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Abstract: Molecular oxygen forms a reversible charge transfer complex (CTC) with poly(3-alkylthiophenes). The
complex is weakly bound but possesses a distinct absorption band in the visible region. The electronic properties
of the neutral polymer are modulated by the CTC. The extent of modulation of these properties is proportional to
oxygen pressure and is fully reversible. Analysis of poly(3-hexylthiophene) field effect transistors under increasing
pressures of oxygen shows that the carrier concentration increases, conductivity increases, and the charge carrier
mobility is lowered by the formation of the charge transfer complex. The CTC manifests itself as a fluorescence
guencher of mobile polaronic excitons, and it explains why oxygen quenches luminescence with much greater efficiency
than predicted by a collisional quenching model. Implications of the charge transfer complex on the photochemistry
of poly(3-alkylthiophenes) and photosensitization of singlet oxygen are discussed.

Introduction

s 14 Much higher mobilities have been measured for carefully
controlled samples and oligomeérdn studies of luminescence

m-Conjugated polymers have received considerable attentiongng electronic properties ambiguities exist which point to a

because of their high conductivity in the partially oxidized form,

specific interaction between oxygen and the polyfneFor

and because of their semiconducting and luminescence properexample, oxygen quenches fluorescence with greater efficiency

ties in the neutral form. Of this class of polymer, the

than predicted by collisional quenching alone, and studies of

polythiophenes have been intensively studied due to their electronic properties generally indicate an increase in conductiv-

favorable processability and relative stabifityzurthermore, the

“band gap energy” of the polymer can be tuned at the molecular

level by introduction of sterically-hindered sites or by deriva-
tization with electron-withdrawing or electron-donating sub-
stituents!42 By chemical modification of the polymers, the

ity of polythiophene films in the presence of oxygen.

It is well-known that association of a molecule of low
ionization potential (an electron donor, D) with a molecule of
relatively high electron affinity (an electron acceptor, A) can
lead to a weakly bound doneracceptor complex or charge

wavelength and efficiency of photoluminescence and electro- transfer complex (CTC) (eq I).Upon association, the physical
luminescence can be tuned. Quantum yields of photolumines-properties of the donor and acceptor are perturbed and new
cence are relatively low for these materials, particularly in the properties arise.

solid state, due to a combination of inter- and intramolecular

nonradiative decay mechanistsln addition, the material’s
field effect conductivity has provided an impetus for studying

D+A=[D°"A%] (1)
In order to explain some of the phenomena observed in

polymer-based field effect transistors. The polymers exhibit polythiophenes and conjugated polymers in general, we inves-

hole mobilities typically in the order of T8—1075 cn? V1
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tigated the existence of a charge transfer complex (CTC)
between poly(3-hexylthiophene) and,.O The complex is

studied by using absorption, luminescence, electron paramag-
hetic resonance spectroscopies, and field effect conductivity.

Experimental Section

Polymer Synthesis and Purification. Polymerization of 3-hexyl-
thiophene was achieved by chemical oxidative couglinghe solid
product was filtered and washed successively with ammonia solution
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In-going Compartment _ Dy |2
Q=—"1t—an (2)
| 6D,
ThermocouPle Pressure where | is the film thickness,t is time, andc; is the permeant
Gauge ~| ;l L Gauge ’ » andc P

concentration where in the high pressure side of the membragés
the diffusion coefficient of the gas in the membrane. The solubility of
gases in polymer films is assumed to follow Henry’s law (eq 3)

c=S§p, 3)

wherec is the concentration of gas in the polymer filpg,is the partial
pressure of the gas at the ggmlymer interface, an§, is the solubility
coefficient. The relationship betwe&pand the permeation coefficient,

o ©

P, is given by
. . P=D 4
== | Pirani o “)
— GauQe so that eq 2 becomes
Out-going Compartment PR °
Figure 1. Schematic diagram of the time-lag diffusion cell. Q= Tg t— 0. (5)
g

(28%), water, and acidified methanol. The crude polymer was dissolved The jinear portion of a plot o) against timet is proportional toP,
in hot dichloromethane, and insoluble products were removed by 54 through egs 4 and 5, the concentration, while the intercept

filtration. The precipitate was filtered and dried under reduced pressure extrapolated td = O provides the time lag (see Figure 4), defined
at 50°C. The sample was purified further by soxhlet extraction with by eq 61
methanol (2 days) and acetone (5 days). The polymer was purified

further by treating a solution of the polymer in CH®ith ammonia 12
solution (28%). The number average molecular weight of the polymer, 0= 6D (6)
My, was 8500, and the molecular weight distribution (MWD) w&& 9

The ratio of head-to-tail:head-to-head dyads was 80:20 as determined
by IH NMR. AmaxWas 435 nm for polymer solutions (CH{hAnd 518

nm for polymer films. The iron content was determined by standard
acid digestion procedures followed by atomic absorption spectroScopy.
The polymer contained 0.05 wt % (0.15 mol %) iron impurities.

