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The rigid rodlike character of phenyleneethynylenes and their ability to communicate charge/excitation energy
over long distances have made them useful as molecular linkers in the light energy harvesting assemblies and
molecular electronics devices. These linker molecules themselves possess rich photochemistry as evident
from the relatively large yields of the excited singlet (6(h66) and triplet (0.40.5) states of two model
oligomers, 1,4-bis(phenylethynyl)-2,5-bis(hexyloxy)benze®PE-1) and 1,4-bis((4-phenylethynyl)phenyl-
ethynyl)-2,5-bis(hexyloxy)benzen©PE-2). In particular, the long-lived triplet excited state is capable of
undergoing deactivation by self-quenching processes such as ground-state quenching anttipipteT—

T) annihilation. The T annihilation occurs with a nearly diffusion-controlled rate2(x 1® M~* s™1),

and ground-state quenching occurs with a rate constanbot 10’ M~ s%. The electron transfer from the
excited OPE-1 and OPE-2 to benzoquinone as characterized from the transient absorption spectroscopy
illustrates the ability of these molecules to shuttle the electrons to acceptor moieties. In addition, pulse radiolysis
experiments confirm the spectroscopic fingerprint of the cation radical (or “trapped hole”) with absorption
bands in the 506600 nm region.

Introduction CHART 1:
; . 1,4-Bis(phenylethynyl)-2,5-bis(hexyloxy)benzene (OPE-1)
Oligo(p-phenyleneethynylene)s have emerged as molecular .
building blocks for the design and fabrication of optoelectronic E_ndhl,4-lBls((étl)-phenyletgyl/jné/l)zphenylethynyl)-2,5-
systems such as organic light emitting dioéessolar energy is(hexyloxy)benzene ( -2)

conversion systenfs? and chemical/biological sensdrsts The OCgH13
rigid rodlike character of phenyleneethynylenes and their ability Q — O — O
to communicate charge/excitation energy over long distances

provide unique characteristics to design a new class of molecular CgHq30

systems:16-20 Of particular interest are molecular electronics OPE-1

devices. A few prototype systems were fabricated by incorporat- OCH
eH13

ing molecular rigid rods in semiconductor/metal hybrid systems.
These include (i) single-molecule diodes by immobilizing them H%’%.%.
between both electrodes by sulftgold bonds?! (i) nanocell Q Q O O O

electronic memorie® (i) voltage-triggered conductance CgH130
sfwitching?3*25 and (iv) photovoltaic systems by functionaliza- OPE-2
tion of redox/photoactive molecules on to semiconductor
surfaces® Recently Galoppini and co-workér$ have
investigated, in detail, the dynamics of the electron injec-
tion from excited RU-polypyridine sensitizers to TiOsemi-
conductor through phenyleneethynylene bridging units. These
studies suggest that the charge injection occurs over a long
distance of 2.4 nm. The electronic coupling betweer'-Ru
polypyridine and the phenyleneethynylene bridging unit is quite
strong and thus assists in the fast electron injection into

standing of the excited-state behavior is yet to be established.
Most of the physical studies published to date deal with
aggregation induced emission chan§€$:2”-26The photophysi-

cal properties of oligomers based on the aryleneethynylene
architecture, with a 2;2ipyridine-5,5-diyl (bpy) metal binding
unit, was reported by Schanze and co-workéghe excited-
state characterization indicated a composite behavior of two

semiconductor nanoparticlésElectrochemical studies have excited-state manifolds. Charge transfer through terthiophene

confirmed that phenyleneethynylene bridge structures promoteend'cappfa(_j poly(arylene_ ethynelgne)s has b_een _studied by
strong coupling between gold electrode and ferrocene, therebycharacterizing the behavior of cations and anions in a pulse
radiolysis experiment! Characterization of the geometric and

promoting rapid electron transport over long distariées. ; ! ! gec
Although the potential applications of this class of molecules ©!€ctronic properties of alkoxy-substituted derivatives of phen-
in various devices have been demonstrated, a detailed underYl€neethynylenes, in comparison with an unsubstituted system,
(1,4-bis(phenylethynyl)benzene), was reported in an earlier
e_;;ﬁ"gfgﬂﬂgfg% da:ézor phone: (574)631-5411; fax: (574)631-8068; paper®® These studies indicate that phenyleneethynylenes exist
* University of Notre Dame. in planar and twisted conformations in their ground state due
* Regional Research Laboratory (CSIR). to the nearly free rotation of the arene rings along the molecular
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axis. On the other hand, these molecular rods attain a planar 0.12
configuration in the excited state.

