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The photoinduced electron transfer between conjugated polymers and a series of functionalized
fullerenes was studied. A new photoluminescence signal was observed in the neat.lRelV).

This weak IR photoluminescence does not result from direct excitation of the fullerene, but from
radiative electron-hole recombination between the fullerene excited state and the polymer ground
state. The intensity of this recombination luminescence depends on the electrochemical nature of the
functional group; it is observed only for fullerenes with first reduction potential higher than that of
Ceor © 1997 American Institute of Physid$0021-96007)51331-9

I. INTRODUCTION as a result of efficient electron transfer to the fulleréne.
) ) . Thus, in all samples studied, efficient electron transfer takes

Photoinduced electron transfer between semiconductingjace ypon excitation. In a previous report, electron transfer
m-conjugated polymers and fullerenes was shown to be afgnyveen a conjugated polymer and fullerefiemd 12 (syn-
efficient process, with a quantum yield for charge separatiop,qqized for improved miscibility in polymer/fullerene
close to unity™ Electron transfer has been demonstrated toolends) was described The main conclusion was that the
occur in plends of g with semiconductipg polymer_s. from aar steady-state photoinduced absorptiBtA) spectra of
the polythiophene and pc(ly—phenylene-wnylen)efamll|es'3 the electron transfer products were not significantly changed
as well as with various oligomefsThe charge separated by using a functionalized fullerene. This was interpreted in
state is metastable; although the forward charge transfer ogs,ms of the small perturbation by the side group on thg C
curs on the sub-picosecond time scale, the back charge transpctronic structure. For example, the relatively high electron
fer rate is many orders of magnitude slower. affinity of Cq, is maintained in the functionalized fullerenes

The development of fullerene chemistry has led th79 WaYegardless of the addition of side groups. Although the de-
to the synthesis of various fulleroids, methanofullererﬁes, generacy is lifted, the actual splitting between formerly de-
and heterofullerene@vhere a carbon atom in theggcage generate energy levels is small.
was replaced with a nitrogefl As described elsewheféhe In the polymer/fullerene mixtures studied here, NIR PL
functional group bonding can be realized either by breakingyaq not detected for all blends under identical conditions.
a carbon—carbon bond between two six membered Mags This indicates that although the electronic perturbation is
methanofullerene with 58 electrons or by breaking the g1 the nature of the fullerene modification plays a role in

bond between a six membered ring and a five membered ring,e hhotophysics of the system. Despite the small intensity of

(a fulleroid with 607 electron$. The heterofullerenes form a the NIR PL(of the order of magnitude of the quenched poly-

different class of molecules and have &lectrons. mer PL signal, it may serve as a probe into the electronic
With the availability of a number of functionalized rncesses which occur in the excited state and thus help in

fullerenes(Fig. 1), it becomes possible to investigate more ,yerstanding the photophysics of polymer/fullerene blends.
deeply the photophysics of conjugated polymer/fullerene

mixtures. The acceptors shown in Fig. 1 vary in the nature o

the side groups added to them, thereby leading to somewhgt EXPERIMENT

different electronic and optical properties. We report here on  MEH-PPV (Uniax Corporation and polystyrengAld-

the observation of near-IRNIR) photoluminescencéPL)  rich) were used as received. The syntheses G 2—5,120)
from blends of the fullerenes and pfymethoxy-5- 6, 7, 12,129 9129 1012® 17120 and 8, 13-16'29 are de-
(2’ -ethylhexyloxy-1,4-phenylene vinyleng MEH-PPV). In  scribed elsewhere. Films of the fullerene/polymer bl¢ad
all of the samples studied, the intense PL of MEH-PPV inwt % of fullereng were prepared by spin-casting from
the blend was quenched by3 orders of magnitude, com- o-dichlorobenzene(ODCB) solutions onto sapphire sub-
pared to the neat polymer. This quenching effect results fronstrates. Films of the fullerenes in polystyrefiewt %) were
nonradiative decay of the excitation energy on the polymeprepared by drop casting from an ODCB solution. The
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2 R;=CN,Rp=CN

3 Ry =CN, Ry = CO3Et

4 Ry = COgEt, Ry = COyEt

5 Ry =H,R; =NOy

6 Ry =Ph, Ry = (CHp)3C0OyMe
7 Ry =Ph,Rp = CHOL
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FIG. 2. Photoluminescence spectra of MEH-PPV fileft-hand axi$ and
MEH-PPV/Gs, mixture (right-hand axis Excitation at 80 K from the 488
nm line of an AF ion laser at 50 mW/cr?, chopped at 273 Hz.

