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Two poly(arylene ethynylene)s (PAESs) that are end-capped avigrthiophene (J) groups were prepared

and structurally characterized by proton NMR, GPC, and optical spectroscopy. One of the polyREMSJT
features a backbone structure that alternates phenylene ethynylene and bis(alkoxy)phenylene ethynylene repeat
units. The second sTend-capped polymer {PBpE,) features an alternating structure with biphenylene
ethynylene and bis(alkoxy)phenylene ethynylene repeats. The absorption spectras@rttiec@pped polymers

are almost the same as those of the corresponding “parent polymers/s{RR& PBpk;, respectively) that

lack the T end-groups. By contrast, whereas the fluorescence spectra of the parent polymers is dominated by
a blue fluorescence withy,.x = 425 nm, the emission spectra of the end-capped polymers contains a significant
contribution of a green fluorescence £ 500-550 nm). This signals that the singlet exciton is efficiently
trapped by the Fend groups. Pulse radiolysis studies were carried out on all of the poly(arylene ethynylene)s
in an effort to characterize the spectra and dynamics of the cation and anion radicals of the polymers. Pulse
radiolytically generated solvent holes, and solvated electrons were transferred to the PAEs at nearly diffusion
controlled rates. The absorption spectra of the anion radicals of the PAEs were similar and featured two
strong absorption bands, one in the visibles 600 nm) and the second in the near-IR=t 1600-2000

nm). The cation radicals of thes End-capped polymers also feature two absorption bands, one in the visible
and the second in the near-IR. However, the spectra of the cation radicals of #mel-Eapped polymers

show important differences. Specifically, the cation radical spectrasBpH:, and PBpk; are identical,

which reveals that the hole is not trapped by theemd-cap in the biphenylene polymer. By contrast, the
cation radical absorption spectra ofPPE3 (Amax = 640 and 1350 nm) and PR (Amax = 600 and 1950

nm) are distinctly different. This difference suggests that the hole is localized on #reigroup in TPPEs.
Bimolecular hole-transfer experiments using bithiopheng Ef, = 1.21 V), terthiophene @I EJ, = 0.91

V), and quaterthiophene {TEZ; = 0.76 V) with PPEss and PBpk; allowed the determination of the
oxidation potentials for the PAEs. The values are RREZ, = 0.91 V; PBpk, E;, = 0.85 V (all potentials

vs SCE). The lower oxidation potential of the biphenylene based PAE explains why the hole is not trapped
by the T3 end-groups in IBpE;.. The dynamics of intrachain hole transfer igPPE3 are much faster than

the rate of hole transfer from the solvent, and on the basis of this result, the lower limit for intrachain hole
transfer is determined to Heir = 1 x 108 sL.

Introduction We have an interest in understanding exciton and charge

Conjugated polymers have been the focus of considerabletransport properties of single-chain conjugated polyrfiets.
research and development during the past several debades. This concept is important, for example, in the field of molecular
Interest in this field is motivated by the variety of possible and nanoscale electronic devices, where it is envisioned that
applications that exist for conjugated polymers as the active Single conjugated oligomer or polymer chains will function as
materials in electronic, electrooptical, and optical devic@se  exciton and/or charge carrie¥s!? One approach to the inves-
of the major factors which make conjugated polymers viable tigation of carrier transport in single chain conjugated polymers
candidates for electronic and electrooptical device applications is to carry out investigations on the materials dissolved in liquid
is that they feature good transport properties for neutral solution, where interchain interactions are minimizé&everal
(excitons) and charged (polarons and bipolarons) carriers. Totechniques have been used to explore the dynamics and
understand how to improve and tune the transport properties ofefficiency of exciton transport along single conjugated polymer
conjugated polymers, many investigations have explored struc-chains. One technique involves the use of conjugated polymer
ture—property relationships for carrier transpért.By and large,  chains featuring recognition elements that bind small molecule
most .of these invegtigatiqns have exgmined cgrrier propertiestraps (quenchers) for excitofs!5For example, cyclophane units
in solid-state materials using electronic and optical techniques. haye peen used to bind viologen traps, polypyridine units have
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traps to the end of the conjugated polymer chains! These spectra of the PAE chain localized hole, PAFrom the end-
studies have demonstrated that exciton transport along singlegroup trapped hole stateg™.
conjugated polymer chains is both highly efficient and extra- A long-term objective of this effort is to use ultrafast pulse
ordinarily rapid. radiolysis techniqué& to measure the dynamics of radical ion
Although a number of studies have examined exciton diffusion along the backbone to the end-group trap sites, e.g.,
transport in single polymer chains in solution, only a few as illustrated for a cation radical
investigations have examined transport of charged carriers (e.g.,
radical cations}® To fill this void, we have initiated an
investigation which seeks to use pulse radiolysis to investigate
the spectroscopy and dynamics of radical cations and anions ]
(polarons) in single conjugated polymer chains. The objective Where PAE represents the poly(arylene ethynyleng)isTa
of our approach is to study conjugated polymers that feature terthiophene end-group hole-trap, is a hole injected by pulse
end-caps designed so they will act as traps for cation (or anion)radiolysis, and.r is the (average) rate of transfer of the hole
radicals on the main chain. Specifically, the necessary condition from the PAE chain to the sTtrap. On the basis of the results
for a “trap” for radical cations is that the end-group have a lower Présented herein, we are only able to provide a lower limit for
oxidation potential relative to the potential for oxidation of the KuT: nevertheless, this study provides considerable insight into
main chain, e.g.E3(T) < ES, (polymer), where T represents  the structure, dynamics, and spectroscopy of PAE-based po-
the hole trap moiety. larons. _Indeed, to our knovx_/ledge, this is the first report
concerning the thermodynamics and spectroscopy of polarons
on PAE-type polymers.

Ky
To-(PAE)-T, LN T4 (PAE™)-T,—> T,(PAE)-T,™ (1)

In the present manuscript, we report the results of an
investigation of a series of poly(arylene ethynylene)s (PAE)s
and poly(phenylene ethynylene)s (PPE)s that are end-cappe
with 2,2:5',2"-terthiophene (3) groups (Scheme 1). These
polymers were designed to allow investigation of the spectros-  Materials and General Synthesis1,2-Dichloroethane (Al-
copy and dynamics of cation radicals created on the single drich) was HPLC grade and dried ové A molecular sieves
polymer chains by pulse radiolysis. PAE-type polymers were prior to use. Anhydrous 99.8% toluene (Aldrich) was used as
selected for this study for several reasons. First, PAEs are “rigid received. Tetrahydrofuran (Aldrich, anhydrous) was distilled
rod” polymers and as such are likely to adopt relatively extended from LiAIH 4 and then from sodium/benzophenone and stored
conformations in solution. Consequently these materials repre-in an environment of argon. 2;Bithiophene, 2,25',2"'-
sent models for extended-conjugated “molecular wires” of  terthiophene (3), 2,2:5',2":5",2"-quaterthiophene (), tet-
nanometer length. Second, this family of polymers can be ramethylphenylenediamine (TMPD), tetracyanoethylene (TCNE),
synthesized relatively easily via Pd-mediated (Sonagashira)2,3,5,6-tetrachlorobenzoquinone (chloranil), 1,4-iodobenzene,
coupling methodolog¥® By varying the feed in the Sonagashira 1,4-dimethoxybenzene, Pd(Rjphand Cul were purchased from
polymerization reaction, it is possible to end-cap the PAE chains Aldrich or Acros. Quaterthiophene was recrystallized from
and to control the degree of polymerization (i.e., the average toluene, and 2,2vithiophene, TMPD, TCNE, and chloranil were
chain length). The Fend groups were selected because it was sublimed prior to use, and the other compounds were used as
anticipated that the necessary condition for hole-transfer from received. 2-lodo-5!%':2"-terthiophene (+T3) was prepared by
the PAE-chain to the Fend-groups would be satisfied, i.e., a literature procedur€.Chromatography was carried out using
Ex(Ts) < EZ(PAE). In addition, because the spectroscopy of silica gel (Merk, 236-400 mesh). NMR spectra were obtained
oligothiophene cation radicals has been investigated extensively,on Varian Gemini or VXR spectrophotometers operating at 300
it was anticipated that it would be possible to distinguish the MHZ or an Inova spectrophotometer operating at 500 MHZ.