Fabrication of Devices. Silicon was chosen as the support substrate
for the fabrication of polymer devices because it can be heavily doped
to form a gate electrode and thermally oxidized to yield a silicon oxide
insulating layer. The Si substrate plays active role in the device
operation. Two interdigitated structures of gold were deposited

U\t/—ws Spectrgsgopy ?:nd 'I-E‘im'”estce”ﬁet St“td'rfg‘l'%\ét_v'j photolithographically on top of the insulator and used as source and
Spectra were recorded on a Lary E1 Spectrophotometerat. zsteady drain. The polymer semiconductor layer was cast on the structure from

state luminescence was measured on a LS-100 spectroﬂuorometerdegasseol polymer solutions under oxygen-freeahd placed in an
(Photon Technology International Inc.) Po_Iymers film&204m) were integrated circuit carrier sealed inside an air-tight compartment. Details
cast onto quartz substrates from Ckl€blutions. Oxygen-free films of the procedure are given elsewhété. Vacuum or oxygen were

were obtained from degassed polymer solutions (fregzenp—thaw : : : i
method) by casting under an oxygen-freg &imosphere. For UV zgﬁlllrﬁgr_?:sE;equlred. Figure 2 shows a schematic diagram of the

vis absorption measurements the films were enclosed in an air-tight Current-voltage characteristics of polymer-FETs were measured

stainless steel cell and vacuum pumped for several days to reMOVe, ith a semiconductor parameter analyzer HP4145 and a Bausch and

residual oxygen. For luminescence studies, oxygen-free films were Lomb wafer probing station. The drain-source curreigh, was
placed in a quartz cell under oxygen-free Mq vacuum pum_ped for measured as a function of the drain-source voltags, to oE)serve
several days. The effect of oxygen was SIUd'e.d by introducing OXY9EN CET jike characteristics, while plots &fs versusgate-source voltage,
under Coer”e.d pressure. The. optical density (.)f polymer solutions Vgs, Were constructed to determine the gate bias modulation of the
was <0.1 at t.he" absor.ptlon maxima. Quantum yields of fluorescence FET conductive channel. The total current of a polymer-FET was
were determ_med by using 9,10-diphenylanthracesénpxane)= O_‘5_4] separated into two components: channel currkptgnd bulk current
and rhodamine By (ethanol)= 0.69)] as standard8. For determining (lek). With use of established metabxide—field effect transistor

. P o 2
quantum yields of thin films, 9,10-diphenylanthracenel¢™* M) in (MOSFET) currentvoltage relationships, the channel current can be
poly(methyl methacrylate)y = 0.83) was used as standard. Quantum formulated as

yields of films are quoteih vacug while solutions were purged with
Ox-free nitrogen. W, 1\/ 5
Solubility of Oxygen. The apparatus employed for the determina- len= #Coxf{ (Ves = V)Vos — 5VDs } (7)
tion of oxygen permeability and concentration is illustrated in Figure
1. The diffusion cell is composed of ingoing and outgoing compart- for linear operation modes, wheteandW are channel length and width,
ments. Free-standing polymers films30«m thick) were supported respectivelyVr is the threshold voltage is the carrier mobility; and
by a fine copper gauze. The two halves of the assembly were sealedC,, is the capacitance of the oxide layer. The bulk current can be
between Teflon rings. The pressure of the low- and high-pressure represented as
compartments was measured by various pressure gauges to an accuracy
of 1% of decade. Oxygen was introduced into one-half of the degassed
cell at a pressure of 760 Torr. Permeation of the gas through the
membrane was monitored by measuring the change in pressure in the
outgoing compartment with time. At steady state, the amount of Wherel is the polymer layer thickness.

w
Iy = 0 Vps ®)

permeant passing through a polymer fil@, is given by In our analysis ofps — Vps responses, three assumptions are made:
(1) The current at zero gate bias is considered to be the Ohmic current
(8) Sugimoto, R.; Takeda, S.; Gu, H. B.; Yoshino, ®hem Express that flows through polymer substrate. The channel current below the
1986 1, 635.
(9) Abdou, M. S. A.; Holdcroft, SMacromolecules1993 26, 2954. (11) (a) Barrer, R. M.Trans Faraday Soc 1939 35, 628. (b) van-

(10) Guilbault, G. G., EdPractical Fluorescence2nd ed.; Marcel Dekker Amerongen, G. 1. Appl. Phys 1946 17, 972. (c) Meares, R. Am Chem
Inc.: New York, 1990. Soc 1954 76, 3415.
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heavily doped Si Figure 3. UV —vis absorption difference spectra of a P3HT thin film

(20 um) in contact with oxygen (10 atm) and under oxygen-free N

Figure 2. Schematic representation of the polymetetal-insulator .
g P poly Reference, @free film.

field effect transistor.