Based on the picosecond time-resolved studies, Beeby et al.
concluded that 1,4-bis(phenylethynyl)benzene does not exhibit
significant cumulenic/quinoidal character in its State3!
Interestingly, recent time-resolved IR measurements indicate that
an unpaired electron when conjugated in the phenyleneeth-
ynylene core is substantially delocalized over theystem of
the chromophore resulting in the formation of a partial cumu-
lene-like structuré? Although there are several reports indicat- .00l - .
ing that phenyleneethynylenes communicate charge as well as 300 350 400 450 6500 550
excitation energy over long distances, no major effort has been Wavelength, nm
made to characterize the excited-state behavior and redoXrigure 1. Absorption () and emission spectra:(-) of (a,d) OPE-1
properties of this class of molecules. We report herein the and OPE-2 (b, 1) recorded in toluene. Emission spectra gad 1)
behavior of excited singlet and triplet state as well as the redox were recorded using excitation at 355 nm.
properties of two model oligo(phenyleneethynylene)s possessin
dialkoxy substitution, namely 1,4-bis(phenylethynyl)-2,5-bis-

e
o
©

0.04

Absorbance
Em. Intensity (a.u.)

gTABLE 1: Singlet-State Properties of OPE-1 and OPE-2 in

. Toluene
(hexyloxy)benzene PE-1) and 1,4-bis((4-phenylethynyl)- /1 5 S o /1
-2 5_bi R Somax® €, 7 TS So-o, f simax®
phenylethynyl)-2,5-bis(hexyloxy)benzen®RE-2). compd nm M-eml nm ns eV (lec=355nm)  nm
Experimental Section OPE-1 367 3.1x 10 401 1.43 3.16 0.68:0.06 555

OPE-2 387 6.6x 10* 429 0.92 2.96 0.560.05 638,740
Materials and Met_hods. Phen_yleneethynyle_n@PE-l and a Absorption maxima® Emission maxima¢ Fluorescence lifetime.
OPE-2were synthesized according to the published procetfure. d Flyorescence yield Absorption maxima of singlet excited state.
Care was taken to purify these compounds using the recycling