dExperimental Section
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Detail regarding the synthesis of all monomers is provided as 2.14 (m, 4.6 H), 2.15 (m, obscured by solvent),-3389 (m,

Supporting Information. 13.6 H), 4.17 (t, 4 H), 7.0 (s, 1.89 H), 7.45 (s, 4.0 H).
Ph-Ts. To a Schlenk flask charged with THF (5 mL) and A second batch of PPE was prepared under the same
disopropylamine (DIPA, 3 mL) was added 2-iodeterthienyl conditions. The NMR spectrum of this sample was identical to

(20 mg, 0.154 mmol) and 1-ethynyl-4-methyl benzene (163 mg, that listed above for PRE. The GPC of the second batch gave
324 mmol). The resulting solution was degassed by 30 min of My =74 800 and PD#= 2.1. This sample is referred to as RRE
bubbling with argon. Copper (1) iodide (5 mg) and Pd(Rh  throughout the text.
(5 mg) were added while a positive pressure of argon was PPEy,. This polymer was prepared by the same method as
maintained, and the reaction mixture was heated t6@®0A PPE13, except that iodobenzene (12 mg, 0.06 mmol) was added
voluminous precipitate formed within five minutes. After stirring  to the monomer solution before degassing (isolated yield 242
overnight, and cooling to room temperature the mixture was mg, 53%). GPC (THF):M, = 10 800,M,, = 32 400, PDI=
diluted with 30 mL of ether and extracted with water %125 3.0. 'H NMR (CDClg): 6 0.8-1.9 (m, integral obscured by
mL), HClag) (1 N, 2 x 25 mL) and then brine (k 20 mL). solvent), 2.14 (m, 4.6 H), 2.15 (m, integral obscured by solvent),
The organic layer was dried over p&0y, and the solventwas  3.8-3.9 (m, 13.6 H), 4.17 (t, 4H), 7.0 (s, 1.89 H), 7.45 (s, 4.0
removed by rotory evaporation. The resulting yellow oil was H).
then dried under vacuum (0.1 mmHg) to remove excess PBpE. This polymer was prepared and purified by the same
1-ethynyl-4-methyl benzene, affording the desired compound method as PPE&;, except 4,4diethynylbiphenyl (100 mg, 0.5
as an orange solid (45 mg, yield 98%i NMR (CDCls): ¢ mmol) was substituted for 1,4-diethynylbenzene, and the
2.37 (s, 3 H), 7.03 (d, 1H), 7.05(dd, 1H), 7.06 (d, 1H), 7.15(d, reaction was quenched after 10 h. PBp®&as readily soluble
1H), 7.16 (m, 3H),7.18 (d, 1H) 7.23 (d, 1H), 7.41 (d, 2MHC in THF and CHC} even after being taken to dryness (isolated
NMR (CDCls): 6 21.8, 82.2, 94.9, 120.0, 122.6, 123.7, 124.5, yield 254 mg, 48%). GPC (THF)M, = 11 300,M,, = 18 100,
124.6, 125.0, 128.1, 129.5, 131.5, 132.8, 135.7, 136.3, 138.4,PDI = 1.6.1H NMR (CDCl): 6 0.8—-1.8 (broad m, 43 H), 3.5
HRMS: Calcd for GiH14Ss: 362.0257. Found: 362.0258. (s, 0.39 H), 3.86 (b, 4.3 H), 7.05 (s, 1.81 H), 7.2, (s, 8 H).
PPEz11. To a solution of THF and DIPA (1:1, 1.5 mL) were T3PPE;s. This polymer was prepared by the same method
added equimolar amounts of 2,5-bis-(2-ethylhexyloxy)-1,4- as PP, except that 2-iodax-terthienyl (19 mg, 0.05 mmol)
diiodobenzene (293 mg, 0.5 mmol) and 1,4-diethynylbenzene was added to the monomer solution before degassing (isolated
(63 mg, 0.5 mmol). The flask was fitted tightly with a rubber yield 261 mg, 57%). GPC (THF)M, = 6450,M,, = 13 600,
septum, and the solution was deoxygenated by applying aPDI = 2.1. IH NMR (CDCl): & 0.8-1.9 (m, integration
vacuum (from an aspirator) and argon consecutively over four obscured by solvent) 3.9 (m, 5 H),2 6.9 (d, 0.23 H), 7.0 (s,
iterations to the system using a syringe needle though the1.55 H), 7.4 (s, 4.0 H). IR(thin film): cm' 2958 (s), 2926(s),
septum. Another solution of THF and DIPA (1:1, 1.5 mL) was 2862 (m), 1596 (w), 1516 (m), 1489 (m), 1463 (m), 1415(m),
prepared in an ampule and deoxygenated by the same methodl1383 (m), 1276 (m), 1212 (s), 1117 (w), 1031 (m), 835 (m),
To this solution was added Pd(Ph(17 mg, 0.017 mmol) and 718 (w).
Cul (2 mg, 0.011 mmol). The resulting suspension was  TzPBpE;,. This polymer was prepared and purified by the
deoxygenated again, and sonication was applied to dissolve thesame method as PRE except 4,4diethynylbiphenyl (100 mg,
catalysts. The monomer solution was added to the solution of 0.5 mmol) was substituted for 1,4-diethynylbenzene and an
catalyst (in the ampule) via syringe, the reaction solution was additional compound, 2-ioda-terthienyl (19 mg, 0.05 mmol),
placed under vacuum, and the ampule was sealed. A voluminouswas added to the solution of monomers before degassing, and
precipitate, believed to be alkylammonium iodide, formed in the reaction was allowed to run for 16 hkPBpE» was readily
less than five minutes. The solution was heated &tG@or 16 soluble in THF and CHGleven after being taken to dryness
h with stirring in the dark. After this time, the seal was broken, (isolated yield 230 mg, 43%). GPC (THR{, = 7200,M,, =
and the solution was poured into methanol to precipitate the 18 100, PDI= 2.5.1H NMR (CDCl): 6 0.8-1.8 (br, m, 30
polymer, which was then filtered (but not allowed to dry H), 3.86, (b, 4 H), 6.6 (b, 0.22 H), 6.8, (s, 0.32 H) 7.05 (s 1.5
completely) and redissolved in a small volume26 mL) of H), 7.6 (s, 8H). IR (thin film): cm® 2958 (s), 2915 (s), 2872
chloroform. The precipitation and redissolution process was (s), 1644 (w) 1606 (w), 1505 (m), 1462 (m), 1415 (m), 1272
repeated five times. Note that the polymer cannot be redissolved(w), 1206 (m), 1120 (w), 1031 (m), 999 (w), 855 (w), 820 (m).
after it has been recovered as a dry solid film by evaporation  Photophysical Methods.UV—visible absorption spectra were
from a solution of a good solvent (e.g., chloroform or toluene). obtained on a Varian Cary 100 spectrophotometer. Corrected
Except as noted below the other PPE-based polymers behavedteady-state emission spectra were recorded on a SPEX F-112
similarly. Thus, the material was stored as a stock solution in fluorescence spectrophotometer. Samples were contained in 1
toluene that was kept in the dark. To obtain NMR spectra in a cm x 1 cm quartz cuvettes, and the optical density was adjusted
deuterated solvent it was necessary to recover the polymer fromto approximately 0.1 at the excitation wavelength. Emission
the nondeuterated solvent as follows. The chloroform solution quantum yields are reported relative to peryledg(= 0.94)28
of the polymer was diluted with a mixture of acetone and and an appropriate correction was applied for the difference in
hexanes (both of which are poor solvents for the polymer) to refractive indices in the sample and actinometer soltfFime-
afford a precipitate that was isolated by centrifugation and resolved emission decays were obtained by time-correlated
decanting. The resulting precipitate was then redissolved in thesingle photon counting on an instrument that was constructed
deuterated solvent for NMR analysis. Nevertheless, even usingin-house. Excitation was effected by using a violet diode laser
this procedure, it was not possible to obtain samples that were(IBH instruments, Edinburgh, 405 nm, pulse width 800 ps). The
entirely free of nondeuterated solvent, and consequently sometime-resolved emission was collected using a red-sensitive,
of the peaks in the NMR spectrum are partially obscured by photon counting PMT (Hamamatsu, R928), and the light was
peaks arising from the residual solvent (yield after precipitations, filtered using 10 nm band-pass interference filters. Lifetimes
250 mg, 55%). GPC (THF)M, = 96 300,M,, = 183 000, PDI were determined from the observed decays with the DAS6
= 1.9.1H NMR (CDCl): 6 0.8—1.9 (m, obscured by solvent), deconvolution software (IBH Instruments, Edinburgh, Scotland).
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GPC was preformed using a Rainin Dynamax model SD-200 ethynylene repeats, and dagst include end-groups. Note that
solvent delivery system equipped with two PL-Gel 5 micron in the PPE and PBpE chains each repeat unit contains two
Mixed D columns (Polymer Laboratories, Inc., Amherst, MA) phenylene and three phenylene rings, respectively.
connected in series and a UV detector set at a wavelength where All of the polymers synthesized in the course of this work
the polymer absorbs. Molecular weight information was cal- were prepared in AA- BB type polymerization reactions using
culated from the chromatograms using Polymer Laboratories Sonagashira coupling methodoloyt>2237The “parent poly-
software. mers”, PPkss and PBpEk;, were prepared using equimolar
Radiation Techniques. This work was carried out at the amounts of the monomers, whereas the terthieny) €nhd-
Brookhaven National Laboratory Laser-Electron Accelerator capped polymers were prepared as shown in eq 2 below. For
Facility (LEAF). The facility has been described elsewH&r®. the end-capped polymers, it was found that the use of a
The electron pulse<{120 ps duration) was focused into a quartz stoichiometric excess of the aryl iodide functional group gave
cell with an optical path length of 20 mm containing the solution moderateM, values. In addition, a poly(phenylene ethynylene)
of interest. For the polymer solutions, the concentration of repeatwith X, = 24 and thus a molecular weight comparable to that
units used was typically 0-22 mM. The monitoring light source  of the end-capped polymer, was synthesized according to eq 2
was a 75 W Osram xenon arc lamp pulsed to a few hundred with iodobenzene used in place of iodoterthiopheneTg).
times its normal intensity. Wavelengths were selected using The end-group “model” Phsfwas synthesized via condensa-
either 40 or 10 nm band-pass interference filters. Transient tion of p-ethynyltoluene and+4Ts. The Ph-& model compound
absorption signals were detected with either FND-100Q silicon was designed to mimic the polymer end-groups which feature
(<1000 nm) or GAP-500L InGaAs>(1100 nm) diodes and T3 adjacent to phenylene units inAPRs.
digitized with a Tektronix TDS-680B oscilloscope. The trans-
mission/time data were analyzed with Igor Pro software (Wave-