all threet,, LUMO states and in thé;; LUMO+1 states,
and that the observed transition &F;,—2T;,. We find,
however, that the PL spectrum of the blend is composed
entirely of emission from the highly luminescent polymer,
with no apparent contribution fromg (Fig. 2.> Nonradia-
flive decay of the unpaired electron og,Mccurs via a re-

samples were mounted on a cryostat held at 80 K in hig i
vacuum (~10~° Torr). Photoluminescence measurementsV€"se electron transfer that returns the neutral species to the

were performed by exciting the films with an Argon-ion Iaserground stat.e Wit?inha fe\_/v millisecgnds. |

(488 nm, 50 mWand dispersing the emission with a grating __"SPection of the mixture and neat polymer PL traces
monochromator. The beam was mechanically chopfi&e- shows that'they are identical, except for a blue 'Shlft 'of.the
4000 H2 and the modulated signal was phase sensitivel)Ple_nd PL with respect to the neat polymer PL. This shift is a

recorded using a lockin amplifier and a two-col&i/PbS typical feature f_ound in the emission spectrum of
detector. MEH-PPV/G, or in those of MEH-PPV and acceptors

1-16, and varies between 10 and 70 meV. The source for
this shift is inferred from quantum chemical calculation of
the changes in geometry of the polymer wheg 8 intro-
Photoexcitation of MEH-PPV in a polymer/gmixture  duced into the matriX® These calculations show that inter-
leads to formation of the gradical anion, G, and a radical molecular interactions cause the polymer to modify its equi-
cation on the polymer. The PL spectrum which is observedibrium geometry in order to accommodate thg @ithin its
from such mixtures is predominantly that of the highly lumi- vicinity. The smaller Stokes shift implies that the lattice re-
nescent polymer, i.e., from pair excitations which did notlaxation is reduced giving rise to the blue shifted emission.
transfer an electron. The MEH-PPV emission spectrum is The PL spectra of MEH-PPV mixtures with acceptrs
characterized by a 0-0 transition at 2.05 eV and two otheand16 are shown in Fig. &), along with that of neat MEH-

FIG. 1. Structures of the fullerene acceptors used in this study.

Ill. RESULTS AND DISCUSSION

vibronic transitions with a separation 6f0.18 eV (Fig. 2).
The lowest electronic transitions inggare dipole for-
bidden because both the electronic ground state and the fi

excited state have the same pariy, and T,4, respec-

PPV. It is quite clear that in these blends, there is an addi-
tional broad NIR PL signal between 1.1 and 1.6 eV, with a
rpeak at~ 1.4 eV. Similar spectra were detected for many of
the other acceptors; the results are summarized in Table I. In

tively). The weak PL observed inggwas explained in terms polymer mixtures with a number of methanofullerenes, ful-
of a Herzberg—Teller coupling where the first excited statderoids and both heterofullerengsee Fig. &)], the emis-
acquiresungeradecharacter via adiabatic vibronic coupling sion spectrum was identical to that of MEH-PPY¥4@nd no
with higher states, making the transition partially dipole NIR PL was detected concurrently with that of the polymer
allowed?® Emission from G, films peaks at 1.69 eV with a (see also Table)l The occurrence of the NIR PL does not
shallow tail extending to the NIR spectral ranid&herefore, result from transitions within the fullerenéise., from direct

one expects the emission from the photoexcited polymer anghotoexcitation of the moleculesWe have measured the
from Cgo to overlap. NIR PL from the g radical anion was emission spectra from several different fullereri2s4, 5,
reported for electrochemically reduced fullerenes inand6 of Fig. 1) dispersed in polystyrene; i.e., without con-
solution?® It was assumed that the odd electron is located irjugated polymer. In each case, the emission peaks at
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FIG. 3. () Photoluminescence spectra of MEH-PPV/fullerefesnd 16;

i - 0,
(b) PL spectra of MEH-PP\2L Experimental conditions as in Fig. 2. FIG. 4. (a) Photoluminescence of MEH-PPM at 5, 10, and 50 wt % of the

fullerene;(b) circles: PL from a drop cast film df2, squares: PL from the
MEH-PPV/12 (50%) blend. The superimposed lines are the result of a fit to
a Gaussian and serve to guide the eye. Experimental conditions as in Fig. 2.

