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Absorption-detected magnetic-resonance studies of photoexcitations
in conjugated-polymer/Cgy composites
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Photoexcitations in po[2-methoxy-5¢2’-ethyl-hexyloxy-p-phenylene vinyleng (MEH-PPV) and com-
posites of MEH-PPV and & (MEH-PPV/Cyy) were studied by photoinduced absorption and absorption-
detected magnetic-resonance spectroscopies. We report direct evidence that the prominent triplet photoexcita-
tions in pristine MEH-PPV are effectively quenched in MEH-PPY/C In contrast, the dominant
photoexcitations in MEH-PPV/gg are spin-1/2 excitations: polarons on the polymer chains; and polarons on

the Ggo (Cgp)-

INTRODUCTION within the polymer, as suggested by the-2.000 spin-1/2
LESR signal in conjugated polymergg composite<. If this
Photoexcitations is Conjugated-p0|ym%6CComposites LESR signal is directly correlated with the charged PA spec-
have been extensively investigated since the report thdfal bands in conjugated polymergg: composites, then the
photoinduced charge transfer was observed in this class &f/arged photoexcitationgvhether polarons or bipolarons
composites:2 The photophysics of composites made of non_W|II be identified and hence the mechanism of the enhanced

degenerate ground-state conjugated polymers ggpdi@ers PC will be clarified.
9 9 Ju9 poly 30 Absorption detected magnetic resonance spectroScopy

substantially from .that of the .pr|st|ne polymers. In (ADMR) which combines the advantages of both @fec-
polymer-Cgo composites, the following photophysical phe- g resolution and LESR(spin information, is thus an ideal
nomena have been observed) the strong photolumines- technique to answer these questions. In this work, we report
cence (PL) originating from the polymer is quenched by the comparative studies of MEH-PPV and itgd@&omposite
more than three orders of magnituti&(2) photoconductiv- (MEH-PPV/Cq using the techniques of PA and ADMR. The
ity is enhanced by at least two orders of magnitfrdé¢3)  triplet photoexcitations that are prominent in the pristine
light-induced electron-spin resonan¢eESR) shows two MEH-PPV are indeedabsentin MEH-PPV/Cgo. On the
spin-1/2 signals with differerg values, which are attributed contrary, spin-1/2 photoexcitations, which are assigned to
to Cgp anions(with g~1.995) and positive polarorisith ~ Polarons, dominate the PA spectrum of MEH-PPY{C

g~2.000) on the polymer _chains,_ r_espectiv%Whese re- EXPERIMENTAL
sults have been well explained within a model of ultrafast
(i.e., less than a picosecornghotoinduced charge transfén The synthesis, structure, and properties of MEH-PPV

which the charge-transfer process, with a quantum yield ohave been reported earlérFilms of MEH-PPV were pre-
near unity, efficiently quenches the formation of the neutraPared by spin-casting the solution of MEH-PPV in chloro-
singlet excitons that yield PL. The steady-state photoinducef™m onto sapphire or KBr substratesg{powder was pur-
absorption(PA) shows clear changes in many conjugatedchased in high purity99.99% from Polygon Enterprises,
polymers upon addition of  as compared to the pristine |exas. The MEH-PPV/g, composite films were obtained
material®” The changes in PA of polg-methoxy-5- Y Q'SSOW'QQ MEH-PPV and 6, (1:1 by weight in toluene
2'_ethyl-hexyloxy-p-phenylene vinylere(MEH-PPV) has (typically 1% solution and spin casting onto sapphire or

. Br substrates.
not been clearly elucidated because MEH-PPV has a banlél X .
peaked at 1.35 eV in both the pristine ang,@omposite The photoinduced absorption spectroscopy uses standard

phase-sensitive lock-in techniques with a chopped faser

?Irgs. Trée 1.35 e_Vl PA ba_nd in prihstinef PP\é_has be_edn idenﬁ’f)eam as source. Photoinduced changdsin the sample
led as due to triplet excitons. Therefore direct evidence Ofansmission T are recorded to obtain the normalized

the absenceof triplet photoexcitation in MEH-PPV/g is changes in transmission-AT/T~Aad, whered is the
needed to establish the quenching of neutral photoexcitationgymple thicknegs The ADMR techniqué uses a cw pump