OR
metrics). Reaction rate constants were determined using a# + .@. . /S\ \S/ /S\ THF/DIPA
RO

nonlinear least-squares fitting procedure described previously. Pd(PPhs),/Cul

This procedure accounts for geminate recombination, which is leq teq 01eq s0°C T hre
encountered on the time scales investigated. Bimolecular rate OR

constants were determined using the linearity of the observedw Y Y e U R N R W
pseudo-first-order growth of the product with respect to the s” W/ 7 — -\ - AN A AW

RO

solute concentration. Where not stated, uncertainties are 15%. T.PPE
3 13

Bimolecular reactions of PAE ions with charge acceptors often
went to completion with no detectable PAEremaining. )
However, in others including most reactions with terthiophene, ~ Each of the polymer samples was analyzed by gel permeation
the kinetics proceeded to equilibria in which substantial fractions chromatography (polystyrene standards) and by proton NMR
of the PAE™* remained from which equilibrium constants could ~SPectroscopy. ThéH NMR spectra of the end-capped polymers
be calculated. Molar extinction coefficients of the radical cations €xhibit resonances in the aromatic region= 6.5-7.5 ppm)
were calculated using(DCE™) = 0.683! where G is the that are not observe_d in the spectra of the parent polymers. On
radiation chemical yield (molecules produced/100 eV). For the the basis of comparison of spectra of the end-capped polymers
anions, the reporte@ values for the electron in THF has varied With that of the 5—Ph model compound, it is believed that

greatly. The value used wai(e;,,r) = 0.53, the average of a these resonances arise from theged-groups, confirming their
number of reported valugs. existence in the polymers. To use NMR peak integration to

The total dose per pulse was determined before each serie£stimate X for the polymers, we take advantage of the fact

of experiments by measuring the change in absorbance of thethat in the end-capped polymers the ratio of phenylene (or

electron in water. The dose received was calculated using CiPhenylene) to dialkoxyphenylene units is 1):n, wheren
(700 nm, &) = 18 830 M et andG(e,.) = 2.97. The dose is the chain length (refer to structural diagrams in Scheme 1).
» &9 . . ) L . _Thus, by measuring the ratio of the integral values for the

was corrected for the difference in electron density of the organic . . o
solvents used compared to that of water. Radiolytic doses Ofdlalkpxybenze_ne and ph(_enylene _(or blphenylene) repeats, itis
5-18 Gy were employed. For the DCE/toluene solutions p_ossmle to estimate XThis NMR integration-based approach
dissolved oxygen was removed by purging with argon gas for ylelded.valugs of X =7 and 8 for -EP.PE” and 'I'3P3pE12,
at least 10 min, and the cells were then sealed with septa and espectivelys Note that Xvalues determined by NMR integra-

: S : : tion are less than those established by GPC. This finding is
Parafilm. Solutions in THF were prepared in an argon environ- : . .
ment and sealed under argon with Teflon vacuum stoppers.conS'St?m with previous work that shows that GPC tends to
Samples were prepared immediately prior to use. During overestimate Xin rigid-rod conjugated polymers such as the

N . . . 2 PPEs that are the focus of the present investig&fiofi.
irradiation, samples were exposed to as little UV light as possible )

. " . . Nonetheless, GPC remains the most commonly used method
to avoid photodecomposition, although no evidence of this

occurring was found within the time frames monitored. Mea- to Iobtain information about the molecular weight of conjugated
surements were carried out at 20. POlyMers. .