~1.7 eV, as with G,** consistent with the assumption that

the functionalization of fullerenes does not lead to a large

perturbation in the electronic structure ofCAs an addi-

tional check, we measured the PL spectra from a series d?L trace of the 50 wt % blend with that of pure fullereti2
MEH-PPVA2 samples, where the fullerene weight fraction In the blend, the NIR PL signal is red shifted by about 0.2 eV
was varied between 5% and 5Q%ig. 4(a)]. As the fullerene  with respect to the neat film. We conclude, therefore, that the
concentration is increased, the polymer PL is quenched untNIR PL found in these mixtures results from the photoin-
it is almost unobservable in the 50% blend, indicating thatduced electron transfer and not from a transition induced by
electron transfer is competing efficiently with radiative re-direct excitation of the fullerene. Therefore, two questions
combination within the polymer. The NIR PL at 1.38 eV is arise. What is the mechanism leading to the NIR emission?
detectable at all concentrations. In Figby¥ we compare the Why is the NIR emission detected from blends with specific

TABLE I. Photoluminescence properties of MEH-PPV fullerene blends.

Fullerene AE.? PL°  electrons Fullerene AE,? PL® 7 electrons
Ceo 0 - 60 9 (=) + 58
1 +121 — 58 10 +131 - 60
2 + 156 - 58 11 +41 — 60
3 -10 + 58 12 (=) + 60
4 —41 + 58 13 (=) + 60
5 —40 + 58 14 —40 + 60
6 —110 + 58 15 —-57 + 60
7 (=) + 58 16 —-53 + 60
8 (=) + 58

BAE;=E1(X) —E1(Cgo) in meV (x=1-16), E, is the first reduction potential of the functionalized fullerene.
Signs in parentheses are used where a complete CV has not been measured. From the similarity of some
functional groups, a reasonable estimate of the sighBfcan be made.

PPL in the NIR, a “+” signs indicate that NIR PL was detected, a" sign means that the only PL measured

was that of MEH-PPV.
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derivatives of Gy but not from blends with other functional- 800x10® [T T
ized fullerenes?

A. Nature of the NIR PL signal

The current picture of electron transfer in polymer/
fullerene blends is one where a charge separated state it
formed within few hundreds fs. This state is metastable and
relaxes by a reverse electron transfer from the fullerene
LUMO to the polymer HOMO(relaxation to the fullerene
HOMO cannot take place as that level is filletlVithin this
framework, there are two possible mechanisms for the ob-
served emission: (

PL Intensity (arb. units)

2 1.4 1.6 1.8 2.0 2.2 2.4

(i) Radiative transition from an excited state of the o
fullerene anion; and 1.5x10° - 1

(i)  radiative transition between the fullerene LUMO and
the polymer HOMO.

In the first case, a radiative transition of the unpaired
electron between two of the energy levels of the fullerene
anion would precede a nonradiative recombination of the
electron-hole paifthe reverse electron transfeSince this
transition cannot be a LUMOGHOMO recombination, it
would necessarily be between the fullerene excited states.
The transition energy between the first two excited states of
Coo(t1g—1t1,) Was found to be 1.1 eV Upon modification
of the molecule, the symmetry is lowered, and these levelgg. 5. (a Photoluminescence of BuESicircles and MEH-PPV® (tri-
are expected to split. A recent calculation of the heterofangles; (b) same as in a but with the neat polymer PL subtracted from the
ullerene GyN has shown that lowering of the symmetry blend PL. Experimental conditions as in Fig. 2.
splits the triply degeneraty,, state into one singlet and a
twofold degenerate levéf A similar splitting scheme can be
assumed for the higher energy levels. Since the perturbation

to the electronic structure ofggwas found to be small, we ¢ MEH-PPV. The PL spectrum of the BuEBmixture is

can rule out a transition within the states derived from eithershown in Fig. %a) and compared with that of MEH-PPY/
tiy OF tig (between the singlet and twofold degeneratey js ieqr that the peak of the NIR PL has shifted from
state$, as that would lead to a PL signal at about 0.5 eV. We_ 1 , .\/in MEH-PPV blends to-1.65 eV in BUEH blends

PL Intensity (arb. units)

Photon Energy (eV)

new levels which originate front,, to new levels which where the PL spectrum of the neat polymer was subtracted

originate fromt,, in Ceo. Such a scheme could explain the from that of the blend for both polymers. The PL peak is