HPLC method® It is difficult to separate the trace amounts of excitation pulses are averaged to obtain the transient spectrum
impurities present in these compounds using conventional 4t a set delay time. Kinetic traces at appropriate wavelengths
column chromatographic or crystallization techniques. If not are assembled from the time-resolved data. All measurements
purified carefully these impurities interfere with the photophysi- \were conducted at room temperature.
cal measurements. All solvents were spectrophotometric grade.
1_-Pyrenecarboxaldehyde pur_chased from Aldrich was recrystal- Ragyits and Discussion
lized before use. All experiments were performed at room
temperature, and the solutions were deaerated by bubbling with  Absorption and Emission Characteristics.The absorption
nitrogen. Absorption spectra were recorded with a Shimadzu and emission spectra GfPE-1andOPE-2in toluene solutions
3101 spectrophotometer. Emission spectra were recorded usingire shown in Figure 1. The spectral characteristics are sum-
an SLM 8000 photon counting spectrofluorimeter. Emission marized in Table 1. The dialkoxy substituted phenylethynyl
lifetimes were measured using Horiba Jobin Vyon single photon oligomers exhibit strong absorption in the UV and visible region
counting system, and the fluorescence decay measurements were<425 nm) with two well separated absorption maxima. The
further analyzed using the IBH software library. Pulse radiolysis unsubstituted molecule, viz., 1,4-bis(phenylethynyl)benzene, on
experiments were performed with the 8-MeV Titan Beta model the other hand, exhibits a single broad absorption band with a
TBS-8/16-1S linear accelerator. Cyclic voltammetric experi- maximum around 320 nff.*> Increasing the number of
ments were carried out using a BAS 100B electrochemical phenylethynyl units makes the absorption and emission bands
analyzer. The measurements were carried out using a standar@f the molecule to shift to lower energy while retaining the
three-compartment cell consisting of a working electrode (glassy overall band structures.
carbon), a reference electrode (saturated calomel electrode, Time-dependent density functional theory (TDDFT) studies
SCE), and a counter electrode (Pt). All solutions were made in suggest that the dialkoxy substitution in the 2,5-position of the
acetonitrile containing 0.05 M tetmrabutylammonium perchlo- phenyl ring of OPE-1 and OPE-2 alters its central arene
rate. mr-orbitals through the resonance interaction with oxygen lone
Laser Flash Photolysis.Nanosecond laser flash photolysis pairs® This results in two transitions, one from HOMO and
experiments were performed with a 355 nm laser pulse (5 mJ,the other from HOMO-1/HOMO-2 to LUMO. The molar
pulse width 6 ns) from a quanta Ray Nd:YAG laser system. extinction coefficients in toluene were estimated as:3.10*
Femtosecond transient absorption experiments were conductedM ! cm™* (at 364 nm) and 6.6< 10* M~* cm™* (at 387 nm)
using a Clark-MXR 2010 laser system and an optical detection for OPE-1andOPE-2, respectively (Table 1). The absorption
system provided by Ultrafast Systentsg(ios). The source for spectral features dDPEs in various solvents such as methyl-
the pump and probe pulses is the fundamental of the Clark lasercyclohexane, toluene, and dichloromethane indicate no notice-
system (775 nm, 1 mJ/pulse, fwhm 150 fs, 1 kHz repetition able ground-state aggregation effects at concentratidig(M.
rate). A second harmonic generator is introduced into the path The singlet excited-state energies of phenyleneethynylenes as
of the laser beam to provide 387 nm (3.20 eV, 150 fs) laser determined from the crossover point between the normalized
pulses for the pump. The pump beam is attenuated gd/5  absorption and emission spectra were 3.16 eMJBE-1 and
pulse with a spot size of 2 mm (diameter) at the sample where 2.96 eV forOPE-2 (Figure 1).
it is merged with the white light incident on the sample cell West and co-workef$ reported that phenyleneethynylenes
with an angle<10°. After passing through the 2 mm cell, the (e.g.,OPE-1) possess strong self-absorption/excimer formation,
probe is focused onto a 2@0n core fiber connected to a CCD  and the measured quantum yield is highly dependent on their
spectrograph (Ocean Optics, S26Q0V —vis), enabling time- concentration and excitation wavelength. In the present case
resolved spectra to be recorded (4890 nm). Typically, 5000 we found emission spectra and lifetimes of both compounds to
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Figure 2. Time-resolved transient absorption spectra of singlet excited states @ff&}1 and (B)OPE-2 in toluene. The spectra were recorded
at different intervals following the 387 nm laser pulse excitation.
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Figure 3. Transient absorption spectra of (®PE-1and (B)OPE-2in toluene. The difference absorption spectra were recorded (a) 5, (b) 25, (c)
100, (d) 200, and (e) 350s following 355 nm laser pulse excitation.