Absorption and Fluorescence Spectroscopybsorption and
fluorescence spectra were obtained on dilute samples of the
polymers ([PRU} 2 uM, where PRU is polymer repeat units)

Polymer Synthesis and Structural Characterization.The in THF solution. Similar results were obtained on the phenylene
chemical structures and acronyms for the PAESs that are the focusand biphenylene based systems; therefore, for brevity, we
of this work are shown in Scheme 1. The numerical subscript discuss only the results for the phenylene series. Figure 1 shows
in the acronyms indicates the number average degree ofthe absorption and fluorescence of RRETsPPRs, Ts, and
polymerization, X%, as calculated from the GPC-derivéd, the end-group model PhsT The spectra of PRE are not
values and the molecular weight of the polymer repeat units. included, as they were identical to those of the higher molecular
For end-capped polymers,Xepresents the number of arylene weight sample, PPl The molar absorptivity values of the

Results and Discussion



1548 J. Phys. Chem. B, Vol. 108, No. 5, 2004 Funston et al.

110
los
0.6

0.4

Al susju| poazijewloN

102

Normalized Absorbance

0.0
400 450 500 550 600 650

Wavelength / nm

Figure 1. Absorption (left) and photoluminescence (right) spectra of poly(phenylene ethynylene)s and end group model compiiufds. (
(———): Ph-Tg; (——"): PPhRgs (—+=—**): TsPPEs.

parent and end-capped polymers along with selected fluores-reveal that, although both the HOMO and LUMO have
cence lifetime data are provided as Supporting Information.  significant population on thezlunits, they are also substantially
The absorption and fluorescence spectra of BPd&te very delocalized into the PPE. Thus, we conclude that RFAE3

similar to the spectra of structurally similar PPE43 In the singlet excited-state derives from a configuration interaction
particular, the absorption spectrum is dominated by an intenseof states localized on the;End-cap and with states on the PPE
band which is due to the allowed, long-axis polarized* backbone. The fact that the fluorescent excited state is a

transition, while the fluorescence appears as a relatively narrowcomposite of PPE andsTharacter is supported by the fact that
band that is dominated by the zero phonon transition. The smallthe fluorescence spectrum is essentially independent of the
Stokes shift and weak vibronic structure present in the fluores- excitation wavelength, even for excitation into the tail of the
cence indicate that there is relatively weak electron-vibrational absorption band, where the absorption is believed to be
coupling in the relaxed singlet excited state. The absorption dominated by the Fend-groups.
spectrum of § end-capped polymersPPhR3is nearly identical Fluorescence lifetime measurements also support the concept
to that of the PPk, parent, except for a weak “tail” on the  of excited-state delocalization inzPPR3 (the table in the
low energy side of the band (see arrow in Figure 1). The fact Supporting Information). Specifically, the fluorescence decay
that the absorption spectra of PREand T:PPE3 are similar characteristics of JPPE3 are very similar to those of PR&.
is not surprising, given that thesend groups are present at a For both polymers, the decay kinetics are dominated by a short
relatively low concentration relative to the PPE backbone. The lifetime component{ ~ 0.5 ns), even when the fluorescence
“tail” on the absorption band of 3PPR3 is likely due to the § is monitored at 550 nm, which corresponds to the “green”
end groups. emission from the 7T end-groups. The short fluorescence
The difference in the fluorescence of the parent and end- lifetimes characteristic of conjugated polymers are due, in part,
capped polymers is readily apparent by eye: under near-UV to very high radiative decay rates, which in turn arise due to
illumination, the fluorescence of PR& is blue, whereas that  the extended-conjugation. The fact that the fluorescence decay
of TsPPE3 has a distinct green hue. At first glance, the data of TsPPhRg3 is fast and relatively wavelength independent
suggest that the emission fromPIPE3 arises primarily from supports the premise that the emitting state is strongly delocal-
the PPE backbone, with a contribution from a state that is ized and has mixedsland PPE character. If this were not the
localized on the T end groups. However, comparison of the case, we would expect that the emission decays would be
fluorescence data for the polymers with that gfahd the end- wavelength dependent, and in the longer wavelength region
group model Ph-Fsuggests a more complicated situation. As (where the emission is dominated by thegfoups) the lifetime
shown in Figure 1, the absorption and fluorescence spectra ofwould be considerably longer.
T3 are blue-shifted considerably from the corresponding spectra The fluorescence results obtained orPPE3 are also
of both PPEss and TsPPRs. This clearly indicates that an  interesting when compared to data reported by Swager, Gil, and
excited state which is “localized” onzTis at a higher energy ~ Wrighton on a PPE polymer that is end-capped with anthracene
than the PPEr,z* exciton. However, the absorption and groups linked through the 9-positidaln the 9-anthracenyl end-
fluorescence spectra of end-group model BlafE red-shifted capped polymer, the fluorescence of the PPE chain is almost
considerably from those ofsTFurthermore, there is a similarity, ~ entirely quenched and it is replaced by a red-shifted fluorescence
both in energy and vibronic structure, between the fluorescencethat is assigned to the 9-anthracenyl end-groups. The surprising
spectra of Ph-7and T:PPEs. feature is that the PPE-based fluorescence is quenched in the
The fact that the absorption and fluorescence spectra of Ph-9-anthracenyl system, even though the difference in energy
T3 are red-shifted considerably relative to that afifidicates between the PPE- and 9-anthracenyl-based excited states is
that there is substantial delocalization of the ground and excited- similar to the difference in the energies of the PPE- agd T
state wave functions of sTinto the phenylene ethynylene based excited states. It is possible that the difference in the two
substituent. Indeed, molecular orbital calculations carried out end-capped systems lies in the difference in molecular orbital
on a Tz end-capped model oligomer (outlined below) clearly and excited-state symmetries of the end-capping groups. Thus,
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in the T3 end-capped system, the-Ibcalized molecular orbitals ~ determination of equilibrium constants (see below). The radia-
and states are of the same symmetry as those on the PPHion chemistry of the DCE/toluene solution is described in detail
backbone, allowing strong excited-state mixing to occur. elsewhere?

However, by contrast, in the 9-anthracenyl- end-cap system, Electron and Hole Transfer to PAEs Following Radiolysis.
the lowest excited-state localized on the 9-anthracenyl unit is A series of experiments were carried out in which the bimo-
polarized perpendicular to the PPE-chain. As a result, mixing lecular rate constants for the land € trapping reactions were
between the PPE-based excitation and states localized on theletermined, i.e ks, and ks,

9-anthracenyl chromophore is low, resulting in a “trap” state

that is localized on the end-group. PAE+ (PhMe)," ————- PAE™ + 2PhMe  (3a)
Radiolytic Production of Radical Cations and Anions.

Pulse radiolysis was used to prqduce th.e ion radicals on the PAE+e ,—— PAE~ (3b)

parent and end-capped PAEs in solution. The process of THF

generating the PAE-based ion radicals involves a series of
preceding reactions in which the high energy electron pulses
are converted to strongly oxidizing solvent holes)(br solvated
electrons (g) which then are transferred to the PAE chains.
Therefore, prior to discussing the details concerning the dynam-
ics and spectroscopy of the PAE ion radicals, we provide an
overview of the relevant aspects of the radiation chemistry ¢ - 1 opile point diffusing to a number of spherical monomer

techniques used. . N units joined together in one, two, or three-dimensional arf&§fs.
The pulse radiolysis technique utilizes short pulses of Traytak’s*%5%solution for one dimension and its recent test by

electrons, and at the LEAF facility, these electrons have an Grozem&! makes use of an effective reaction radif,

energy of 10 MeV and the pulse width 120 ps. Although  gefined in terms of the reaction radiuBy, for one unit (a

the primary electrons pass completely through the solution and monomer) and the number of units in the chaipas in eq 4
exit the spectrophotometric cell, each primary electron produces

Reactions 3a and 3b are strongly exoerdicsf < —0.5 eV)
and occur with diffusion-controlled rates. Thus, before present-
ing and discussing the kinetic data, it is appropriate to consider
the theory of diffusion of a small ion (a point charge) to a rigid-
rod polymer such as the PAEs.

