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Confined and delocalized polarons in-conjugated oligomers and polymers:
A study of the effective conjugation length
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We studied optical absorption of polaronssnconjugated oligomers and polymers using the photoinduced
absorption technique as well as chemical doping spectra from the literature. We find that the photon energy of
the polaron low-energy transition obeys a relationship that depends only on the oligomer-length in a wide class
of unsubstituted and substituted oligomer solutions and films. Based on this observation, we show that polarons
in polymer films can be either confined as in oligomers or quite delocalized, depending on the individual
m-conjugated semiconductor. In high mobility polymer films polarons may be delocalized over several chains.
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II-conjugated semiconductors have been used to manu- Figure 2 shows the PA spectra of tweconjugated poly-
facture promising thin film devices such as organic light-mer films, namely methylated laddertype poly-para-
emitting diodes and field-effect transistors. It is well-known phenylengfmLPPP, pane{a)] and poly-phenylene-vinylene
that chemical doping or electrical charge injection results iIfPPV, panel(b)] and that of an alkyl-substituted oligoth-
the formation of polarons in these systehfSigure 1 shows jophene film[12T, panel(c)]. All these spectra show three
a comparison between different models that have been useghtical transitionsit is known that the high energy transition
for describing polarons imr-conjugated semiconductors. i3 ppy is actually composed of two badds It is
Panel () depicts the electron—phonorie—p or Su-  gell.establishetithat these transitions are due to triplet ex-
Schrieffer-HeegefSSH model:~* It predicts that the €=p  ¢iton absorption(T,) and polaron absorptiofP; and P,).
coupling causes a gap between valence and conduction band. Figure 3 shows the peak photon energies of Bhdran-

In the singly charged system two localized polaron levelsgyion'in 4 Jarge variety of oligomers versus the oligomer-
appear inside the gap. Experimentally one finds two Optica&rength,L.m We note that thed, O, @, [, andV data were

transitiond that are interpreted as tt®gy and P, transitions. : 151, o
Panel(b) depicts the molecular orbital picture where HOMO _taken from the literatur&: "It is seen that thé, transition

and LUMO are the highest occupied and lowest unoccupiec'.ﬂ gach of t_he oligomer classgs redshlfts.l_aslcrgases: spe-
molecular orbitals, respectively. These models are usuall ifically Pl'P11°?+Con$t’L' Th'? opservgnqn n !tself IS not
applied to a single, isolated chain: the effects of interchai ovel. I'n fact th.|s scalmg' relation is ubiquitous in oligomers:
interaction on polaroris® in real sample films are however the optical ga;r(l.e., the singlet exciton energ¥ triplet ex-
not yet sufficiently understood. C|t0r_1 energy_l, ano_l also th_d:_’z transition _eac_h obey_ such a

H_Conjugated O“gomers are often used as model Comsca“ng relatlonShIpThe Stl‘lklng observation is that if thelp
pounds instead Oﬁ-conjugated p0|ymers because they Candata for the various oligomers are plotted versus L rather
be obtained with a well-defined chemical structure. Althoughthan the number of repeat-units (as it is usually done) and
the molecular weight of polymers is typically much larger combined into a single graph, we find that the O, [J, X,
than that of oligomers, nevertheless it is established that thend VV data points all fall on a “universal” line This obser-
polymer should be viewed as a string of effectively indepenvation is fully appreciated when compared to similar plots
dent segments, separated by chemical or physical defects.

The length of these segments is called the conjugation-length )

e (@)ce 7 (b) Lumo
We have used the continuous wave photoinduced absorp-

tion (PA) and the Fourier-transform infrared photoinduced TN

absorption(FTIR-PA) spectroscopies to study the polaron p

optical transitions in films ofr-conjugated polymers and oli- 2

gomers. The PA spectroscopy has been widely used in 4"7

mr-conjugated materials, and experimental details were de- P,

scribed previousl§.The PA spectrumAa(w) is obtained by | s

dividing —AT/T, whereAT is the pump laser induced change \\\\\\\\\ \\\ HOMO

in transmission. We extended the probe photon energy down

to 0.05 eV using a FTIR spectrometer in combination with a FIG. 1. Models used to describe polaron levels and optical tran-
deuterated triglycine sulfideDTGS) detector. The FTIR-PA sitions depicted here for the positive polare¢a). Electron—phonon
setup is described in more detail in Ref. 6. (SSH model.(b) Molecular orbital picture.
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FIG. 3. The peak photon energies of tAgpolaron transition in