Wavelength, nm

be independent of excitation wavelengths, thus confirming the sibility of the vibrational relaxation and intersystem crossing
existence of a single emitting species. This excited singlet for the singlet excited state of an analogous molecule, 1,4-bis-
behavior is in agreement with other reports presented previ- (9-ethynylanthryl)benzene. The fluorescence quantum yield
ously3° values observed foDPE-1 and OPE-2 in the present experi-
The fluorescence quantum yield was estimated, using dilute ments are much lower than unity (0-66.06 and 0.5:0.05 for
solutions of OPEs and integrating the emission spectra. The OPE-1andOPE-2, respectively). These observations indicate
experiments were repeated using four different concentrationsthat nonradiative pathways contribute to the deactivation of the
of OPE-1 and OPE-2. The absorbance at the excitation excited state. If this argument is true, we should be able to
wavelength 355 nm varied from 0.025 to 0.1. A solution of identify other deactivation pathways. For example, intersystem
diphenylanthracence in cyclohexane was used as the referencerossing can be monitored by the formation of long-lived triplet
(©=0.9)36 In each case the sample absorbance was matchedexcited state. The residual absorption seen at 1.5 ns in the
with that of the reference. The average quantum yield obtained femtosecond transient studies (Figure 2) is an indication of the
from these measurements was 0:6®.06 and 0.5+ 0.05 for presence of long-lived species. The obvious question is whether
OPE-1 and OPE-2, respectively (Table 1). these long-lived species correspond to the triplet excited state.
Excited Singlet State.The femtosecond laser flash photolysis Triplet Excited State. To further characterize the formation
was employed to characterize the absorption characteristic ofof the triplet excited state, we carried out nanosecond laser flash
the excited singlet state of tf@PE-1 andOPE-2. The singlet photolysis experiments. Both phenyleneethynylenes possess a
state of these two oligomers was generated using 387 nm lasesstrong absorption at 355 nm which allows their direct excitation
pulse (pulse width 150 fs) excitation. The time-resolved transient by the third harmonic of Nd:YAG laser (355 nm). The time-
absorption spectra recorded following the laser pulse excitation resolved transient spectra, recorded following 355 nm laser pulse
of OPE-1 and OPE-2 are shown in Figure 2. The difference excitation of OPE-1 and OPE-2, are shown in Figure 3. The
absorption spectrum @PE-1 showed a maximum at 555 nm, transient spectrum d@PE-1, recorded immediately after laser
whereas a higher homologue exhibited two distinct baigs( pulse excitation, showed depletion at 390 nm and an absorption
at 638 and 740 nm). A large bathochromic shift in the absorption at 520 nm. In the case of a higher homologue of phenylene-
maximum is observed fdDPE-2 compared t@PE-1 suggest- ethynylene, the absorption of the newly formed transient is red
ing lower energy &S, transitions with increasing phenyleth-  shifted to 660 nm. The transient absorption band observed for
ynyl units. The lifetimes measured from the absorption decay both OPE-1 and OPE-2 is prompt, and the formation of this
of S; matched well with the lifetimes measured from the transient is completed within the 10 ns laser pulse duration.

fluorescence decay (Table 1). These spectral characteristics are assigned to tripipiet
Earlier reports have indicated that phenyleneethynylenes absorption based on the following observations: (i) the transient
possess fluorescence quantum yields close to GhBuch an is readily deactivated by oxygen, and (ii) the transient is

argument implies that the radiative deactivation is the only quenched by the addition of triplet energy acceptor such as
pathway for the relaxation of the singlet excited state of oxazine or squaraine dyes. The spectral characteristics of the
phenyleneethynylenes. Schmieder et’aluled out the pos- triplet excited states are summarized in Table 2.



Phenyleneethynylene Oligomers

TABLE 2: Triplet-State Properties of OPE-1 and OPE-2 in
Toluene

AT-TMax® €T max, T, Koz Ksqp 2kr—7 9
compd nm Mlcm?! ¢° us M7Iist Mislt MTlstt
OPE-1 520 47000 0.40 140 1.8 1(° 6.0x 10" 2.0x 1°
OPE-2 660 31000 0.50 218 1.5 10° 6.0x 10" 1.6 x 1(°

2 Triplet absorption maximé Triplet yield. ¢ Triplet lifetime. ¢ Bi-
molecular rate constant for triptetriplet annihilation.
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Figure 4. Energy transfer from tripleOPE-1 to squaraine dye in
methylene chloride. Transient absorption spectra were recorded fol-
lowing 355-nm laser pulse excitation of a solution contain@igE-1

(10 4M) and squaraine dye (28M) at time intervals @) O us and ©)

50 us. Absorption-time profile in the inset shows (a) the triplet decay
of OPE-1 at 510 nm and (b) ground-state bleaching of squaraine dye
at 630 nm.

400 700

We further confirmed the identity of the long-lived transient

as a triplet excited state by employing a squaraine dye, Sq (bis-
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hyde in acetonitrile ¢r=0.78)° as a reference. The triplet
excited state of 1-pyrenecarboxaldehyde has an absorption
maximum at 440 nm with an extinction coefficient of 20

10* M~ cm L. The quantum yields obtained from these
experiments were 0.40 and 0.50 (error limit of 10%)®PE-1

and OPE-2, respectively. The triplet lifetimes ddPE-1 and
OPE-2 were estimated as 14@s and 218us (error limit of
5%), respectively, in dilute solutions. As will be discussed in
the next section, the triplet lifetimes are dependent on the
concentration of triplet as well as the ground-state dye mol-
ecules. The deactivation pathways responsible for the triplet
excited state were probed at different excitation energy and
ground-state concentrations.

