiation 

Polymer Absorpt ion {2~.:,,~} Emission (),~x} r (ns) 

FbPP3 422 660 !1.75 
ZnPP3 426 615 1,93 
ZnFbPP3 426 6 t 5, 660 I 0. i 0, 1.83 ~ 

"~ A fast component  ~i th a lifetime o f  - 240 ps was Mso observed, bu~ could not b -~ quant i f ied 
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Farster mechanism is involved here. As expected based on the model compounds, 
the solid state fluorescence data are also consis',ent with rapid energy transfer. 

The energy translk.~r process is not complete in room temperature solution. As 
shown in the emission spectra, we determined that ~ t0% of  the emission remained 
in the Zn porphyrin unit. However, the residual emission from the Zn porphTrin 
state was single exponential. This would suggest that there is some non-unitbrrnity 
in the copolymer structure. This structural distortion was not evident in emission 
from solid state samples that demonstrated complete energy transfer to the free base 
acceptor. The small percentage of very shortqived emission that was observed can 
be assigned to the energy transfer rate based on time-resolved emission measure- 
ments. Thus, we believe that energy tram~fer is rapid with k ~ 4  x i0 9 s - '  

4. Photoinduced electron transfer in conducting polymers 

A unique property of conductive polymers is the reversig:,e switching that occurs 
between the nonconducting and the conducting forms via oxidation and red~ction, 
or protonation and deprotonation, as shown in Eq. {t ) [31,54,55]. 

(C)x~A- + e -  -'~ ~ ,~-{C)x + A -  (1) 

In Eq. ( 1 L (- is the conductive polymer containing cationic radicals stabilized over 
x "mits, and A is the counter ion that is used to maintain charge neutrality. The 
formation of  radical catio,~s in this way can lead to charge detects giving rise to 
bipolaron (bivalent catior !~-~r a two electron toss) energy levels responsible for 
conduction [32, 56]. 

The creation of charged ;!,ecies in conjugated systems can also be described using 
a donor-acceptor modal v~ ~.:ch employs charge t:ansfer assemblies. For example, a 
model has recently been reported imolving a reversible charge transfer that utilizes 
molecuiar oxygen as the acceptor and polyt3-a!kyhhiophene) as the donor [57]. 
Other approaches towards the use of  donor-acceptor systems involving coniugated 
po!ymers inc!ude tl=e use ,:~i" chromophores which have demonstrated photoinduced 
energy transfer [27,58] and both inter- and fimamolecular electron transfer [23.24] 
invo!,,ing peudant group:~ to the polymer chain [9.59o60]. 

it is also p.ossible to use photoinduced cimrge transfer reactions to reversibly 
oxidize 1he co'amgated polymer. By careful setectio~l of excited state oxidation and 
reduction potemmts, a chromophore/conducting potymer system can be prepareJ 
where initial excitation into the chromophore results m an increase in charge carriers 
at~d a change in the conductivity as shown in Eq. ( 1 ). Heeger etal. first demonstrated 
a working system based on this premise [23-26]. It possessed a conjugated polymer 
as a chromophore that exhibited photoinduced electro~- ~ransfer to a C~o electron 
~rap. 

A more efficient system would employ a chromophore with a tong-lived excited 
state that was capabte of excited state electron transt~r to form the oxidized polymer 
directiy. A key example would involve excitation into the MLCT band of 
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[Ru(dmb)3] 2+ (dmb =4,4'-dimethyl-2,2'-bipyridine) which results in an excited state 
reduction potential of + 0.66 V vs SCE in chloroform [61]. The oxidation potential 
required to switch the emeratdine base t).)rm (EB) of  either polyaniline (PANi~Em) 
or poly(25-dimethoxyaniline) (PDMA~Em) to the conductive form is approximately 
+0 .40V vs SCE [62]. Fhus, the photoinduced oxidation of  PANi~Em by 
[Ru(dmb)~] e+* is thermodynamically feasible according to the excited state reaction 
as illustrated in Eq. (2) below. 

Ru z+ +/n,-.+RuZ** , . + -v PANI~zm-*Ru +PANi  + (2) 

4.I. Electron transfer quenchh N 

The corjugated polymers PANi{Em and PDMA~Em can be readily synthesized and 
characterized according to literature methods [63,64]. Stern-Volmer analysis of  the 
emission spectrum o *" [Ru(dmb)3] 2+* at 612nm as a 2unction of  increasing 
PDMA~Em concentrat~ ~n, Fig. 9, clearly demonstrates that the conjugated polymer 
system is capable of  quenching the MLCT state. In this experiment, the emission 
intensities were corrected ibr the small amomat of  competitive absorption at 458 nm 
from the polymer, and pure polymer samples demonstrated no measurable lumines- 
cence The quenching rate constant, kq, was calculated to be --- t08M -* s-~ without 
adjusting for the radius of  gyration of  the polymer in solution [65]. 