FIG. 2. PA spectra of--conjugated polymer and oligomer films. & variety of oligomers, namely solutions @finsubstituteyl oli-
(@) mLPPP(the chemical structure is given in the inseb) PPV gophenyls[OP, A, radical anion(RA)], alkyl-substituted(AS)
(see insat and(c) 12T (see inset The spectra were measured at 0ligophenylene-vinylenefOPV, O, radical cation(RC)], alkoxy-
80 K under excitation by an argon-ion lasgypically 100 mwy  substituted OPV(®, RC), end-capped oligothiophend®T, [,
and modulated by an optical choppéypically at 1 kH2. TheT;  RC), films of AS OT(X, PA), AS oligothienylene-vinyleneOTV,
transition is due to triplet-triplet absorption, wherdasandP, are v, RC). The solid line is a fit to the data excludirg.

due to polaron ab tion bands. . . .
! P absorption bands the CL of a polymer is the length of the “equivalent” oligo-

for the optical gap, where large differences between the variner, clearly suggest tha, can be used as aniversal and

ous oligomer classes exigt.g., 4 eV for 5P, but 3 eV for sensitivemeasure of t_he C.L of polymer fil_mer:aution Is
5T). However, the data for the alkoxy-substituted OPV ap-"€cessary when dealing with alkoxy-substltuted pO'VW‘?rS
parently do not follow the “universal” scaling law. Specifically, we may use the following method for obtaining

Figure 3 encompasses both anion and cation data. ThF%"E_3 effective CL of polymer f"”?51 we meaSL_qu, say by_
suggests that anion and cation absorption are very similaPSing the PA technique, then invert the universal relation
Indeed, in 3PV it was found that the difference between anPl(CL_)' . . .
ion (reduced using potassium in THF solutipand cation This procedu_re is the basis for the presentation of the
(oxidized using SbGlin CH,Cl,) absorption bands is less ponmerP1 data in F|g._4, wh_ere crosses mark the data for a
than 10 meVi® Since both unsubstituted and alkyl- certain pplymer(name is aSS|gn9dThe y-coordinate of_ the
substituted oligomers display the same trend in Fig. 3, thi§T0Sses is equal to the measufedusing the PA technique,
indicates that alkyl-substitution has only minor effectsrgn ~ Whereas the-coordinate then yields the CL obtained by in-
Alkoxy-substitution on the other hand results in a majorVersion ofP,(CL). We find that some polymer filmfgpoly-
change of the cation absorption in OPYThis observation Phenylene-ethenylen@®PB, PPV and regio-random poly-3-
can be explained by the localizaton of the positive chargdiexyl-thiophene(RRa-P3HT] have a short CL and behave
caused by alkoxy substitutidd.We may therefore conclude rather like oligomers, whereas in pgmethoxy,
that the P, band scaling is universal for both anions and5-(2'-ethyl-hexyloxy-p-phenylene-vinylene (MEH-PPV)
cations in a wide class of unsubstituted and alkyl-substitutesve find that the polarons are considerably more delocalized
oligomers!® By extrapolation we find tha®, ..=0.25 eV for than in oligomers. In addition, it is seen that this procedure
the infinite oligomer. does not yield a meaningful result for the CL for some poly-

In order to further expand the domain of validity of the mer films for which P, <P, .. These polymers are regio-
“universal” scaling law forP;, PA measurements d®, in  regular poly-3-hexyl-thiophendRR-P3HT, mLPPP and
films of alkyl-substituted OT were performed and added topoly(9,9-diocty)fluorene(PFO).2° We note that the spectrum
Fig. 3. It is seen thata) the linear relationship foP, con-  of PFO is for the so-calleg-phas€??lt is clear that some-
tinues at least to OT with 17 repeat uni®) interchain  thing interesting occurs in the these samples. Before continu-
effects apparently do not play a significant role in OT, anding this discussion, however, a closer look at the FTIR-PA
(c) the fact that both positive and negative polarons arespectra(Fig. 5) for these three polymers is in order.
present in PA studies does not lead to a significant change of It is seen that th@, transition is superimposed by narrow
P,. These observations, together with the identification thabands with some resemblance to the infrared active vibra-
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FIG. 4. The peak photon energies of tRAgtransition in a vari- FIG. 5. The FTIR-PA spectra of thBP, transition for (a)

ety of m-conjugated polymer films, the names of which are aS'RR-PSHT,(b) mLPPP, andc) PFO. The spectra were measured at
signed. The crosses mark the intersect with the linear fit to the 5\ \\nder excitation by an argon-ion laggypically 100 mWj, by
oligomer data in Fig. 3; thg-coordinate thereforg gives ,the mea- subtracting 5000 scans of illuminated and unilluminated FTIR
suredP; peak photon energy, whereas theoordinate gives the .« iccion spectra

effective conjugation length.
Az \21
Pl = ( ) o (2)