Deactivation of the Triplet Excited State.Phenyleneethyn-
ylenes are widely used in solid-state devices. Since the triplet
excited states are long-lived, they can initiate degradation via
singlet oxygen generation and/or electron-transfer processes
resulting from self-quenching processes. Thus, intermolecular
interaction of the triplet excited state is an important factor in
determining the long-term operation of optoelectronic or
luminescent devices. To investigate these aspects, we looked
into two types of self-quenching processes: (i) quenching of
the OPE triplet by ground-state molecules and (ii) tripkeiplet
annihilation.

OPE*+ OPE—k;—~ 20PE+ heat 2)

*0PE*+ *0PE*—2k;_;— 20PE+ heat (3)

The effect of the triplet excited-state quenching by the ground-
state molecules (reaction 2) was probed by varying ground-
state concentration of the dye molecules. The concentration of

[4-(dimethylamino)-2-hydroxyphenyljsquaraine) as a triplet the OPE was varied from 2.5 to 48 while maintaining the
energy acceptor. The time-resolved transient absorption spectrd/iPlet concentration around 0;aM. (Excitation intensity was

recorded after the 355 nm laser pulse excitatioO&E-1 in
dichloromethane solution containing a squaraine dyeu(?%
is shown in Figure 4. The transient spectrum recorded im-

varied such that the maximum absorbance seen after laser pulse
excitation was~0.016.) By keeping the triplet concentration
in the submicromolar level we could minimize the competition

mediately after the laser pulse excitation corresponds to the rom the T=T annihilation (reaction 3) during the decay of the

triplet of OPE-1. The spectra recorded 5 after the laser

triplet. The observed first-order decay confirms that there is no

pulse excitation corresponds to the triplet squaraine dye. Notentérference from the contribution ofT annihilation (second-
that the direct excitation of the squaraine dye in dichloromethane ©rder decay) in the kinetic analysis. With increasing OPE

does not produce its tripl€¢.As the tripletOPE-1 decayed we

concentration the triplet lifetime decreased confirming the ability

observe an increase in the bleaching of the squaraine dye. Thef ground-state molecules to interact with the triplet excited

absorption features of the spectrum recorded gt$0onfirm
the formation of the squaraine triplet (reaction 1).

*0OPE+ Sq— OPE+ 3Sqg* 1)

state and influence its deactivation (Figure 5A).

Earlier studies have shown that dyes such as thionine or
methylene blue undergo self-quenching with electron trartsfer.
In the present study we did not observe any long-lived transfer
products thus ruling out the electron-transfer pathway in the

The fact that we are able to generate a squaraine triplet by theself-quenching of OPEs. This observation parallels the diffusion-

T—T energy transfer method further confirms the ability of an
OPE triplet to act as a triplet energy donor to the molecule
having lower triplet energy.

The extinction coefficient of the triplet excited state of

controlled ground-state quenching of triplet fulleref&3he
bimolecular rate constankg) for the quenching of triplet
OPE-1 by its ground-state molecules was determined by
measuring the pseudo-first-order rate constant at various

phenyleneethynylenes was determined using the total depletionconcentrations. From the linear dependence of the pseudo-first-

method®® The complete conversion of ground-state molecules
to the triplet excited state was achieved by employing dilute
solutions ofOPE and maintaining the laser excitation intensity

order rate constant on the ground state, the bimolecular
guenching constant oOPE-1 and OPE-2 in toluene were
estimated as-6 x 10’ M1 s, These values are low compared

at which a saturation in the transient absorbance is achievedto the bimolecular quenching constant for molecules such as

(the absorbance at the excitation wavelength was kept at 0.02)
The extinction coefficient values determined by the total
depletion method were 47 600 Mcm™! for OPE-1and 31 000
M~1 cm™! for OPE-2 (Table 2).