in the polymer-Ggo composites. For example, as shown in heam(from an Ar* lasei and a probe bearifrom a tungsten
the study of poly3-alkylthiophengCg in solution, quench-  |amp) to constantly illuminate the sample, which is mounted
ing of the PA band that is associated with the triplet photoin a highQ microwave cavity(at 3 and 16 GHgequipped
excitation in the polymer results from triplet energy transferwith optical windows, and a superconducting magnet pro-
rather than from a charge-transfer procedhe proposed ducing a fieldH. Microwave resonant absorption, modulated
photoinduced charge-transfer process in the composites iminally at 500 Hz, leads to small changes,, in the
expected to enhance the generation of polarons with spin-1f8&robe transmissio. This 8T is proportional todn, the
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FIG. 2. (a) H-ADMR spectrum of MEH-PPV, showing the “full
L field” (FF) and “half field” (HF) triplet (spin-1) resonance signals
as well as the spin-1/2 resonance sigfial.H-ADMR spectrum of
oolb——t 1 MEH-PPV/Csq showing the spin-1/2 resonance; the spimdE
0 0.1 0.2 0.3 04 0.5 resonance X 200) is also shown for comparison. Both spectra were
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FIG. 1. (a) PA and PL spectra of MEH-PPV at 80 Ky) and(c)
PA spectra of MEH-PPV/g,, at 4 K, with an Ar" laser modulated
at 200 Hz.T, IRAV, LE, HE, andEA PA features are assigned.

measured at probe photon energy of 1.35 eV, temperature of 4 K
and 3 GHz resonant microwave frequency.

IRAV modes are the same as those found in doped
MEH-PPV314 showing that they arise from charged photo-
change in the photoexcitation density produced by the excitations. At higher photon energies, the HE PA band is
pump. én is induced by transitions in the microwave rangefollowed by a derivativelike structure that has the same spec-
that change spin-dependent recombination rates. Two typeg,| shape as the electroabsorption of MEH-PPY.

of ADMR spectra were obtained: the H-ADMR spectrum, in The HE and LE PA bands of the &g composite show
which 6T is measured at a fixed probe wavelenythwhile  ginilar structures: a sharp edge-0) at 0.25 eV(LE) and

sweepingH, and the)\-AIZ_)MR spectrum n whichaT IS" 1.18 eV(HE), respectively, followed by a gradual increase to
measured at a constaHt, in resonance, whila (probe is a respective peal0-1) at 0.38 eV(LE) [Fig. 1(c)] and 1.38
varied. eV (HE) [Fig. 1(b)]. The HE band in the composite is known
to have different dynamics than that of the triplet excitons in
RESULTS AND DISCUSSION MEH-PPV® On the other hand, sincegis known to have

The PA spectra of the pristine MEH-PPV and MEH- @n optical transition at-1.1 eV:” and the pristine polymer
PPV/Cg, composites are shown in Fig. 1. The dominant PAhas an optical transition due to the charged photoexcitations
band [feature T in Fig. 1(a)] which peaks at 1.35 eV in at~1.3 eV? we carried out detailed PA studies to try sepa-
MEH-PPV arises from triplet exciton transition. The strong rating the possible different 0-0 and 0-1 transitions of the LE
PL band in MEH-PPVin Fig. 1(a)] is only faintly observ- and HE PA bands. We found, however, that the 0-0 and 0-1
able in MEH-PPV/G,.%'? The PA band associated with transitions are correlated1) both 0-0 and 0-1 transitions
charged photoexcitations in MEH-PPV below 0.5 eV is veryhave the same excitation frequency dependence, from 10 Hz
small, consistent with previous studie¥.In contrast, the PA to 50 kHz, and the same excitation intensity dependence,
spectrum in MEH-PPV/G, is dominated by two bands with from 10 to 200 mW/cr; (2) the spectral shape of the HE
onsets at 0.25 e\LE band and 1.18 eMHE band, respec- and LE PA bands remains unchanged when excited at 514.5
tively. The two PA bands are correlated: this was verified bynm (2.41 eV}, 457.9 nm(2.71 e\) and 351 nm(3.5 eV),
their similar modulation frequency dependence and intensityespectively; and3) the 0-0 transitions slightly gain strength
dependence of the excitation beam, which are also similar teelative to the 0-1 transitions when the temperature is raised
those of the strong photoinduced infrared-active vibratiorfrom 4 to 250 K.