80
threshold voltage is negligible compared with the bulk region current.

(2) Bulk current at positive gate biases is equal to that at zero gate

bias. The accumulation layer thickness is comparatively much smaller “’5

than the polymer bulk thickness, therefore the bulk region thickness 5

does not show a considerable change upon formation of an accumulation T

layer. (3) Mobility is considered only to be a weak function of gate BE:

bias, especially in the low-voltage range (0480 V). Based on these <

above assumptions and equations, the bulk conductivity can be

determined fromps — Vps at zero bias. The bulk current is subtracted 0 T . . : :

from currents at negative biases to determine the FET-like channel 0 2 4 6 8 10 12

currents. Mobilities are determined by using conventional MOS Time(min)

parameter extraction methods. Figure 4. Pressuretime relationship for oxygen diffusing through a
30-um film of P3HT under 760 mmHg oxygen pressure. Temperature

Results is 298 K.

UV —vis Spectroscopy. The energy associated with excita-

. 27« directly proportional to the pressure of oxygen within the range
tion of a charge transfer complex is given by Y prop P Y9 9

0.0—10 atm, is strong evidence for a charge transfer complex
E.=IP, — EA, — W ) between molecular oxygen and pon(S-hexy!thiophene).

For a donor molecule in large excess with respect to the
acceptor, the optical density of the CTC is related to the
concentration of the acceptor and donor through the Benesi
Hildebrand relatiort> For a polymer film this can be written

where IRy and EAy are the ionization potential of the donor
and the electron affinity of the acceptor, respectivél.is the
Coulombic attraction energy of the compl¥x.E. can be
estimated with reasonable accuracy with use of the following &S
empirical relation:3

P dal _ 1, 1

= 1)
E(eV)=E>, — E},+ 0.15 :0.10) (10) ODcre et Kifero

whered is the film thickness (i.e., the optical path lengtky,
represents the mole fraction of donor, and [A] is the concentra-
tion of the acceptor. OBrc andecs are the optical density and
the effective extinction coefficient of the compleXy is the
equilibrium constant of the complex based on mole fractions
of the constituent species. A Beneslildebrand plot ofd[A)/
ODcrc versus I should lead to estimates efi; andKy, but
this first requires estimations of the donor and acceptor
concentrations. The acceptor concentration, the dissolved
oxygen concentration, in the polymer film was measured
indirectly via the measurement of oxygen diffusion as described
ﬁ'n the Experimental Section.

Solubility and Diffusion Coefficient of Oxygen. Figure 4
shows the pressurdime relationship for oxygen diffusing

rough a film of P3HT under 760 mmHg oxygen pressure.

rom the time lag,0, the diffusion coefficient,D, was
determined according to eq 6. The value for the diffusion of
O, in P3HT films was estimated to be 12 1078 cm?-s™

ED, andE}), represent the half-wave electrochemical potentials
of the donor and acceptor, respectively. The 0.10-eV error is
a result of uncertainty in the solvation energy of the complex.
The lowest energy for the P3HIO, complex was estimated

to be~1.9 4+ 0.1 eV (6484 33 nm) by using measurds,
values 0f—0.82 and~0.94vs SCE in CHCN/TEAP for oxygen
and poly(3-hexylthiophene), respectivéfy.

In order to detect this absorption, films of P3HT were
subjected to variable pressures of oxygen and the visible
spectrum recordeth situ. Films of P3HT possess a broad
absorption spectrum with a maximum absorption-&tLl8 nm
and an absorption tail that extends to 675 nm. The presence o
oxygen was found to perturb the optical density of the absorption
tail of P3HT. The difference spectra of the polymer in the
presence and absence of oxygen shows a structureless band
~630 nm (Figure 3). The proximity of this band to the predicted
value for the CTC, as well as the fact that the absorbance was

(12) weller, A. In The Exciplex Gordon, M., Ware, W. R., Eds.;  The slope of the linear portion provides a measure of the
Academic Press: New York, 1975.