The quantum vyield of the triplet formation in toluene for
OPE-1 andOPE-2 was determined using 1-pyrenecarboxalde-

Cs0.*2 Based on these observations we conclude that the decay

of the triplet is not significantly influenced by the ground-state
molecules at low €10 «M) concentrations. However, it could
be a major contributor in films where the local concentration
of the dye is expected to be higher (e.g. in solid films). In cases
where OPE units are used as bridging units, unintended



5646 J. Phys. Chem. A, Vol. 110, No. 17, 2006 Sudeep et al.

0.02

o4 -

o ge
0.01 % 0.2} f 2
5 l d 0026 40 60 80 100
a Time, pS
000k . . . . ., 0.0 et e —
0 100 200 300 400 0 100 200 300 400
Time, uS Time, puS

Figure 5. (A) Ground-state concentration dependenc®PBfE-1 on the triplet decay at 520 nm in argon-saturated toluene solution. Concentration

of OPE-1varied as (a) 2.5, (b) 5, (c) 10, (d) 20, and (e)/40. (B) Laser-power dependence on the absorption-time profilé3RE-1 (7.5 uM)

at 520 nm obtained by 355-nm laser flash photolysis in argon saturated toluene. The power of the laser varied from (a) 0.2, (b) 1, (c) 3, (d) 5.0,
(e) 7.5, and (f) 10 mJ/pulse. Inset shows second-order fitting of the decay process at higher excitation intensity.
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Figure 6. (A) Fluorescence quenching @PE-1 by BQ at concentration levels of (a) 0, (b) 3.3, (c) 6.6, (d) 9.9, (e) 13.2, and (f) 16.5 mM in
acetonitrile Aex = 375 nm. (Optical density at 375 nm kept as 0.1.) Inset shows the modified-Stemmer fit (expression 5) for the fluorescence
guenching data. (B) Dependence of pseudo-first-order decay rate constant of tripleEef on benzoquinone concentration.

excitation may influence the course of electron transfer. of the attached moieties. Cyclic voltammetric experiments
However, if an ultrafast process such as charge injection into carried out in acetonitrile indicate an oxidation potential of 1.1
the semiconductor particle competes, the influence of the self-and 1.2 V versus SCE foDPE-1 and OPE-2, respectively
quenching process is likely to be less significant during the (Figure S1 in Supporting Information). These values are in
deactivation of the excited state. agreement with the oxidation potential values (0181 V vs

The triplet lifetime was also sensitive to the initial triplet SCE) reported for a series of terthiophene end-capped poly-
concentration. The triplet lifetime decreased as we increased(arylene ethynelene}$Comparison of these oxidation potentials
the intensity of the excitation laser pulse. Figure 5B shows the suggests that the end groups can play an important role in
decay profiles of théOPE1* at different laser intensities. At modulating the hole trapping capability of the phenyleneethylene
low excitation intensity, the triplet decays via a first-order molecules. BothOPE-1 and OPE-2 are quite resistant to
process, but as the initial triplet concentration increases, areduction and exhibit relatively large reduction potentials. The
second-order process dominates. At triplet OPE concentrationsreduction potentials for these two compoundsare2.0 V vs
of 5 uM or greater, the majority of the decay is dominated by SCE (Figure S2 in Supporting Information).

Fhe sgcond-order%‘l’ annihilgtion process (reaction 3). The We characterized the oxidation of OPE by initiating electron
inset in Figure 5B shows the linear dependence aiAlversus transfer with benzoquinone (BQ) in a polar solvent such as

time confirming the simple second-order decay involving the  5ceonitrile using laser excitation. Quinone molecules often serve
same species (reaction 3). The bimolecular rate constatsy}2 as good electron acceptors for excited chromophores. Both

as determined from the slope and initial concentration of the _; : . :
- 3 singlet and triplet excited states of two OPEs are readily
- - 1 X .
triplet OPE-1 and OPE-2 were 2x 10° and 1.6x 10° M ] quenched in the presence of benzoguinone.

s™1, respectively. Despite the high excitation intensity we di
not observe any long-lived products indicating the absence of
irreversible degradation pathways.

Electron-Transfer Interactions in the Excited State. In-
teractions of the excited OPE with electron donors and acceptors The interactions between the singlet excited OPE and BQ
are another important aspect that can shed light onto thewere monitored from fluorescence measurements. The fluores-
photochemical behavior of these molecular linkers. An OPE cence spectra dPE-1recorded at different concentrations of
class of linker molecules is capable of transporting electrons BQ are shown in Figure 6A. The Steriolmer plot of |4/l
across the acceptor and donor moieties. It is assumed that ther@gainst the quencher concentration yields a nonlinear curve.
is no chemical change associated with the linker molecules in These results suggest that both static and dynamic quenching
such systems since the excitation is mainly centered around oneprocesses are involved in the deactivatiorO#E-1.