(IRAV) modes below 0.2 eYFig. 1(c)]. The photoinduced More definite spectral identifications have been obtained



53 BRIEF REPORTS 2189
0.2 T T T T T 2
(@) MEHPPV =0
B T e -2
e
~ -4
01} i S
I/S=1/2 -6 ——— 1188V
- . -8 1 1
1040 1060 1080 1100
ol i ) Magnetic field (Gauss)
—_— 0 e
- 1 1 1 1 i c Y I
= s2f A )
B MEHPPV-C =3l
w (b) ““60 < 6l —1.35¢eV
- 10} . .  —T-118eV
B 5440 5460 5480 5500
= 057 , Magnetic field (Gauss)
0.0 L L . L 1 P12t o 1.35eV
1.0 1.2 14 16 1.8 20 22 3 s 1180V
Quol
15 s
© MEHPPVE 5o T ¢ gl ©
10 b =
6 1 (] 12asl e | 2 L1l
05 | 0.1 1 10 100 1000
' — Ha Microwave Power (mW)
— Hgx22
00— 1'4 1|6 e 20 a2 FIG. 4. H-ADMR spectra at 1.18 and 1.35 eV, respectively, of

MEH-PPV/Cyy, measured at 3 GHf) and 16 GHz(b). In (b),

H, and Hg are the resonant magnetic fields expected for
g~2.002 (p* on the polymer chainand 1.997Cg,), respectively.

(c) shows the FWHM of the 3 GHH-ADMR resonance at 1.18
and 1.35 eV, respectively, versus the microwave power intensity.
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FIG. 3. \-ADMR spectra of MEH-PPV at 3 GH@) and MEH-
PPVI/Cs, at 3 GHz(b) and MEH-PPV/G, at 16 GHz(c). (a) shows
both spin-1/2 and spin-1 resonances whei@asand (c) are spin-
1/2 only. The fieldH, andHg in (c) are defined in Fig. &).
[Fig. 1(b)], indicating that the dominate photoexcitations in
the MEH-PPV/G, composites are associated with the spin-
1/2 species. For MEH-PPV, on the other hand, the
Ceq, respectively, are shown in Figs(a and 2Zb). Three  A-ADMR spectrum at 410 G is the same as the 1.35 eV PA
resonance bands witlfn<O were observed in pristine band, confirming that the dominant photoexcitations in pris-
MEH-PPV: (1) a prominent band at 1067 G which is associ-tine MEH-PPV are triplet excitons. It is noteworthy that in
ated with spin-1/2 ag~2.002;(2) another prominent band pristine MEH-PPV, A\-ADMR spectrum at 1067 G also
peaked at 410 G which is the “half-field” powder pattern shows two bands similar to that of MEH-PPVJ& indicat-
resonance signal associated with photoinduced spin-tripléhg that the charged photoexcitations in MEH-PPY4Gre
excitons® and (3) a weak broad band between 550 G to not different from those observed in pristine MEH-PPV.
1600 G which is the “full-field” powder pattedf of the We assign, therefore, the spin-1/2 charged photoexcita-
triplet exciton, respectively. In contrast, theADMR spec-  tions in both pristine MEH-PPV and MEH-PPV{g com-
trum in MEH-PPV/G, is dominated by the resonance band posites to polarons on the polymer chains. This assignment is
at 1067 G withén<0, which is associated with spin-1/2 at in agreement with the following experimental observations:
g~2.002; its relative intensityyn/n in MEH-PPV/Cyy is (1) LESR measurement in MEH-PPV{g shows long lived
enhanced by an order of magnitude compared to that of prisspin-1/2 polarong;(2) in ADMR, we expectsn<0 for po-
tine MEH-PPV, with n/n~—4x10"2 and —5x10" % in larons andén>0 for bipolarons. This is true because spin-
MEH-PPV/Cyq and MEH-PPV, respectively¥Note that the dependent recombination of polarons is enhanced at reso-
absolute intensitie#n differ even more since the charged nance, leading to a decrease of polar population for polaron
photoexcitation density is much larger in MEH-PPV/g,  pairs (p"-p~, p*-p*, andp™-p~) and resulting in an in-
than in MEH/PP\} The triplet powder pattern at “half field” crease of bipolaron population dued +p*—BP** and
in MEH-PPV/Cq, is of orderdn/n~—10"%; and the relative p +p —BP ~.%°
magnitude of5T 4106/ 5T 1067 IS less than X 1073, We also made efforts to separate the 0-0 and 0-1 transi-