In recent years, theory has provided solutions to the problem

~10* ionizations in the solution that result in a fexM of nR,
thermalized solvated electrong feand a corresponding num- Rert = R, (4)
ber of radical cations of solvent molecules. In 1,2-dichloroethane 1+ Xln(n)

(DCE), the electrons are immediately captured by solvent
molecules to form radicals and Clons#%4%in tetrahydrofuran
(THF), the solvent cation radicals decompose to radicals and
solvated protons. The net effect of the electron pulses is therefor
to produce thermalized solvent cation radicafs)(in DCE and
thermalized solvated electrong fén THF. Because the holes
in DCE and electrons in THF must diffuse to attach to the k(t) = 47R,D(1 + R,/ (D)) (5)
conjugated polymers or other solutes such as thiophene oligo-
mers, the desired ions of the molecules are formed in bi- The second term in eq 5, often called the ‘transient” term,
molecular processes. Because the PAES (or thiophene oligomersyontributes less than 10% at times longer thaR21€D. For
are present in excess, these bimolecular reactions are pseudgmall species with high diffusivity this time is generally less
first-order, and the observed hand € transfer rates to the  than a few nanoseconds, but Grozema demonskatieat the
PAEs depend on polymer concentration and the bimolecular Jarge size of a polymer strand leads to a much larger effective
rate constant for reaction ofttor e, with the polymer. Note reaction radius and a much larger and longer lived transient
that a fraction of the hin DCE (and ¢ in THF) is also lost term. Although the steady-state, diffusion-controlled rate con-
due to reaction with counterions (Cin DCE, protons and stant per repeat unit falls rapidly with the number of repeats,
radicals in THF); however, these reactions are measured andsome of that loss is recovered due to the larger transient
accounted for in the measurements. terms?#9.50 Although the “rate constant” is not in fact constant,
Because PP, and T;PPE3 are not very soluble in pure it does not vary significantly during the time course of thie h
DCE, experiments were carried out in “DCE/toluene”, 1,2- and ¢ transfer reactions. Thus, the experimentally observed
dichloroethane with 1.6 M toluene (PhMe) added to solubilize pseudo-first order decays are very nearly exponential. Conse-
the polymer. In the DCE/toluene solvent mixture, the hole which quently, here we report effective or “average” rate constants,
transfers charge to the polymer is (PhMé)which is formed which represent best fits to the observed pseudo first-order
by rapid positive charge transfer from the solvent holes to kinetic traces for the rise of the absorption due to the PAE
toluene, followed by rapid dimer formation. The (Phié&)on, radical ions. Note that the rate constants would have somewhat
which absorbs near 1000 47 attaches to the PAEs with  different values if the range of polymer concentrations used were
rate constants similar to those of DCE-based solvent holes. Ansignificantly higher or lower.
additional oxidant, identified as a Cltoluener-charge transfer The effective rate constants for the bimolecular reactions of
complex, is produced in the DCE/toluene solutions. This h* (in DCE/toluene) and & (in THF) formed via pulse
complex slowly oxidizes species witff, lower than 1.1V (vs radiolysis with the PAEs to produce the radical cations and
SCE) to produce the corresponding radical cation. The slow anions (respectively) of the polymers are presented in Table 1.
reaction rate of the complex with solutes along with the slow The bimolecular rate constants are reported both with respect
reaction rate of the polymers (see discussion below) results into polymer and repeat unit concentration. Several points are of
little contribution to the polymer radical cation yield from this note with respect to the rate data. First, the experimentally
species, but it reacts more efficiently with some small molecules determined rate constants for growth of the PAE radical ions
including terthiophene, leading to decreased certainty in the when expressed per monomer repeat unit are significantly lower

The diffusion-controlled rate of reaction with the chain of length
nis then given by eq 5, which is identical in form to the classic

€solution of SmoluchowsR? for reaction of spherical particles,
whereD is the sum of the diffusion coefficients of the reactants
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Figure 2. Observed rate of growth of PR&radical cation in DCE/toluene (1,2-dichloroethahd.6 M toluene) solution as a function of concentration
in repeat units (the concentration of PPE molecules is smaller by a factor of 164). The straight line best fit yields a slogel® M6! st per
repeat unit or 1.0< 10 M~1 s7* using concentration of PPE chains. The inset is the observed growth of the,Pafical cation at 600 nm.

TABLE 1: Reaction Rate Constants of Poly(arylene 1520 T T !
ethynylene)s (PAEs) and Terthiophene End-capped PAEs T~ _
with Positive and Negative Charge Carriers in Solution —
5 Ph*[:—Ph] k(nm)f hv (- IR)
polymer n kM™ts™)  Kmonomen(M™1s72)2 <10 " | 200 ﬂé_
PPEes+ (Med)s+ 164  2.1x 104 1.3x 10° e :
PPE4+ (Me®), " 24 4.8x 109 2.0x 1C° 2 sl —| 1000 hv (vis)
PBpEy; + (Med),* 21 5.1x 10w 2.4% 10° I 1
TsPPE; + (Med)"t 13 7.1x 109 5.5x 10° ;2@@ M)
TsPBpE; + (Med),** 12 3.0x 10 24x 10° ok | | | | —
T2+ (Me®)* 1.1x 101 5.3x 10° 2 4 6 8 10
Ts+ (Med),+ 1.7 x 10 5.5x 10°
T3+ [Me®:CI] 5.0 x 10° 1.7x 10° n
T4+ (Me®)* b b Figure 3. Transition energies computed for radical cations of phenylene
T4+ [Me®:Cl] 4.1 x 10° 1.0x 10° ethynylene oligomers as a function of length, n. The energy of the
PPEes+ € 164  4.7x 10* 2.8 x 10 lowest allowed transition(_]é) is_very s_ensitive to Iength, whi_Ie the
PBpE: + €5y 21  1.3x 10w 6.3 x 10 energy of the strong transition in the visible¢)(changes little witm.
T:PPEs+ e, 13 7.1x 101 5.5 x 1010 The simple MO diagram at right indicates the nature of the transitions,
T:PBpE, + e:—FHF 12 3.5x 104 2.8 x 1010 determined from the CI calculation. Calculations were ZINDO/S for

AM1u geometries of the cations.

@ For comparison to small molecules, the average rate constant per
repeat unit is reported. ForzTontaining polymers, the sTwas not
included.? Could not be measured due to absorption of the product
cation at 1000 nm.

