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Poly(9,9-dioctylfluoreng (PFO is widely used as a highly efficient blue-emitting polymer for light-emitting
diode applications. Films of PFO are known to contain a plg®phase or a disordered glassy phase that
affects the emission characteristics. We have studied the morphology dependence of the photoinduced absorp-
tion in such PFO films and find that thig-T,, absorption signal differs between the two phases in energy,
linewidth, and intensity. The lower intensity we observe in giphase as compared to the glassy phase is
evidence for a lowel; population in the former. We attribute this to firstly, reduced intersystem crossing and
secondly, increased charge generation due to both more extended conjugation along the chains and higher
interchain interactions in the planar, well-orderggbhase. The reduced energy and smaller linewidth of the
triplet absorption in thg8-phase as compared to the glassy phase are indicative of a more deloggl&tate
and a higher degree of order in tifephase, respectively.
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Polyfluorenes have emerged as a promising class of oichromex 250SM scanning monochromator. The transmitted
ganic semiconductors for efficient blue luminescence improbe beam was monochromated using a second Chromex
light-emitting applicationd:?> The strong morphology depen- 250SM and its intensity detected by a Si photodiode coupled
dence of their photophysical properties, particularly into a SR830 dual phase lock-in amplifier. Measurement of the
poly(9,9-dioctylfluoreng (PFO, has been studied intensely |ock-in signal after closing the first monochromator slit al-
in recent year§-®Among its applications is, for example, the |owed any background PL signal to be subtracted from the
fabrication of polymer light-emitting deviced EDs) with 5| signal.
highly polarized emission from aligned chaftis? In PFO, We prepared PFO films with differerg-phase contents
distinct phases have been identified; mainly a disorderegly gin coating from different solvents as detailed in Ref. 8.
glassy phase and a crystalliffephase consisting of more "4 containing pure disordered glassy phase was spun
E;n%recimll?fr’}cg dh%;r?ﬁg?nqa%fﬁgﬁz [\)/gizgvﬁptrreezetmelgtao?lm from chloroform, a low boiling point solvent with a solubil-
as-cast films or by spinning films from solvgnts with differ- gﬁiﬁgéaggﬁfrsg\?;?Tvg[gk;a;&zgi';g'p?r/glr?]g?er}tz?s(;?ri’”:rﬁgh
ent hoiling points and solubility parametér? Besides be- that of PFO, is used to induce the formation of a high amount

ing a material of strong interest for application purposes, . .
PFO, through its morphological diversity, offers a uniqueOf planarB-phase embedded in the disordered glassy phase.

possibility to study structure-property relationships without | & amount of3-phase was further increased by exposing
the need for chemical modification. In the present study, wéhe sample to a saturated atmosphere of toluene vapor for
focus on the morphology dependent properties of triplet ex# h.
cited states in PFO. Detailed knowledge about triplet states is The absorption and photoluminescence spectra of the
of importance for both a thorough understanding of the funsamples obtained are shown in Fig. 1. The glassy phase is
damental photophysics of conjugated polymers and for theitypically characterizedlby a broad, unresolved absorption
technological application in electronic devices such as LEDsspectrum with an onset at around 2.95 eV and a photolumi-
We perform photoinduced absorption measurements to studyescence with a 0-0 transition at 2.93 eV and a linewidth of
the effect of chain planarization and interchain order on theabout 160 meV. The absorption of the plagaphase occurs
formation probability of triplet excited states and the energy
of the triplet-induced absorption. — cyclopentanone
Polymer solutions at 10 mg/ml in either chloroform or ~ [.----- chloroform
cyclopentanone were prepared from PFO as obtained from
CDT Ltd. 100-nm-thick films were spun onto quartz sub-
strates using a conventional photoresist spin coater. A
Hewlett-Packard ultraviolet-visible spectrometer was used to
take absorption spectra. Photoluminesce(fee) measure-
ments were carried out at room temperature in a Cary Eclipse
Fluorescence Spectrophotometer. Photoinduced absorption
measurements were taken at 90 K in a continuous flow cry- 3.0
ostat with excitation provided by a continuous wave 405 nm ) Energy (eV)
laser diode at 45 mW. The pump beam was modulated me-
chanically. The probe beam was generated by a 150 W tung- FIG. 1. Absorption and photoluminescence of PFO films spun
sten halogen lamp and the probe wavelength selected withfeom chloroform(dashed linesand cyclopentanongsolid lines.
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S e and singlet emissiorfFig. 1). Thus we conclude that this
:ﬁlz's‘:sehase sample contains pure glassy phase, and consequently we at-
gasey P 3 tribute its T,-T,, absorption signal to the glassy phase.
3 The cyclopentanone-spun sample, on the other hand,
shows onlyB-phase emission although a large amount of the
sample is constituted of glassy phase. This is due to the
aforementioned picosecond complete energy transfer be-
tween the closely intermixed phaseafter photoexcitation,
triplet formation occurs through intersystem crossiigC)
on the order of nanoseconds in aromatic hydrocarbdHs,
1.25 150 1.75 200 which is slower than the picosecond energy transfer between
the two phases. ISC thus takes place @#phase chro-
Energy (eV) mophores. In addition, th€, state in planap-phase PFO is
. . ) expected to be lower in energy than that in the glassy phase
FIG. 2. Photo_mduced absorption of PFQ fl_lms spun from chIo-aS theT, energy of poly-para-phenylene-type polymers de-
roform (dashed linesand cyclopentanongsolid lineg at 90 K and . . . .
) : creases with increasing planarizatimccordingly, we ex-
36 Hz. Inset: Chemical structure of PFO. . . . .
pect that if a small, undetected fraction of singlet excitons