In Fig. 3,\- ADMR spectra at 1067 Gfor spin-1/2 and tions at LE and HE PA bands of MEH-PPV{g using the
410 G (for spin-1) confirm that while both triplet and spin- ADMR spectroscopyH-ADMR spectra using resonant mi-
1/2 photoexcitations exist in MEH-PPV, whereas spin-1/2crowave frequencies of 3 and 16 GHz, respectively, were
photoexcitations dominate the spectrum in MEH-PPY/C  measuredFig. 4). We note that a possible differenday of
Moreover, the spin-1/2-ADMR spectrum of MEH-PPV/ ~2.000-1.995i.e.,g values of PPV and G, respectively,

Cso at 1067 G has the same shape as the PA spectrum itséfund in LESR(Ref. 3] would result in field difference of

by the ADMR spectroscopy. Thé-ADMR spectra(at probe
photon energy of 1.35 eVof MEH-PPV and MEH-PPV/
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3.2 G with 3 GHz resonant microwave frequency and 17 (0.13 eV for the LE PA band of 0.18 eV for the HE PA band,
with 16 GHz resonant microwave frequency. THeADMR respectively. We believe that the 0-1 transitions are due to
spectra at photon energies of 0.4, 1.18, 1.35, and 1.91 eVjbrational sidebands of the 0-0 transitions. The possibility
however, areidentical and contain only a single band at that the respective LE and HE 0-1 PA transitions are due to
g~2.002[Figs. 4a) and 4b)]. Its full width at half maxi- p*-p~ charge symmetry breaking in PPV can be ruled out,
mum (FWHM), measured with 16 GHz microwave, is only since the intraband polaron transitigthe HE band would

14 G[Fig. 4(b)]. This indicates that the single spin-1/2 bandbe the same fop™ and p~, contrary to our experimental

is not composed of two overlapping spin-1/2 bands withfindings. Note that the LE band splitting is very close to the
g~1.995 and 2.000, respectively. Moreover, as shown irenergy(0.12 e\j of the first strong photoinduced IRAV band,
Fig. 3(c), thex-ADMR spectrum at 5460 GH , in Fig. 4(b), suggesting that the 0-1 transition is a vibronic sideband. The
corresponding tag~2.002 is identical to that at 5476 G difference in the 0-0 and 0-1 splitting between the HE PA
[Hg in Fig. 4(b), corresponding tg~1.997. Furthermore, band and the LE PA band thus indicates a photon frequency
the FWHM of theH-ADMR spectra at 1.18 and 1.35 eV hardening for the polaron.

show identical changes when 3 GHz resonant microwave

power is varied from 0.1 to 1000 my¥ig. 4(c)], resulting in CONCLUSION

change of FWHM from 7.4 to 11.5 G. Neither splitting nor

shifting in theg value was observed. In addition, we checked _Comparative studies of pristine MEH-PPV and MEH-
that the ADMR signals at 1.18 and 1.35 eV also show idenPPV/Cso composite by ADMR spectroscopy have shown di-

tical microwave intensity and modulation frequency depent€ct evidence that the triplet excitons of the MEH-PPV are
dence. We noted the possibility that if there is a strong spinduénched in MEH-PPV/g,. This is in agreement with the
exchange interaction between PP\and G,. the ADMR general model that a photoinduced charge-transfer process
signal of PPV' can be indistinguishable from that of dominates the photophysics of MEH-PP\§( thus inhibit-
C.,.2% in contrast of the two spin-1/2 signals observed ining the intersystem crossing channel between the singlet and
LEOS'R which detects the long-lived photoexcitaticfiie., triplet excitons. As a result, the PA spectrum of MEH-PPV/
vagand G, have been well separated " Cgo predominantly arises from charged photoexcitations,
On the otr?er hand, it has been reported that the optica{fjentiﬁed as photogenerated spin-1/2 polarons on the poly-

transitions of G, are small compared with that of the fer chain.

charged photoexcitations in oligothiopheng{@omposite$.

Therefore, we conclude tentatively that the 0-0 and 0-1 tran-

sitions in HE PA band in MEH-PPV/g, are associated with We appreciate useful discussion and experimental assis-

the same spin-1/2 photoexcitations as in MEH-PPV, and thatance of D. Moses, J. M. Leng, D. Mao, W. Ohlsen, and P. C.

no optical transitions associated witly Gvere identified. Taylor. The work was supported in part by DOE FG-03-
The splitting value of the 0-0 and 0-1 transitions is about93ER45490 and ONR No. N00014-94-1-0853.
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