electron acceptors with rates in the range2lx 1010M~1s71
to produce species with peaks at 450 nm, characteristic of the
corresponding radical aniof%On the basis of these hole and
than expected for a diffusion controlled reaction between two electron-transfer experiments, we conclude that PAE-based
small molecule reactants. Second, in general, the rates forradical cations (PAE) are the predominant species formed in
electron transfer to the PAEs (eq 3b) are considerably faster DCE/toluene solution and PAE-based radical anions (PRE
compared to those for hole transfer (eq 3a). This difference are produced in THF.
reflects the considerably larger diffusion rate gf%& 56 Semiempirical Calculations: Spectroscopy of PPE-Based
Poly(arylene ethynylene)s are known to aggregate in solution lon Radicals. Prior to discussing the experimentally determined
with the degree of aggregation being dependent upon the solvenspectra of the PAE-based ion radicals, it is helpful to use theory
system used and the concentration of the polytetr.The to provide insight into the nature of the expected electronic
pseudo-first-order growth of PRg& ™ as a function of polymer  transitions. Thus, semiempirical calculations (ZINDO/S I
concentration, shown in Figure 2, is linear to a concentration 6,6, AM1u geometries) on a series of PPE-type model oligo-
of 1.35x 1073 M in repeat units, suggesting that aggregation mers, [Ph-(—C=C—Ph—),—H]** (structure in Figure 3), were
is not significant in the DCE/toluene solutions at these concen- carried ouf® The Zindo/S calculations predict two optical
trations, which were typical of the concentrations used in the transitions with energies that decrease with increasing oligomer
paper. Because THF is a better solvent for the polymers thanlength,n (Figure 3). Except for the shortest member of the series
the DCE/toluene solvent mixture, aggregation is not likely in (i.e., diphenylacetylene) = 1), the lowest energy transitions
that medium. in the radical cations derive primarily from a strongly allowed,
The species having the spectrum attributed to RPEreacts one-electron transition from the HOMO 1 to the half-occupied
with TMPD, a good hole scavenger, with a bimolecular tate  HOMO (SOMO) as indicated schematically in Figure 3. (Here
= 2.8 x 10° M1 s7! to produce TMPB" with well-known by HOMO and LUMO we refer to orbitals that are the highest
absorbance bands at 570 nm and 6880 nm>28 Similarly occupied and lowest unoccupied in the neutral parent molecule.)
PPRgs~ produced in THF reacts with tetracyanoethylene The low-energy transition is predicted to occur in the near-IR
(TCNE) and 2,3,5,6-tetrachlorobenzoquinone (chloranil) as region, and its energy is expected to vary strongly with the
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length of the PPE segment. The calculations predict that the T T T y T T T
second, higher energy transition will occur in the visible region, g\T3PBpE12'_ a)
and it consists primarily of HOMO (SOMO)~ LUMO 100x10°4 1

character. The calculations further predict that the energy of
this transition varies only weakly with oligomer length. Calcula-
tions on the anion radicals give qualitatively similar results to
those for the cation radicals; however, in this case, the near-IR
bands derive primarily from the LUMO (SOMG) LUMO +

1 transition (see Figure 3).

Visible/Near-IR Spectroscopy of PAE Radical Cations and
Anions. By monitoring the wavelength dependence of the
transient absorption of PAE solutions at a fixed delay time
following the e pulse, it is possible to construct the visible-
near-IR absorption spectra of the PAE-based radical ions. The
delay time used is dependent upon the concentration of polymer
and the bimolecular rate constant for charge transfer from the
solvent to the polymer. Generally in these experiments, the delay
times used were of the order of 8:1.0us, following the growth
of the radical ion species and prior to its decay. Based on
radiolysis yields of (PhMe)" in DCE/toluene and& in THF,
it is possible to estimate the molar absorptivity i1~ cm™1)
of the PAE radical ions. The resulting spectra for a variety of
PAE-based radical ions are illustrated in Figure 4 along with
spectra of the Foligomer based radical ions.

First, we consider the spectra of the radical anions. Figure
4a compares spectra ofsT and the biphenyl-based PAEs,
PBpEx1*~ and TsPBpEy . All three anion radicals feature two
absorption bands: one in the visible and a second, broad band
in the near-IR. The two bands are intenge> 50 000 M
cm™b). The observed spectra are qualitatively consistent with
those predicted by the Zindo/S calculations, supporting their
assignment to the PBpE-based anion radicals. The experimen-
tally observed absorption bands occulatx = 600 and 1100 .
nm in Tz'~, whereas in PBpg'~ and T;PBpEs ™, Amax = 625 50x10"
and>1600 nm. The most significant feature is that the spectra
of PBpE:1*~ and TsPBpE2~ are essentially identical, showing
that the & end-caps have no influence on the spectrum of
TsPBpEs~. This finding implies that the electron is not 257
localized on the Tend-groups in the end-capped polymer; rather
it is localized on the PBpE chain. This is consistent with

expectation, given thatzlis more electron rich than the PBpE 1

chain, and therefore, the LUMO is likely at a lower level on 0- .

the PBpE units. Another noteworthy feature is that the low 800 1200 1600 2000
energy band in the PBpE anion radicals is at considerably longer A (nm)

WE}\_/G|€ﬂgth and is much brpader than_the analogous feature_ forFigure 4. Spectra of cations and anions of poly(arylene ethynylenes)
Ts ._Th|s is consistent w!th th_e notion that the polaron IS (@), end-capped poly(arylene ethynylenes) @nd T; (a) where (a)
considerably more delocalized in the PBpE polymers than in is the spectrum of PBpE~, T:PBpEs~ and T~ in THF, (b) is the
T3~ where the charge is restricted to delocalization over only spectrum of PP&s~, T;PPEs~ and T~ in THF, (c) is the spectrum
three thienyl rings. of PBpE:* and :PBpE* in DCE/toluene and F+ in DCE, and (d)

. . . . is the spectrum of PRE* and T;PPEs" in DCE/toluene and F* in
Figure 4b compares the spectra gf Twith the anion radicals DCE. The polymer concentrations were in the range-@.8 mM in

of the phenylene-based polymers RRE and LPPEZ". The repeat units, and delay times were in the range-.0 us.
spectra of the PPE-based anion radicals are very similar to those
of the PBpE based systems, with two band$.a = 625 and
>1600 nm. The spectra of the parent and end-capped PPE-baseg| .. = 600 and 1150 nm in PBpf* and :;PBpE2*. The
anion radicals are identical, which again supports the conclusionmgst significant feature with respect to the data for the PBpE-
that the electron is on the PPE Chain, and it is not localized on based cation radicals is that the Spectra of the parent @nd T
the T3 end groups. end-capped polymers are essentially identical. This finding
Now we turn to consider the spectra of the PAE-based cation strongly suggests that insPBpEz* the hole resides in the
radicals. Figure 4c compares the spectrapf,lPBpE;**, and PBpE chain; that is, it is not trapped by and localized on the T
T3PBpE*. Consistent with the Zindo/S predictions, all of the end-groups. This result was initially a surprise, but on the basis
spectra feature two strong absorption bands, one in the visibleof oxidation potentials estimated by bimolecular hole transfer
and a second in the near-IR. The bands are observaghat equilibrium experiments (see below), it is evident that g
550 and 850 nm in Ft, in good agreement with the previously value for Tz is slightly greater than that of PBpE, and therefore,
reported spectrum of this specffsThe two bands appear at  at equilibrium, PBpE" is favored (i.e., the equilibrium lies to
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Figure 5. Segment of a PPE-based polymer featuring seven phenylene ethynylene units attached to a terthiophene unit (at right). The HOMO,
computed by AM1, is principally on sTbut also penetrates into the PPE.

the left in eq 6 the Tz end-group to the PPE main chain, i.e.

T,~(PBpE")-T,=T,—(PBpEF-T;*  (6) Ty (PPE")—T,= T,—(PPE}-T," (7)

. . The existence of this equilibrium may also have an influence
Finally, Figure 4d compares the spectra of PRE and Tz- on the observed spectrum.