~1.4 eV energy difference inferred from the PL. X ) . i
A second possible mechanism involves direct recombi2Iue shifted by 0.2-eV in BUEIL If this transition were

nation of the transferred electron on the fullerene with thebetween fullerene energy levels, changing the polymer
hole in polymer ground state. Since the NIR PL signal isShould not have had any effect on the NIR spectrum. Appar-

very weak, we assume that this radiative recombination take€tlY, all transitions between the fullerene excited-state lev-
place concurrently and in competition with reverse nonradi£!S (described aboyeare nonradiative. Thus, we attribute the

ative electron transfer; the latter being the main decay rout"gin of the NIR PL to electron-hole recombination between

In this case, all transitions within the fullerene excited stategh® polymer and fullerene. . .
are nonradiative and an electronic matrix element exists Measurements of the NIR PL intensity dependence on

which couples the wave functions of the hole and the electhe pump chopping frequency show no frequency depen-
tron in their respective states. Such a transition is possiblgence up to 10s™, implying that the radiative emission
only if there is overlap between the polymer and fullereneoccurs within a time period less than about J9after the
wave functions such that a dipole transition is allowed. initial charge transfer. The longer lived charge transferred

In order to differentiate between the two mechanismsspeciedobserved, for example, in photoinduced absorption
we have repeated the NIR photoluminescence experimengnd in photoinduced ESRelectron spin resonancexperi-
using blends of the fullerenes and a different conjugatednentg decay nonradiatively. One possibility is that the NIR
polymer, poly2-butyl,5{2"-ethyl-hexy)-1,4-phenylene vi- emission takes place immediately after charge transfer, be-
nylene (BUEH-PP\J. The advantage of using BUEH-PPV is fore the self trappingpolaron effects which subsequently
that its emission spectrum is blue shifted with respect to thainhibit the reverse electron transfer.
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B. Dependence of the NIR PL on the fullerene addend fullerene LUMO and the polymer HOMO such that the ra-
group diative recombination can take place. The opposite is true for

A model which explains the difference between NIR fullerenes with an electron withdrawing side group where the

emitting and nonemitting fullerenes on the basis of differ-Stabilization of the frontier levelée.g., lowering of the gap
ences in the electronic structure can be eliminated. ThesgN€rgy inhibits the radiative recombination.

molecules can be grouped into two categories, the first being

fullerenes with 60 electrons, and the second those with 58!V SUMMARY AND CONCLUSION

 electrons(Table ). The occurrence of NIR PL in both We have described the detection of PL in the NIR region
molecules8 and 13, for exz_;\mple, Whlch are the azamethano-;, mixtures of conducting polymers and substituted
fullerene and azafulleroid versions of a methoxyethoxy-fjierenes. Although the exact mechanism leading to this PL
methyl (MEM) substituted fullerene, respectively, clearly js not clear, the available evidence implies that it arises from
demonstrates that the numbermglectrons is notimportant, - gjrect electron-hole recombination between the fullerene and
nor is the nature of the side-group bonding to thg @ond-  olymer. This radiative recombination occurs prior to, or
ing by cleavage of a C—~C bond between two six membegoncyrrently with the dominant nonradiative electron trans-
rings vs bonding by cleavage the bond between a six ments;. The dependence of the PL signal on the nature of the
ber ring and a five member ring substituent group results from the stabilization—

A similar argument demonstrates that the NIR PL is notyesiapilization effect that an electron donating or withdraw-
related to the difference in solubilities of the different accep-ing group has on the fullerene electronic structure.

tors (which could enhance optical features through film qual-

ity). A very soluble fullerene such d gave practically the ACKNOWLEDGMENTS

same NIR PL as a weakly soluble fullerene suchl8s

Moreover, in all casefincluding the ones where no NIR PL We thank Dr. J. Cornil for valuable and stimulating dis-

is found, the PL of the polymer is quenched by3 orders cussions. This research was supported by the National Sci-

of magnitude, indicating that good mixing was achieved suctence Foundation under DMR9300366.

that the polymer and fullerene electronic wave functions

overlap and efficient electron transfer occurs. IN. S. Sariciftci, L. Smilowitz, A. J. Heeger, and F. Wudl, Scier&8
Depending on the nature of the side group, the red0x21474(1992. o

properties of fullerene$—16 vary; some are easier to reduce B. Kraabel, C. H. Lee, D. McBranch, D. Moses, N. S. Sariciftci, and A. J.

h hile others are more difficult to reduce. From s-cco®" Chem. Phys. Le@13 389(1993.

than Go w o . ’ " 3R. A. J. Janssen, N. S. Sariciftci, and A. J. Heeger, J. Chem. RBgs.