(13) (a) Rehm, D.; Weller, AZ. Phys Chem 197Q 69, 183. (b) Rehm, (15) (a) Benesi, H. A.; Hildebrand. Am Chem Soc 1949 71, 2703.
D. Z. Naturforsch 197Q 253 1442. (b) Orgel, L. E.; Mulliken, R. SJ. Am Chem Soc 1957, 79, 4839. (c)

(14) Measured in 0.1 M tetraethylammonium perchlorate/acetonitrile by Mulliken, R. S.; Person, W. BMiolecular Complexes/Niley: New York,
cyclic voltammetry. 1969.
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1.60x1072 the chance interaction of oxygen perturbs the&onjugated
segment of poly(3-hexylthiophene) to form a CTC. The
] intensity of the lowest energy transition of this complex is
o 1-50x10° largely borrowed from the allowed singtet-* of the polymer.
D'G . . The energetics of CTC formation was estimated through
g 1.40x10° 1 determination of free energy change and binding energy of
< molecular association froG° = —RTIn K andAG® = AH°
© — TAS. The standard free energy changeéx() for formation
1.30x10°2 1 . of P3HT-O, CTC was determined to bel.9 kJ/mol at 298 K.
CTC's typically exhibitAS’ values in the range of8 to —14
3 cal deg?® mol~1° and —10 cal deg! mol-! was taken as a
1.20x10 o s 104 106 108 110 1.2 reasonable estimate &fS° for CTC formation. Accordingly,
the binding energyAH°) of the P3HFO, CTC was estimated
1/% to be —10.6 kJ/mol (0.11 eV).
Figure 5. Benesi-Hildebrand plot for the P3HD, complex. The €eff, an effective extinction coefficient of the complex, is
pressure of oxygen was varied from 0 to 10 atm. expressed below and is the sum of the extinction coefficient of

the 1:1 CTC and that due to the “contact” comporiéhit.
permeation coefficient. The permeation coefficidnt,of O,
in P3HT films was estimated to be 3,4 1071 cn¥? sL —
Accordingly, solubility of oxygen in P3ATs was determined to €n =€+ O€oa (13)
be 0.22 v/v at standard temperature and pressure (STP). This eft—~cre Ke
solubility coefficient was used to determine the concentration
of oxygen in the polymer at various oxygen pressures according o is the number of contact sites of the donor around the acceptor,
toeq3. _ ) andep, is the extinction coefficient of the “contact” CT@.
Equilibrium Constant and Energetics. The concentration  \5jues of 45 have been previously estimated for iodine

of the donor in the film, [Dim, can only be estimated by  penzene complexes in soluti#i. From the restricted geometry

cons_|der|ng the minimum number of conjugated thienyl rings o solig polymers we anticipate to be less than this value.

required to form a detectable CTC. We postulate that the For low equilibrium constantsecrc = — 5o that the
- DA

g];ﬂﬁlilgnosgzr?ﬁ%/egrzzti\c,)vgg Vll?tﬂg;%c;?ggﬁﬂogﬁlg:?gr]ls t\iqlsm due relatively large value foee is certainly indicative of a contact
to the lower ionization potential of the foer?er We ngte that charge transfer complex in concordance with Mulliken’s theory
P ' of molecular complexe¥°

e goer L seery, s il sheralon TS EPR. EPR spectof P were obtaned under reduced
9 1ug polymer. pressure (4 mmHg) in air and 1 atm of.OAnalysis of the

If we tentapvely assume the donpr unit as being representeddata indicates that introduction of oxygen gives rise to a small

by a sexithienyl segment then [§] is calculated to be 1.09 M . in the EPR sianal. The d h iol

(assuming a density of 1.1 g/ét® increase in the signal. e data show a reversible
’ interaction between £and P3HT.

Given these estimations of oxygen solubility and donor , . .
concentratione. andKy are thus calculated to be800 M At 1. at”? of oxygen, the polymer's EPR. signal exhibits a
cm~land 0.72, respectively, from the linear Benedildebrand Gaussian line shape with a peak-to-peak width of 6.00 G and a
plot shown in Figure 5. It is noteworthy that the evaluation of %\’:?g&ig dZ.OrgiiLJreSIa”Er}r:nwE: R; rﬁ}?'igﬂg?gi”ﬁ%gg \‘;’\‘/';é
Kx, unlike eef, is independent of the concentration of dissolved found to de(F:)rease 0 557 GgWhiIe tﬁe g-vaIEe increased to
oxygen used in the calculatioR! K, can be readily converted 2.0039. The concentrations of spins were determined from