Transient absorption spectroscopy on dilute chloroform solutions of 2.4x 
10-SM [Ru(dmb)3] 2+ and 8 x 10-4M PDMA~Em excited at 532 nm (5 mJ; 6ns  
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Fig. 9. Emission spectra of [Ru(dmb}~] 2+ and PDMA m C H C i  3 sokttion. 
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pulses) showed a decrease in absorption at 600 + n m  consistent with loss of absorp- 
tion from the PDMA in this region. This loss of absorption would be consistent 
with Eq, (2) and an electron transfer mechanism to yield the conducting form of 
~he polymer, PDMA + [66.67]. 

4.2. Photocomb~ctivitv 

Solid, thin film samples were prepared by mixing 1-30% by weight of the chromo- 
phore, [Ru(dmb)3](PF6)2 [68], with the polymer. The samples were homogenized 
by co-grinding, and a free-standing pellet was prepared in a die press 
(3.87 × 10 s kPa). Resistance measurements of the solid samples under varying illumi- 
nation conditions were obtained using the in-.line four-probe method under dry 
nitrogen [45], Initial resistance measurements were made under dark conditions at 
ambient temperature and showed conductivities of > 10-SS cm-*. A decrease in 
the resistance of the [Ru(dmb)3] "+/PANi~Em mixtures was observed when the samples 
were excited using visible light (150 W Xe lamp). The decrease ia resistance was 
found to be l!near over one order of magnitude change in light intensity, Fig, 10. 
Resistance changes of greater than one order of mz::gnitude have been actfieved 
depending o,a the origlaal resi,~ance of the sample [6';,70]. The change in resistance 
was completely reversible, returning to the original, pre-excitation resistance within 
several seconds. The time-resolved characteristics of the change in resistance are 
shown in Fig. i 1. Following excitation, a complex rise and decay are observed which 
could onlv be fit by a multi-exponential analysis. 

The theory of photoconductMty describes the change in conductivity under the 
action cf tight (Eq, (3)) where Aa is the change in conductivity, e is the charge of 
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Fig. i I. Time-, :solved res;stance measurements. 

the electron, A~ is the carrier mobilitj, and An or Ap are the change in tile electron 
or hole concentrations, respectively [71]. 

Aa = e(A~,,An + AitvAP) (3) 

One possible source of the change in resistance observed following excitation 
involves an increased sample temperature due to light absorption. This would lead 
to an increase in carrier mobility. Given the relatively small temperature changes 
observed during the illumination period (from 297 to 305 K) and control experiments 
monitored in the dark over the temperature range of 293-318 K, we concluded that 
temperature alone is not sufficient te account for the change in resistance [69,70]. 
Further evidence that the decrease i~. resistance is not due to a thermal effect in 
PANi~ m has been reported by Misurkiv. and coworkers who demonstrated theft 
heating to 340 K caused no observable change in the optical-abcorptior~ spectrum 
[721. 

The decrease in the resistance for the PANi~Em containing [Ru(dmb)~,] 2+ could 
also be attributed to an energy transfer from the predominantly triplet excited state 
[73] of the Ru chromophore to the polymer. An energy transfer process would be 
consistent with the observe ] decrease in the emission intensity of the chromophore. 
This is possible for the coqducting polymer systems as indicated by the presence of 
a low energy absorption for PANi~m at 2=620 nm that leads to the formation of 
a polaron band at 820 nm [66,67]. The lack of enhanced conductivity observed tbr 
direct excitation of this low energy band in PANi~E~) would seem to preclude the 
sensitized excitation as a possible mechanism for the enhanced conducti,, i~y. 

We attribute the decrease of resistance in the samples containing Ihe chromophore 
to an excited state intermolecular charge transl?r reaction as described in Eq. (2). 
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This react':~.~a mechanism would result in the formation of charge defects which 
enhance the overall conductivity [23,24]. P, oth the emission quenching experiment 
and the transient absorption measurements in liquid solution are consistent with the 
formation of charge transfer products. Due to til;'~ack of transparency in conducting 
polymer systems, it is difficult to further characterize the species involved in this 
reversible change in conductivity. Further, the excitation of [Ru(dmb)3] 2+ is 
restricted to the surt:ace of the pellets and not the bulk sample. This results in 
relatively low changes in the resistance of PANi~Em under illumination. 