'OPE*+ BQ— OPE™ + BQ"™ (4)
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Figure 7. (A) Transient absorption spectra@PE-1 (10 «M) in the (a) absenceX) and (b) presencd® of benzoquinone (100M) in acetonitrile.
The spectra were recorded 26 after the laser pulse excitation. (B) Absorption-time profilé®O$fE-1 recorded at 375 nm in the presence of BQ.

The quenching constant for the diffusion-controlled process state ofOPE-1 is the only species formed when subjected to

(kg) was determined from the modified Steriolmer expres- laser pulse excitation. In the presence of BQ, the difference
sion 5. absorption spectrum recorded immediately after laser pulse
excitation matches the spectrum ¥DPE-1*. The spectrum
lo/l = 1+ (K + ky7o)[Q] + Kk, [Q)? (5) recorded 2Qus after the laser pulse excitation exhibits two broad

peaks, one around 450 nm and the other around 490 nm. In

lo andl represent the fluorescence intensities in the absenceaddition we also observe bleaching at 375 nm. The transient
and presence of BQ, respectively, [Q] is the quencher concen-absorption band at 450 nm corresponds to the absorption of
tration, 7; is the fluorescence lifetime of OPE in the absence of the BQ radical anioA3and the bleaching at 375 nm corresponds
BQ., kq is the diffusional quenching constant, aikdepresents  to the ground-state recovery GPE-1. We attribute the 490
the equilibrium constant for the formation of complex between nm absorption and the broad absorption in the near-IR to the
phenyleneethynylenes and benzoquinones. The expression Bormation of the cation radical dDPE-1.
which accounts for both static and diffusion-controlled processes  Two distinct steps in the recovery of 375 nm can be seen in
is illustrated in detail in the Supporting Information. The the absorptiortime profile presented in Figure 7B. The initial
diffusional quenching constants f@PE-1 and OPE-2 esti- fast recovery matches the triplet decay3afPE1*, and the
mated from this analysis were 5:310% and 8.4x 100 M1 slower recovery represents the recombination of electron-transfer
s™1, respectively. products (reaction 8).

We also probed the interaction of BQ with the triplet excited
OPEs. The decay of the triplet absorption at different concentra- OPE™ + BQ  —OPE+ BQ (8)
tions of BQ was followed at their corresponding absorption o o
maximum. We observed only a diffusion-controlled quenching ~ Pulse Radiolytic Oxidation of Phenyleneethynylenesulse
of the triplet excited OPE by BQ. (It is assumed that the radiolysis has been found.to pe a.con.venlent method to probe
associated complex of OPE-BQ does not produce any triplet as'_[he formation and _recomblnatlon k|r_1et|cs of charges generated
rapid quenching dominates in the singlet excited state. The in poly(phenylenevinylen&)and terthiophene end-capped poly-
uncomplexed fraction of OPE produces triplet excited state at (arylene ethynelenejs These studies enable the determination
the end of the pulse.) The pseudo-first-order decay of the triplet of the mpb|||ty of holes as well as the chayactgnzanon pf cations
excited state was monitored at different concentrations of BQ. @nd anions. We performed pulse radiolysis experiments in
The bimolecular quenching rate constaky) (vas determined methylene chlorldt_e to f_urther esta_lbllsh the oxidative properties
from the dependence of the pseudo-first-order rate constant on®f OPEs. The radiolysis of chlorinated hydrocarbons such as

the BQ concentration (expression 6). methylene chloride produces an oxidizing radical such as RCI
which in the presence of oxygen forms an oxidizing species,
Kops= 1/t7 + ki[Q] (6) RCIOO. These species are quite stable in the submillisecond

time scale and are capable of undergoing charge transfer with
kobs is the observed rate constant in the presence of quencheran added substrate (reaction 9).
[Q] is the quencher concentration, angis the lifetime of the
triplet excited state in the absence of the quencher. The RCIOO + OPE— RCIOO + OPE* (9)

bimolecular quenching rate constants estimated from the slope ) ) ) )
of the plot in Figure 6B were 1.k 101° M~1 s and 1.3x The transient absorption spectra of the radical cation of two