Table |1, a clear correlation is seen between the first reduction 8641 (1994.

potential E;) of each fullerene and its NIR emission spec- 4B. Kraabel, J. C. Hummelen, D. Vacar, D. M(oseséN. S. Sariciftci, A. J.
. ; ; ial i ; Heeger, and F. Wudl, J. Chem. Phy84, 4276(1996.

trum: Al fu”eren.es Whose first reduction poten'qal IS hlgher 5L. Smilowitz, N. S. Sariciftci, R. Wu, C. Gettinger, A. J. Heeger, and F.

than that of G give rise to the NIR PL, while g itself and Wudl, Phys. Rev. Bi7, 13835(1993.

the more electronegative fullerenes do not. The effect of the’r. A. J. Janssen, D. Moses, and N. S. Sariciftci, J. Chem. RIjls9519

side group on the fullerene redox properties results from the (1994.

/J. C. Hummelen, B. Knight, F. LePeq, F. Wudl, J. Yao, and C. L. Wilkins,

existence of a balance between the side-group electrocheml-l Org. Chem60, 532 (1999,

cal pr(_)pertie_s{i.e., electron Withdrawing or donatim_gnd the  sp \wudl, in Buckminsterfullerenesedited by W. E. Billups and M. A.
negative shift of the g reduction potential following satu-  Ciufolini (VCH, New York, 1993, p. 317.
ration of a double bon?® Recent theoretical studies on the °J. C. Hummelen, B. Knight, J. Pavlovich, R. Goleza and F. Wudl,
influence of donor—acceptor substitution in phenylene vi-,oCcnce269 1554(1999.
_ P pheny 19F, Wudl, Acc. Chem. Re<25, 157 (1992).
nylene oligomers have shown that the frontier levels areir. a. J. janssen, J. C. Hummelen, K. Lee, K. Pakbaz, N. S. Sariciftci, A.
shifted from their nonsubstituted positiot%sSimilar argu- J. Heeger, and F. Wudl, J. Chem. Phy83 788 (1995.
. . . . 12 H

ments can be applied here. Substitution with an electron (sa) Miéeslhlag"?alr(zl'gévsB-(;”:\%hkG-hSVda”‘:g" %”dKF; Vl‘\lltucljf\l’"](;, A:‘-dghem-

. . -1 . 0ocC. f ; . Keshavarz-K., b. Knight, R. C. Haddon,
Wlthdl"aV\{Ing gr,OUp stabilizes the HOMO and LUMO Wh_”e and F. Wudl, Tetrahedro®2, 5149 (1996; (c) J. C. Hummelen, B.
substitution with an electron donating group destabilizes knight, F. LePeg, F. Wudl, J. Yao, and C. L. Wilkins, J. Org. Ché®).
them. In both cases a red shift occurs in the absorption. Al- 532 (1995; (d) M. Keshavarz-K., Y. Greenwald, and F. Wuginpub-
though this shift of the energy levels may give rise to the lished: () C. Bellavia-Lund and F. Wudlunpublishedt (f) J. C. Hum-
NIR PL le it t si that Idi lv that PL melen, B. Knight, J. Pavlovich, R. Gorlea, and F. Wudl, Scienc269,

» WE can rule It out since that wolld Imply tha 1554(1995; (g) R. Gonzéez and F. Wud(unpublished

from photoexcited fullerene films will occur also in the NIR. 3F. Negri, G. Orlandi, and F. Zerbetto, J. Chem. P197%.6496(1992.
As described above, this is not the cdtfee PL in the neat '*W. Guss, J. Feldmann, E. O."6a, C. Taliani, H. Mohn, W. MUer, P.
fullerene films results from electron-hole recombination Haussier. and H. U. ter Meer, Phys. Rev. L&, 2644(1994.

ithin the full h f T. Kato and S. Kodama. T, T., Chem. Phys. L&@i5 405 (1993.
within the fullerene HOMO apd LUM® In the case o 153, Cornil (personal communication
fullerenes1-16, the energy shifts and the degree of theiri’m. s. Dresselhaus, G. Dresselhaus, A. M. Rao, and P. C. Eklund, Synth.
asymmetry are directly linked to the electrochemical nature Met. 78 313(1996. _
of the side group. In the case of fullerenes with an electron Vl’égA”dreon" F. Gygi, and M. Parrinello, Chem. Phys. Lei80, 159
donating side group, the destabilization of the frontier energys; cormil, p. A. dos Santos, D. Beljonne, and J. L. Bredas, J. Phys. Chem.

levels apparently leads to the required coupling between theog, 5604(1995.

J. Chem. Phys., Vol. 107, No. 7, 15 August 1997

Downloaded 10 Oct 2003 to 18.60.1.178. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