5. Transmissive copolymers 

While conjugated polymer systems are attractive for long range electron and 
energy transter studies, a major limitation exists in their use for fundamental studies 
of electron transport, In smaller molecular systems such as diads, triads and oiigo- 
mers, the conjugated bridges are not of sufficient length to establish a bandgap 
transition. As the bridge length increases, bandgap transitions typically occur in the 
visible region of the spectrum, resulting in polymers that are strongly colored. In 
order to overcome this limitation, we have begun a series of experiments based on 
polybenzothiophene derivatives such as polisothianaphthene (PITN), whose reso- 
nance forms are shown below [74,75]. These materials have bandgap transitions 
that are in the near IR region of the electromagnetic spectrum, but still retain high 
conductivities (> 10 -2 S cl?.~ -~) [76], 

Resonance Forms of Polyisothianaphthene (PITN) 

5 I. Electrocopolymerization 

In order to covalently incorporate inorganic chromophores within the frame- 
work of a conducting polymer matrix, electropolymerization can be utilized. The 
structure of the ruthenium-based chromophore used in this experiment, 
[Ru(ttpy-pyrrole),.] 2., is shown below. [Ru(ttpy-pyrrole)2](PF6)2 was prepared 
based on literatuve methods developed by Sauvage et al. [77], This compound has 
previously been electropotymerized to form a pyrrole-based conducting polymer 
with pendant [Ru(terpy)2] 2 + (terpy = 2,2':6',2"-terpyridme) chromophores. It has 
also been shown that the electrocopolymerization can be achieved in the presence 
of monomer pyrrole resulting in a copolymer of pyrrole and Ru-substituted pyrrole 
[77]. When the apphed oxidation potential was relatively low (less than +0.8 V L 
the films consist of stoichiometric quantities of pure pyrrole [78]. TLis has also been 
achieved for polypyridyl-based polymer films [79]. 
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Schematic Representation of [Ru(ttpy-pyrrole)2] 2+ 

383 

5.2. Transmissive copotymers 

The same electropoiymerization technique can be applied to the copolymerization 
of [Ru(ttpy-pyrrole)z](PF6)2 and the isothianaphthene monomer. Pi,:viously it has 
been shown that ITN will copolymerize with pyrrole [80]. In that case it was shown 
that the ITN monomer is covalentty bound to the ortho position of the pyrrole. 
Under conditions of 10:1 molar excess of ITN in acetonitrile (with 0.1M tetrabuty- 
lammonium hexafluorophosphate as supporting electrolyte), copolymer films could 
be prepared on Pt electrode surfaces. The potential was held at 1.34 V vs Ag/AgCI 
for up to ten minutes to insure oxidation of the Ru-substi~uted pyrrole group and 
copolymerization [78]. 

Doping-undoping cycles of PITN are electrochemically reversible and are accom- 
panied by an electrochromic change in the visible spectrum [81]. In the undoped 
state, thin films of PITN are blue; upon doping, the films become transparent. 
Reynolds and coworke~s have also observed similar electrochromic changes in their 
ethylenedioxythiophene-based polymers [82-85]. By performing the copolymeriza- 
tion of the [Ru(ttpy-pyrrole)~](PF~)2/ITN mixture on transparent indium tin o:,ide 
(ITO) electrodes, subsequent spectroscopic character~ation can be facilitated [80]. 
Fig. 12 shows the UV-vis spectrum for a thin copolymer film deposited from a 
[Ru(ttpy-pyrrole)z](PF6)2/!TN solution as described above. Clearly evident in the 
spectrum are the broad absorptions due to PITN (2~,,~ = 700 nm) and a shoulder at 
"~max = 700 mn due to the [Ru(ttpy-pyrrole)z](PF6) 2. 

Preliminary conductivity measurements on the PITN copolymers showed moder- 
ate conductivity values of 10-2-10-4 S c m - l  depending on the amount of elect;o- 
chemical doping [78]. Modulation of the conductivity was also observed in the 
presence of visible light excitation. In all cases the changes in conductivity were 
completely reversible. Experiments exploring the spectroscopic changes ~hat occur 
following excitation are ongoing. 
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Fig. l 2. Reflectance UV-vis spectrum of electrocopc; ~ merization of [Ru (ttpy-pyrrole)2] 2 + with ITN ( 1:10 
molar ratio) in acetonitrile solution vs Ag/AgCl oil an indium tin oxide (ITO) electrode. 

6o Conclusions and future directions 

The successful incorporation of transition metal chromophores into conjugated 
and conducting polymer systems creates several new opportunities for the investiga- 
tion and application of photoinduced electron and energy transfer. The molecules 
described here represent examples of this new class of materials based on the 
systematic preparation of oligophenylene vinylene oligomers. The variety of bridges 
that have been created provides an opportunity to explore fundamental questions 
of electronic coupling in extended systems. At the same time, the optical and 
electronic properties of these materials make them potentially useful for LED, 
electro-optic and in-board resistor applications. By extending this methodology to 
transmissive polymers such as polyisothiaphthenes, we can overcome the limitation 
of overwhelmingly competitive visible light absorption in conducting polymer 
assemblies. 
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