PPER3 ™. Itis immediately clear that the spectra of these species  gimolecular Hole Transfer Reactions: Thermodynamics

are not the same. Specifically, PRE" features two bands at ¢ |ntrachain PPE — T3 Hole Transfer. To explain the
Amax= 600 and 1950 nm, and ingPPR3™, the visible band is  gyrprising result that the hole is not trapped by theefid-
red-shifted toAmax = 640 Nnm and the near-IR band is blue- groups in FPBpE2+, bimolecular hole-transfer experiments
shifted tomax= 1350 nm. The spectrum of PRE" (not shown) were carried out between the polymers and the series of
was the same as that of PRE'. This result indicates that the a-thiophene oligomers ([ wheren = 2—4) to determine the
difference in the spectra of PR+ and T3PPRz* is not simply energetics of intrachain hole transfer. These experiments were
due to the difference in the median chain length of the two designed to measure the position of the equilibrium (and the
polymers. The fact that the cation radical of theehd-capped  rate constants) for the following series of hole transfer reactions:
polymer is different from that of the parent strongly implies

that the hole is trapped on thg &nd-group. However, although PAE" + T,=PAE+ T2'+ (8a)
it is evident that the presence of theéhd-groups has an effect

on the spectrum of the cation radical, the spectrum is distinctly PAE" + T,=PAE+ T3'+ (8b)
different from that of the oligomer cation radicalg*T. In

particular, the low-energy transition isPE s is red-shifted PAE" +T,=PAE+T,”" (8c)

and considerably broader compared to the low energy transition

in To*. This suggests that the hole is not localized on tge T By using the reported potentials for the?T* couple$* along
end-cap, but rather it is delocalized into the PPE segment. ThisWith the experimentally determined equilibrium constants for
notion is supported by the fact that the absorption spectrum of hole transfer from each PAEto Ts (i.e., Keq for eq 8b), redox

Ph-Ts** (see the Supporting Information for spectrutpex = potentials Eg,) for the polymers were determinétiTable 2
625 and 1040 nm) features bands that are at wavelengths thafompiles the experimentally determined rate and equilibrium
are “in between” those observed fog'T and T,PPEs*. The constant data, and Figure 6 provides a redox scale summarizing

fact that the absorption bands of-PFs** are red-shifted relative ~ the Ec, values, and an example of the data used in these
to those of B shows that the SOMO in PHT5** is delocalized measurements is provided in the Supporting Information section.
into the phenylene ethynylene unit. Moreover, the fact that the These measurements clearly show that the oxidation po_tentlals
absorption bands ofsPPEs™ are red-shifted relative to those of all of the polymers are bracketed between the potentials for

of Ph~T** suggests that in the end-capped polymer the SOMO T2 @nd T (i.e., 1.25 V= E;, > 0.80 V), while equilibria are

in the cation radical likely penetrates a few phenylene ethynylene €Stablished with 3 .
units into the chain yp pheny yny The potentials extracted from the bimolecular hole transfer

. L . . experiments provide an explanation for the observations that
Additional insight concerning the electronic structure gf T T, end-cap groups capture holes iBPPEs, but not in the
PPEz" comes from a MO calculation (AM1) of a model PPE biphenyl-based polymer sPBpE.. Specifically, ES, for the

oligomer that is end-capped withy.TAs expected based onthe  paE chain in the biphenyl-based polymers is 100 mV lower
spectroscopic results, the AM1 calculation indicates that, han that of the phenylene polymers. This difference is large
although the HOMO in the neutral oligomer is localized gnqugh to cause the hole transfer equilibrium to lie to the left
primarily on the & unit, it still has significant density extending o the biphenylene polymers (as shown in eq 6) and to the
a few phenylene rings into the PPE segement (see. Figure 5 forright for the phenylene polymers (as shown in eq 7). Another
a plot). Thus, in TPPRs™, the charge density is neither fully  jnteresting finding of the bimolecular hole transfer equilibria is
delocalized into the PPE chain nor iddtalizedon the T end- that injection of a hole into PREis thermodynamically favored
group. Instead, it is partly localized on an extended electronic oyer injection into PPE by a factorKe(164)Ke24) = 8 +
system consisting of one;Bnd a few PPE units. This provides 2 5. This factor is close to the ratio of the polymer chain lengths
an explanation for the observation that the absorption spectrum(.8) and almost certainly reflects entropic factors which favor
of TsPPR3™ is not a simple linear combination of spectra for  the hole on the longer PPE chain. If the delocalization length
Ts'" and PPEes*. Moreover, the fact that the low energy of a charge carrier i& polymer repeat units, the number of
absorption band in 3PPEz* is red-shifted and broader than  ways to place carrier in the polymer of lengthis n — L;

in Ts" or Ph—Ts** supports the notion that in the end-capped therefore, the ratio of equilibrium constants for two polymers
polymer the hole is significantly more delocalized than in either of lengthsn; andn, should beK(n;)/K(ny) = (ny — L)/(nx —
oligomer. It is also notable that, as suggested by the bimolecularL). Consequently, the present results are compatible with a
hole-transfer equilibrium studies outlined below, there is likely delocalization lengthl., of less than 10 polymer repeat units
to be an equilibrium established involving hole-transfer from (20 phenylene ethynylene units). Note tiag, for reaction 8b
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TABLE 2: Rates and Equilibrium Constants for Hole Transfer from Polymer Radical Cations to Thiophene Oligomers (See
Note a Regarding Uncertainties)

reaction n k(M~ts™ Keq AG°® (mV)2 Eox (V) vs SCE
PPERest + T 164 —(2.5+ 1.5) x 10M°¢ (1.0£0.5)x 1073 1774 40 1.03+ 0.04
PPEes" + Ts 164 45%x 1¢° 0.82 5.2 0.9%
PPEsT + T3 24 3.6x 1 6.0+ 2 —46 0.96
PPEes + Ta 164 5.6x 10° >1.7 <-14
PBpEst + T, 21 <4.1x 102 > 82 <1.13
PBpEst + Ts 21 0.12 55 0.86
PBpE:st + T4 21 4.4x 10° >6.3 < —47 >0.818
TsPPEST + T3 13 1.1 -1.3 0.9%
T3PPRsT + T4 13 3.8x 1 >45 < —-98 >0.86

a Estimated uncertainties irAG® or Eo are (+ 10, —40 mV) for reactions with Tand T, due to uncertain contributions from a second
oxidizing species and to formation of an unknown species at longer times (se€ @xijlation potentials for the polymers based on reported
potentialsEg, = 1.25 (T;), 0.95 (Tz) and 0.80 () in V vs Ag/AgCI®! were converted to SCE reference by subtracting 44 mV to give 1.21, 0.91
and 0.76. See nota ¢ The sign indicates that this is the reverse reaction. Only the reverse reaction (a transfer of charge ftonPFPE) was
observed.

121V 2T the dynamics of intramolecular hole transfer througi-eon-
jugated systemk(r, eq 1). When holes are attached #Ph3
—f— 096V PPE, most (i.e.,> 80%) are likely to be initially captured by the
my long PPE segments, which consist on average of 26 phenylene
rings and are over 15 nm in length. The preference for initial
hole transfer from the primary donor (PhMe)to the PPE chain
arises because the process is very exotherth{®®(< —0.5
e eV) and because the chain is present in significant molar excess
o 54mv 085V  PBgEn relative to the § enql-grogps (ca. 8:1)._Nevertheless, the final
- product, EPPE3s™, in which the hole is trapped bysTend-
group, is observed at the earliest accessible time scale in the
pulse radiolysis experiments, demonstrating that intramolecular
hole transport from the main chain o§HPE3to a T; end cap
occurs faster than the bimolecular capture of holes from the
solvent. Due to solubility constraints, the maximum concentra-
= tion of TsPPE3 used in the hole transfer experiments was 1.6
mM. Under these conditions the growth of the radical cation
occurred over~40 ns, with a bimolecular attachment rate
Figure 6. Oxidation potentials vs SCE for polymers investigated, constant of 3.6x 101°° M—1 s 1.