to a concentration-based constay, since in the absen&a of integrals of the EPR signals. Under vacuum, the polymer was

solvent, and where the donor is in large excé&s= K,Vp, found to contain 5.4« 107 spins/g (~4.9 x 107 spins/crd).
whereVp, (0.91 M) is the molar volume of the donor, based  |ntroduction of oxygen at a pressure ofl atm resulted in an
on the sexithienyl segmenK. was calculated to be 0.47 M increase in the spin density to 7x110'8 spins/g (6.4 x 108
From the relationship spins/cnd), which is consistent with the value ofs3 108 spins/
cm?® obtained for the CTC concentration at 1 atm gfeStimated
[CTC] (12) by using the equilibrium constatc.

Ke= (D] — [CTC])([A] — [CTC)) The observed increase in intensity of the polymer's EPR
absorption in the presence of oxygen is indicative of the ionic
the concentration of the CTC was calculated to-de3 x 1073 character of the P3HD, CTC, i.e., P3HT and @contain

M when films are exposed to ambient &fr.From this we unpaired electron®. The g-value g = 2.0023) is typical of
conclude that~1% of thesz-conjugated segments ane30% free electrons, indicating that the electrons are delocalized on
of solubilized oxygen molecules form a charge transfer complex the polymer backbones. The oxygen radical anions, @ive
upon exposure to air. The low equilibrium constant for charge broad absorption lines that are not resolved at atmospheric
transfer complex formation is indicative of a weak molecular pressurél The P3HFO, CTC can thus be represented as
complex. These have been coined by Mulliken as “contact shown in Figure 6.

charge transfer complexes” and arise from statistical collisions  Electronic Properties. A charge transfer complex between
between donor and acceptor molecdRed8 In the present case, the polymer and @might facilitate the generation of charge

(16) van der Leur, R. H. M.; de Ruiter, BBynth Met 1991 44, 327. (19) (a) Tamres, M.; Strong, R. IContact Charge-Transfer Spectra, in
(17) If the concentration of the donor was estimated based on an octamerMolecular Associationg-oster, R., Ed.; Academic Press: New York, 1974,
or tetramer, then [CTC] was calculated to bd.7 x 10-3 and 0.86x p 331. (b) Lotfi, M.; Roberts, R. M. GTetrahedron1979 35, 2123.
1073 M, respectively. (20) Andrews, L. J.; Keefer, R. MMolecular Complexes in Organic
(18) (a) Tsubomura, H.; Mulliken, R. S. Am Chem Soc 196Q 82, Chemistry Holden-Day Inc.: San Francisco, CA, 1964.

5966. (b) Lim, E. C.; Kowalski, V. LJ. Chem Phys 1962 36, 1729. (21) Beringer, R.; Castle, J. ®hys Rev. 1951, 81, 82.
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Figure 8. Effect of oxygen pressure on the charge carrier mobility
and conductivity of P3HT films.

1.5e-5
1.0, . Vacuum -
Figure 6. (Top) Representation of the poly(3-alkylthiophenrexygen L2e3 _
charge t_ransfer complex. (Bottom) EPR spectra of P3AT: (a) in air = 9066
and (b) in vacuum. £ |
0.05 gé.om .
o0als T E 1006
i 15 i ]
—_ o -10 1
§_-0.03 jv -5 0.0e+0 — T T I82) VIOIO *120
= 0 20 40 60
- -0.02 i Time (min)
-0.01 F Nitrogen Figure 9. Time response for change in conductivity of P3HT thin
0.00 . . . . films upon application and removal of.0 p(O;) = 10 atm.
o -5 -10 -15 -20 -25 -30 -35 _ . _
Vs (V) pressures, the carrier concentration at the polymer/insulator
surface is sufficiently large that surface scattering of carriers
-0.50 occurs and mobility decreases. The conductivity of the films
e Vgg=-25V (o = neu) increases linearly with low oxygen pressure X4
04017 8 1078 S/cmin vacug, 4 x 107 S/cm atp(O,) = 0.2 atm, and
< 030k 2 x 1078 S/cm atp(O,) = 1 (atm) and nonlinearly with higher
5%: r pressures due to scattering effects. The observation that the
= -0.201 mobility decreases with increasing carrier concentration is
-0.101 Oxygen similar to that observed for P3AT thin-film transistors in the
0.00 L : . . X presence of_ increasing concentrations of impurfieand
0 -5 -10 -15 20 -25 -30 -35 consistent with most inorganic semiconductors, but it is in
Vgs (V) contradiction with general observations that carrier mobility in