2Mwi/) W

tions (IRAV) bands, that are well-known from the study of
other polymers. However, a more detailed examination of - ) ]
Fig. 5 indicates that the narrow superimposed features appear Heéreé A quantifies the e—p coupling strengte.g., in
to have negative absorption contributiofentiresonances, €VY/A), M is the ionic massw is the Einstein phonon fre-
ARs) rather than peaks as for regular IRAVS. Indeed, it hagluéncy, anaw is thg band width .before inclusion qf e-p
been shown that the sharp ARs are due to Fano-type inteF—c.’Up"ng' The term n tt}e bracket is th? ener’gyassoqated
ferences that occur when tlig transition overlaps with the W'th.the S EOUp“né' The observatlo_n of the umve_rsal
vibrational spectruniZ The P; transition is therefore given SCAiNg 1aW,Py =Py .+ constl. translates into the following
p . B refore g statementsW is similar for a wide class ofr-conjugated
as the ('anvel.ope'of the measured spectrum, indicated by tfb%lymers and oligomers. Sint® increases only weakly with
dotted lines in Fc'jg' >- . ith th del th t thenV is considerable larger in short oligomers but does
. W:Z gtart our discussion with the SSH or e—p model tha ot vanish even in the infinitely long oligomer. We note that
yields™ a recent theoretical paper concluded tWatconstN in a
more or less universal manner in acenes and fullerenes with
various numbers\ of 7-bonds?*
1-— The inclusion of interchain interaction in theoretical cal-
P, = v E, X f(y) 1) culations is generally found to destabilize the polaret?

2 9 ' since the amplitude of the e—p interaction decreases with
increasing number of atoms involvétiHowever, even in the
presence of interchain interaction it is also expected that po-

f(y) is a monotonously decreasing function such th@ |arons are restabilized by defects or finite €126 One there-
=1 andf(«)=0, y is the so-called confinement parameterfore expects that this destabilization is only effective in high
and measures the degree of nondegeneracy of the groupdrity, ordered and rigid systems. We recall that mLPPP and
state inw-conjugated systems. This model therefore predictg3-phase PFQRefs. 21 and 2Rare particularly rigid poly-
a strong correlation between the gap enekgyandP;. Our  mers and that RRPP3HT forms nanocrystal lamellae because
experimental findings are in stark contrast to this predictionpf its high regioregularity:?” It has been predicted that, for
we find thatP, is apparently completely independent&f t, on the order of 0.15 eV, the polaron excitation substan-
The most generic model for polarons is the moleculartially delocalizes over adjacent chaih$his leads to the ex-
crystal or Holstein moded;it is however not expected to be pectation that theP; transition of a delocalized polaron
applicable in a quantitative way te-conjugated polymers. (hereafter referred to d3P,) is redshifted compared to the
This model yields for the P,” transitior? (hypothetical value without interchain interaction. Therefore
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delocalization as a result of interchain interaction can natuextended states above the mobility edge, respectively, and
rally explain the observation th&, <P, ... However, inter- therefore a measure of the energy difference between quasi-
chain interaction in the form atransition) dipole-dipole in-  Fermi level and mobility edge, respectively.

teraction leads to a level-splitting and may result in a |y symmary, we found that the polaré transition obeys
blueshift compared to the transition without level splittify. 5 |niversal relationship that depends only on the oligomer-

e e et oo o "lenglh n a wide clas o olgomer souons. Empiyg
the signature of delocalized polaroirs RR-P3HT, mLPPP, PA technique, we generalized this result'to films of ol[go-
and PFO. Since charge carrier mobilities in RRHT2? ~ Mers and_ _polymers. We have th_erefore dlsco_vered _aS|mpIe
mLPPP® and PFO(Ref. 29 are orders of magnitude larger @nd sensitive method for measuring the effective CL in poly-
than in PPV and RR®3HTfilms, it appears that delocalized mer films. Applying our methods to polymers, we find that
polarons may be a necessary prerequisite for high mobility ipolarons may be as confined as in oligomers in some sys-
polymers. We note that whereas evidence for delocalized pdems, but may even be delocalized over several chains in
larons in RRP3HT wasfound earlie?7-30the present work high mobility polymer films.
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