obtained from measured equilibrium constants for bimolecular charge- Assuming that the absorption spectrum of holes in the chain
t2r)ansfer reactions with terthiophene in DCE/toluene solution (see Table is similar to that observed for PAE a lower limit ofkur = 1

x 10° s71is placed on the rate of hole transfer from the polymer

is ~1.0 for TsPPEs, which leads to the surprising conclusion to the end-caps on the basis of the obs_ervgd_radmal cation
that the cation of the Fend-cap iiot stabilized relative to 7~ 9rowth rate. The resulkr = 1 x 10° s™%, is similar to the
by conjugation with PPE and is instead slightly destabilized. lower limit determined by Matsui et &f.for electron transfer
This result may reflect a balance between the expected electrod™0M theo-conjugated silicon backbone of poly(methylphenyl-
withdrawing effect of the PPE-segm&hbn the T unit and s_llane) to atetraphenylporphyrm side chain via a saturated ether
the stabilizing effect of delocalization of the; HOMO into !lnkag_e._The present experiments show that transport of holes
the PPE chain. is rapid in ar-conjugated polymer. That result is expected from
Typically, the use of electron transfer equilibria to obtain € optical spectra of the polymers without end caps, which
oxidation potentials affords values errors of only a few mV; indicate that the charges occupy well-deloca_llz_ed states. Charge
however, the certainties of the equilibrium constants and free ransport is probably much faster than the limit established by
energy changes for the equilibria studied herein are reduced dudh® Present observations, pointing to the desirability of much
to complexities. Specifically, the Ettoluener-charge transfer faster methods for injecting polarons into the p(_)lymers and for
complex (Cl:PhMe) mentioned above appears to oxidize the the study of end-capped polymers with considerably longer
PAEs slowly (if at all), but it does oxidize sTor T, to their chains.
radical cations. This fact and the limited lifetime of Cl:PhMe
lead to a variable number of ions entering the equilibria o
reaction 8 that changes with the concentration 96 T4. The A new series of PAEs that are end-capped witterthiophene
“extra” ions are included in the calculations #fqs, but groups have been synthesized and characterized by NMR, GPC,
estimation of their amounts contributes to uncertainty. A second and optical spectroscopy. The; €nd-capped polymers have
complexity that arises is related to the slow formation of an moderate molecular weights, and the available information
unknown species, possibly a hetero-dimer betweegnaid indicates that the end-capping process is efficient. The absorp-
PAE™T that limits our ability to work at higher reactant tion spectra of the J end-capped polymers and the parent
concentrations. These effects contribute to the uncertaintiespolymers are very similar; however, the fluorescence spectra
reported for the free energy changes in Table 2. of the end-capped polymers feature a significantly enhanced
Dynamics of Intrachain Hole Transfer. As noted in the intensity on the long-wavelength side of the fluorescence band.
Introduction, a long-term objective of this work is to determine The fluorescence results indicate that, although the singlet
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excited state wave function resides principally on theefd- (9) Tan, C.; Pinto, M. R.; Schanze, K. Shem. Commur2002 446~

groups, it is still somewhat delocalized into the PPE segment. 4460) L Y. Jiang. S.: Schanze. K. §hem. Commur2003 650-
This conclusion is supported by AM1 molecular orbital calcula- g5 o g = o '

tions which show that the HOMO of the; €nd-capped polymer (11) Bumm, L. A.; Arnold, J. J.; Cygan, M. T.; Dunbar, T. D.; Burgin,
penetrates into the PPE chain. T.P.; Jones, L.; Allara, D. L.; Tour, J. M.; Weiss, P.Siencel996 271,
705-1707.

Pulse radiolysis was used to produce the anions and cation (12) Adams, D.: Brus, L.; Chidsey, C. E. D.: Creager, S.; Creutz, C.;

of the parent and Fend-capped polymers. Electron and hole kagan, C. R.; Kamat, P.; Lieberman, M.; Lindsay, S.; Marcus, R. A
transfer from the solvated electrons and solvent-based holes toMetzger, R. M.; Michel-Beyerle, M. E.; Miller, J. R.; Newton, M. D.;

; ; it ; Rolison, D. R.; Sankey, O.; Schanze, K. S.; Yardley, J.; Zhu).hys.
the PPE chains follow bimolecular kinetics, with rate constants Chem. B2003 107, 6668-6697.

that are close to diffusion controlled when consideration is made " (13) candeias, L. P.; Grozema, F. C.; Padmanaban, G.; Ramakrishnan,
for the length of the rigid-rod polymers. The absorption spectra S.; Siebbeles, L. D. A.; Warman, J. NI. Phys. Chem. B003 107, 1554

of the PAE-based cation and anion radicals are similar with 155%1 h s VD Am. Chem. Sod99s 117 12503
two strongly allowed transitions, one in the visiblg.§ = 600 12é02)_ ou, Q.; Swager, T. MJ. Am. Chem. S0d995 117

nm) and a second in the near-IR. The spectra are in qualitative  (15) Swager, T. MAcc. Chem. Re<.998 31, 201-207.
agreement with spectra simulated by Zindo/S calculations. The . Sl%hcg\eghle-mxgg%%r,l\gg 132-1: uiSGSTCZyk, M. P.; Wasielewski, M.
calcula_t|ons a_Iso prowde insight into the electronic structure of -(1-7) \)I/Véng, B.. Wasielewski. M. RL Am. Chem. S0d997 119, 12—
the cation radicals in theslend-capped polymers. Specifically, 51

they suggest that inslend-capped PPE polymer the hole resides  (18) zhang, Y.; Murphy, C. B.; Jones, W. Elacromolecule2002
in an orbital that is largely located on the @hain end, but it 35, 630-636.

. L . - i (19) Chen, L.; McBranch, D. W.; Wang, H.-L.; Helgeson, R.; Wudl,
still penetrates significantly into the PPE chain. The experi F.: Whitten, D. G.Proc. Natl. Acad. Sci. U.S.A999 96, 12287-12292.

mental spectra on the cation radicals of the ehd-capped (20) Tan, C.; Pinto, M. R.; Schanze, K. Shem. Commur2002, 446—
polymers reveal that the holes are localized on (or trapped by) 447.

_ ; ; (21) Wang, J.; Wang, D. L.; Miller, E. K.; Moses, D.; Bazan, G. C;
the T end-groups in the phenylene polymers but not in the |, C 0 %3020 oide 165500 33, 51535158,
biphenylene polymers. Bimolecular hole transfer studies explain " 55 ‘swager, T. M.; Gil, C. J.; Wrighton, M. S. Phys. Chem1995

this surprising result by showing that the PAE chain hag&gn 99, 4886-4893.
value that is~100 mV less than that of thesend-group. (23) Pschirer, N. G.; Byrd, K.; Bunz, U. H. RMacromolecule001,

- : - 34, 8590-8592.
Kinetics measurements carried out osPPE3 indicate that (24) Beljonne, D.; Pourtais, G.; Silva, C.; Hennebicq, E.; Herz, L. M.;

intrachain hole transfer occurs much faster than bimolecular hole Friend, R. H.; Scholes, G. D.; Setayesh, S.; Mullen, K.; Bredas, Brdc.
capture by the polymer, indicating thiair is greater than Xk Natl. Acad. Sci. U.S.A2002 99, 10982-10987.

—1 i i ; ; 25) Bunz, U. H. FChem. Re. 200Q 100, 1605-1644.
10° s Experlme_nts in progress seek to observe !ntrachaln §26§ Wishart, J. F. IrRadiation Chemistry: Present Status and Future
electron transfer in PPE-based polymers that contain electronTengs jonah. C. D., Rao, B. S. M., Eds.: Elsevier Science: Amsterdam.
trap end-groups. The results of this work will be reported soon. 2001; Vol. 87, pp 2435.
(27) Boas, U.; Dhanabalan, A.; Greve, D. R.; Meijer, E.Synlet2001,
634-636.
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