) o . conjugated polymers increases with the degree of doffing.
Figure 7. Ios—Vps characteristics of polymer-FETSs in the absence and (o\ever, it should be recognized that the latter studies usually
presence (10 atm) ofO utilize counterions which help delocalize and stabilize the
carriers upon application of an electric field across polymer positive charge carriers on the polymer. In the case ofu@l
films. In order to evaluate this, thin film field effect transistors impurity doping? the counterions are far from ideal, and it can
(FETs) incorporatingz-conjugated polymers were used to be argued that this results in a more localized charge distortion
characterize electrical parameters of the materials in the presenc@&nd a more effective scattering center.
and absence of oxygen. These microelectronic structures are The change in conductivity upon contact with oxygen is also
particularly useful since charge generation and charge migrationindicated in Figure 9. This plot indicates the time response of
processes can be separated, and information on charge carriethe film upon application of oxygen or vacuum. We associate
concentration, charge mobility, and conductivity extracted. the long equilibration time with slow diffusion of oxygen into
Several reports have indicated that polythiophene-based FETghe bulk polymer. It must be borne in mind that thin films of
are sensitive to the presence of oxydéh® Here we correlate ~ P3HT are semicrystalline, and this will serve to retard diffusion.

electrical parameters of devices with the P3HI, charge In the case of oligothiophenes, it was shown that the change in
transfer complexes by studying P3HT-FETs under different conductivity upon exposure to oxygen took several days to reach
pressures of oxygen @0 atm). equilibrium?* This is presumably the result of the larger degree

Figure 7 shows FET characteristics under vacuum and underof crystallinity associated with oligothiophenes and the ex-
10 atm of oxygen. In the absence of oxygen, a typical FET- tremely slow rate of oxygen diffusion in these films. In addition
like response is observed, i.e., clear saturation currents whichto providing valuable information on the interactions between
are proportional to the gate bias. In the presence of oxygen,conjugated polymers and oxygen, these FETs are attractive as
the current |r_1creases"by an 9rder of magnitude and the curves (22) Abdou, M. S. A.: Lu, X.: Xie, Z. W.. Orfino, M. J.: Deen, Holdcroft,
take on considerable “Ohmic” behavior. Thése/ curves are S. Chem Mater. 1995 7, 631.
fully reversible upon the removal or addition of oxygen. The (23) Yoshino, K.; Takahashi, H.; Muro, K.; Ohmori, ¥. Appl. Phys

i i . ; 1991, 7, 5035.
Ca.mer mObIIItY Qecreases W.Ith In.Cr(._:‘aS.mg oxygen pressgre (24) Véaerlein, C.; Ziegler, B.; Gebauer, W.; Neureiter, Stoldt, M.;
(Figure 8). This inverse relationship indicates that the carrier weaver, M. S.; Baerle, Sokolowski, M.; Bradley, D. D. C.; Umbach, E.
concentration is increasing with pressure. Under high oxygen Synth Met 1996 76, 133.
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~100 — nm thick), luminescence quenching is as high as 25%. The
= —— Vacuum difference in quenching efficiency can be explained in terms
o 80 +- Oxygen (1atm)] of the fraction of the accumulation layer with respect to the

total film thickness. In the case of LB films, the charge density
was estimated to be less than one charge peihidphene rings,

8 which indicates that the number of quenching centers required
for effective luminescence quenching is relatively .

N oy
o O O

The polymer-O, CTC is present in a concentration ofxl
1073 M, which translates into a relative CTC to thiophene
monomer ratio of 1 to 6< 10* (i.e., 2 x 1075 mol % doping).
The degree of quenching observed for this charge concentration
is consistent with data from MIS structures. We also note that
energy migration of polaron excitons to quenching centers
should be facile, and will dominate the kinetics and efficiency
oxygen sensors since the sensing material can be spatiallyyt guenching since energy migration will be much more rapid
deposited with micron resolution by microlithographic tech- han physical diffusion of the charge transfer complex. The
nigues and can be easily integrated into microelectronic circuitry gitfusional length of excitons is determined by their rate of
as active cqmponents. For such applicgtions itwil! be necessarymigration and lifetime. Hayashi et al. have found that the
to substantially reduce the response time of devices. diffusion length of excitons in polythiophene films 26 nm

Intensity

L L

O L L L
550 600 650 700 750 800 850

Wavelength (nm)

Figure 10. Fluorescence spectra of P3HT filmyacuoand under @
(1 atm). Aex = 480 nm.