1010 M~1 s for OPE-1 and OPE-2, respectively. phenyleneethynylene®PE-1andOPE-2, recorded following

If the excited-state quenching process proceeds via photoin-th€ pulse radiolysis of ©saturated methylene chloride are
duced electron transfer, we should be able to observe the eIectror?hf"’Vn in Figure 8. The difference absorption spectru@®E-
transfer products, namely the radical cationQ#?E-1 and the 1" exhibits split bands at 470 and 510 nm (trace a). In the

radical anion of BQ using nanosecond laser flash photolysis c@S€ 0fOPE-2 (trace b), the bands are red shifted to 520 and
(reaction 7). 570 nm. The red shift in the absorption with a longer oligomer

is similar to the absorption shift observed with ground-state and
SOPE*+ BQ— OPE™ + BQ~ 7) e_X(_:ited-stat_e absorption ba_mds. Earlier studies have reported
visible and infrared absorption bands for the terthiophene end-
The transient absorption spectra recorded after 355 nm lasercapped poly(arylene ethynelenéjg? The visible band in the
excitation of OPE-1 in deoxygenated solution of acetonitrile  550—-600 nm region is characteristic of a cation radical of an
are shown in Figure 7. In the absence of BQ, the triplet excited ethynelene based oligomer or polymeric based molecules and
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0.008 significant yields £0.4) of triplet excited state. We have
confirmed the presence of the triplet excited state by character-
izing a long-lived transient that is capable of transferring energy
to an acceptor. Furthermore the long-lived triplet is reactive and
undergoes one-electron oxidation with molecules such as
benzoquinone. Because of the tail absorption of the phenyle-
neethynylene oligomer band in the visible, one can anticipate
formation of triplet excited states during the visible excitation
of the light harvesting assemblies that contain similar linker
L : ! molecules. Hence caution should be taken while interpreting
400 500 600 700 800 the results of the electron transfer/transport processes in systems
Wavelength, nm .

that employ phenyleneethynylene as linker molecules. The
Figure 8. Transient absorption spectra of pulse radiolytically generated aycited-state interactions such as self-quenching ard T
cations of (aJOPE-1and (b)OPE-2in methylene chloride. The spectra o inilation processes also play an important role in the
were recorded following the pulse radiolysis of €aturated CkCl;, d | t of polvoh | thvnvl b d liaht itti
solution containing~0.1 mM of phenyleneethynylenes. ev_e opment o po'yp. enylenee _yny enei ased light emrtling

devices. A longer lifetime of the triplet excited state makes the

represents the hole trapping properties of the phenylenethynelend/€ViCe performance sensitive to the physical and chemical
class of molecules. properties of the surrounding media and significantly affects

It is interesting to note that the absorption peak at 500 nm the Iong-ter_m stability® The _excited-state properties presente_d
matches with the long time absorption of OPEeen in the should provide a further basis for the fundamental understanding

case of photochemical oxidation of OPE (Figure 7A). The small of the.phenyleneethynylene °"9F’m,er linker mol.ecules and the
difference in the position of the absorption maximurL0 nm) photqlnduceq plectron transfer in light harvesting assemblies
is attributed to the difference in the solvent polarity. The ease 2nd light emitting devices.

of cation radical formation in the photochemical and radiolytic
studies indicates the ability of phenylenethynelenes in capturing
the positive charge (or ‘holes”) and thus promotes the propaga-
tion of charges along the molecular chain.

Excited Interaction with an Electron Donor, N,N-Dim-
ethylaniline. As observed in our electrochemical studies, OPEs
are difficult to reducefeq < —2.0 V). ForOPE-1the reduction
potential of singlet excited-state amounts to 0.96 V vs SCE (The
value is obtained fronk,e.q andEs values.). The electron donor
such as\,N-dimethylaniline with its oxidation potential (0.78
V vs SCEJ® is capable of undergoing electron transfer with
singlet excitedDPE-1. We have separately carried out quench-
ing experiments with both the OPEs. The emission of both of
these compounds is efficiently quenched\hi-dimethylaniline
(DMA). The quenching rate constants for bo®PE-1 and (1) Breen, C. A;; Tischler, J. R.; Bulovic, V.; Swager, T. Atlv. Mater.
OPE-2as estimated from SterVolmer plot were 1.24< 100 2005 17, 1981.

and 2.0x 1010M 15, respectively (see Figures S3 and S4 in 5 15529)7.Breen, C. A; Rifai, S.; Bulovic, V.; Swager, T. Nlano Lett2005

0.006
0.004
0.002

0.000
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