Fluorescence Quenching. Solutions and films of P3HT
fluoresce when ther—s* band is irradiated. For polymers
possessing~80:20 HT:HH dyad content quantum yields of

(70 thiophene rings) based on the modeling of luminescence
guenching using a 1-D migration of excitoH@whereas Bssler
et al., studying photoconduction in poly(3-alkylthiophenes), have

fluorescence are 0.14 and 0.002 for polymer solutions and concluded an exciton diffusion length of 60 nm (162 rin¥s).
polymer films, respectivel? In the presence of oxygen, The difference between the two values most likely reflects
quantum yields are 0.07 and 0.00017, respectively, i.e., solutionjnnerent differences between the two polymers. For a [CTC]
fluorescence is quenche_d by 50%, and film f_Iuorescence IS~ 1% 10°3 M, the charge transfer complexes are calculated to
quenched by 18%. This degree of quenching cannot bepaye g separation distance o2 nm (32 rings) on average,
explained by SteraVolmer collisional quenching theory for  paqeq on a simple 3-D lattice model. This distance of separation
the following reasons. According to the Steiviolmer relation, is not dissimilar to the diffusional length of the exciton

thbe ratio offthe intensity of Luml_nesce_nce w& t?e prEsei'nie and getermined by Hayashi and Bsler. Thus the CTC appears to
a s(e)nc;as OI oxylgep quencher 15 estlmateh "@m_h. be of sufficient concentration to effect the quenching of
Kgz[O2]. N solution, we can assume the quenching rate o, .iiaiion during its inherent lifetime.

constantkg, is diffusion controlled £10°° M1 s71),18 7 ~ 600
ps3 and [Q)somn ~ 0.01 M26 A Stern—Volmer analysis _ .
accounts for an upper limit of only 6% quenching in solution Discussion

in contrast to the 50% quenching experimentally observed. In .
the solid state, the lifetime of the excited singlet state is even | here is ample precedence of charge transfer complexes of

shorter €100 ps)* Taking [Os]sm as 0.015 M at 1 atm of oligo- qnd polythliophenes with-acceptors such as tetracyano-
O,, collisional quenching predicts a 0.3% quenching efficiency. qumodn_ngt_hané. Charge transferg bands are observed but
Experimentally, fluorescence is quenched by 18% by the conductivities are modest (10-107° s/cm). Exceptions are

presence of oxygen in sharp contrast to the predicted valuethe high conductivities ofi-sexithienyl-Keggin-type heteropoly-
(Figure 10). anions ¢ ~ 3 S/cm§2 and thiophene-fused tetracyanoquin-

i ~ 33
Clearly, oxygen quenches luminescence through a different odmethaneTTF comple>l<es ¢ ~ 5 Sicm): Qur _results.
mechanism than that of collisional quenching. A mechanism provide experimental _ewdence for a reversible interaction
involving quenching excitation through the P3HD, charge  Petween poly(3-alkylthiophenes) and oxygen to form a charge
transfer complex seems plausible. Indeed, several studies hav&@nsfer complex. While this CTC is inherently weak, and hence

shown that polaronic and bipolaronic charged states serve ac@n be considered largely a “contact” CTC, the steady state
centers for nonradiative deactivation of excited singlet states concentration of the CTC is sufficient to affect the luminescence,

in conjugated polymer&. Accumulation layers formed in thin ~ €léctroluminescence, and electronic properties of these polymers.
polymer films by application of voltage biases to metal In addition, .the CTC may be pivotal to the photochemlgtry of
insulator-semiconductor (MIS) structures have been shown to P3ATs. It is known that these polymers are susceptible to
quench photoluminescence of P3A2sFor thick films (50~ extensive photodegradation in the presence of oxygen. The
100 nm), photoluminescence is quenched in MIS structures by dominant reaction leading to degradation is photobleaching,
~5%. However, for LangmuirBlodgett (LB) films (10-20 which involves photosensitization, and reaction, of singlet

(25) Turro, N. J.Modern Molecular PhotochemistrBenjamin/Cum-
mings, CA, 1978.

(26) Stepen, H.; Stephen, T., E®plubility of Inorganic and Organic
CompoundsMacmillan Co.: New York, 1963; Vol 1, Part 2.

(27) (a) Bradley, D. D. C.; Friend, R. K. Phys: CondensMatter 1989
1, 3671. (b) Hayashi, S.; Kaneto, K.; Yoshino, Rolid State Commun
1987, 61, 249. (c) Sauvajol, J. L.; Chenouni, D.; Hasson, S.; Ler-Porte, J.
P. Synth Met 1989 28, C293. (d) Kaneto, K.; Hayashi, S.; Yoshino, K.
J. Phys Soc Jpn 1988 57, 1119.

(28) (a) Ziemelis, K. E.; Hussain, A. T.; Bradley, D. D. C.; Friend, R.
H.; Rihe, J.; Wegner, GPhys Rev. Lett 1991, 66, 2231. (b) Dyreklev,
P.; Ingana, O.; Paloheimo, Stubb, H. Appl. Phys 1992 71, 2816.

(29) From studies of fluorescence quenching as a function electrochemical
doping, Hayashi et al. (ref 27d) have determined that a much higher number
of charge carriers are required to produce the same degree of doping.
However, their results were obtained in the high doping regime where
bipolaron formation is favored.

(30) Binh, N. T.; Gailberger, M.; Bssler, H.Synth Met 1992 47, 77.

(31) (a) Hotta, S.; Waragi, KSynth Met 1989 32, 395. (b) Catellani,

M.; Porzio, W.Acta Crystallogr 199Q C47, 596.

(32) Fabre, B.; Bidan, GAdv. Mater. 1993 5, 646.
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3 hv 3 ] occurs from the delocalized-system of the conjugated polymer
P.O ) —— (P.O)* P.O)* . . . '
Q) 7.0y 70y but more work is required to elucidate the exact nature of the

l l chemical interaction between P3HT and. O
3 ) Conclusions
P+ 02 P + 02

In summary, oxygen forms a weak charge transfer complex
with conjugated poly(3-alkylthiophenes). The complex exhibits
an absorption maximum in the visible region of the spectrum
as predicted from empirical relationships. The CTC is largely
of polythiophene seems unlikely, given the recent phosphores-reSpons'ble for the generation charge carriers in semiconducting

cence and transient spectroscopic data which indicate a Veryn-conjug_ated polyme_rs exposed to air. The conductivity of the
low quantum yield of triplet formatioR® An alternative polymer increases with oxygen pressure. Because these poly-

explanation for photosensitization of singlet oxygen is based mers act as bpth the amphfymg_ and Sensing medium, thin-film
on dissociation of an excited state CTC. Recently, Ogilby et transistors using poly(3-alkylth|qph(_enes) might prove to _have
al. have illustrated photogeneration of singlet oxygen in Interesting oxygen-sensor gppllcatlons. . The complex IS an
polystyrene by irradiation of oxygerpolystyrene charge trans- efficient quencher of excitation. Quenching can be expla}lned
fer complexes® One can anticipate-conjugated polymers as by_t_he antenna effect _wherel_n the p°|ymer backbone IS an
being more susceptible to CTC formation than polystyrene since e_ff|C|ent medium by which excitons can migrate to quenching
the former exhibit much lower ionization potentials. Such a sites. ) . .
mechanism of photosensitization is shown below (Figure 11). 1€ formation of a charge transfer complex witttonjugated

There are several X-ray photoelectron spectroscopic studiesPolymers is predicted to be a general effect._ _The degree of
concerning the nature of the interaction of oxygen, and other ¢harge transfer and the magnitude of the equilibrium constant
dopants, with polythiophené$. Some state the positive charge .Of .CO".‘P'eX formatlon will certainly be a function of the
resides on the ring, others imply it resides on the sulfur, and !on|zat|o_n p_ote_ntlal and morphology. _Those polymers possess-
others still claim it is on both the carbons and sulfur. At present ing low ionization potentials and having an amorphous nature,
it appears inconclusive. Our results indicate charge withdrawal

Figure 11. Proposed mechanism for the generation of singlet oxygen
via the charge transfer complex.

oxygen?3* Photosensitization of singlet oxygen by triplet states

| to facilitate diffusion of oxygen into the bulk, will be particularly
susceptible to charge transfer complex formation in the presence

S (A34) A(a) Holt:/fr?ft,DS_Ma(grq_mglecgleﬁ9%l 24f1i 4%*;14- (t|\>/)I Abdggblj\fl- of oxygen. The degree of charge transfer is expected to increase
. A.; Arraoyo, M. L] Diaz-Quijada, G.; Roldcrott, em Mater. H H 3 H i

3 1003. (¢) Abdou, M. S. A Xie, Z. W.: Leung. A.: Holdcroft, Synth as the ionization potential of the polymer is lowered. In the
Met 1992 52, 159. (d) Abdou, M. S. A.; Holdcroft, SCan J. Chem extreme case, a full eleptron transfer can occur between the
1995 73, 1893. (e) Abdou, M. S. A.; Holdcroft, $4acromoleculed 993 polymer and oxygen as is known to occur for polypyrroles.

26, 2954.
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