at lower energy with well-resolved 0-0 and 0-1 transitions adid still remain on the glassy phase in our cyclopentanone-
2.83 and 3.10 eV, respectively. The emission with its 0-0SPUn sample and some ISC took place there, this would be
transition at 2.82 eV is similarly redshifted with respect tofollowed by rapid triplet energy transfer to th@phase as
the glassy phase and exhibits a narrower linewidth of aboufiPlet excitons are highly mobile. Furthermore, the fact that
65 meV. From the absorption spectra of our samples and th@€ linewidth found in our cyclopentanone-spun sample is

pure B-phase absorption spectrum, we calculate that th&arrower than in the chloroform-spun sample by a factor of 3
chloroform-spun film studied here does not contain any de¢an be attributed to a much narrower density of states and

tectable amount ofg-phase (less than 1% while the thus a higher degree of interchain ordering in the former
theSimilarly decreased from 160 to 65 meV between the glassy

Nevertheless, we note that the emission in /
cyclopentanone-spun film stems exclusively from planaPhase and th@-phase. We consequently attribute theT,

B-phase chromophores. This is due to the ultrafast, very efransition detected in the cyclopentanone-spun sample to the

ficient energy transfer between the two closely intermixedPl@narg-phase.

phases which is facilitated by the remarkably high Forster The energy shift of 80 meV between the two phases is
radius of the planag-phasé® consistent with a larger conjugation length in the planar

The photoinduced absorptiofPA) spectra of the films phase which seems to stabillize the delocalrfggtate more
studied in absorption and PL are shown in Fig. 2. BothStrongly than the rather localiz&d state,®*’ particularly for
samples show a stron@;-T, transition for which we find high band-gap material§.A similar energy shift between_
firstly, two different spectral positions and secondly, a differ-9lassy ang3-phase PFO from 1.7 to 1.6 eV was observed in
ent spectral width in the two samples. We attribute the tranthe (Si-Sy) singlet excited-state absorptiéh.
sition in the chloroform-spun sample to the glassy phase We now consider the relative intensity of tfig-T, ab-
(vide infra). It has a transition energy of 1.51 eV and a full Sorption signals in both phases. The intensity of the photoin-
width at half maximum of 120 meV. In the cyclopentanone-duced absorption signal is given by
spun sample, we assign the transition to Bwphase(vide AT/T = nod, (1)

infra). It occurs at 1.43 eV and has a much smaller full width _ _ _ .
at half maximum of 45 meV, indicative of a narrower den- Whereny is the population densityy the excited state ab-

sity of states and thus a higher degree of ordering in thé&orption cross section, ardithe thickness of the film. We
B-phase. The energy and width we find for tifephase presume that the absorption cross section in the highly con-
T,-T, transition is consistent with the signals attributed byjugated planapB-phase is likely to be similar or even higher
Cadbyet al® to both 8-phase and glassy phase PR@de than in the disordered glassy phase. We therefore argue that
infra). Under 36 Hz modulation, the intensity of tig-T,  the smaller signal in the plan#-phase as compared to the
absorption signal in thg-phase is lower than the intensity in disordered glassy phase reflects a lower triplet state popula-
the glassy phase by a factor of 2. In addition to this, thetion density in the former.
cyclopentanone-spun sample shows a small polaron absorp- For steady-state conditions, the triplet generation gate
tion peak at 1.93 eV, which is in agreement with Cadity is connected to the population density via
al.’s® findings of a PFO polaron signal at this position. -

We attribute the triplet-state-induced absorption signal at e =grr/Ad, @
1.51 eV in the chloroform-spun sample to the glassy phasso that
and the corresponding signal at 1.43eV in the ATIT = grrolA, 3)

cyclopentanone-spun sample to tBgphase due to the fol-
lowing reasons: The chloroform-spun sample shows onlywhere 7 is the triplet lifetime andA the sample area. Thus,

evidence for the presence of glassy phase in both absorptidor identical sample areas and absorption cross sections, a

[aT/T]/ 10
N w E-N
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-
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T+ T jugated compound8so that intersystem crossing is expected
[ ] to be lower in theB-phase as compared to the glassy phase.
o i 7 (i) Triplet generation also depends on the population den-
e T T sity of the singlet state from which intersystem crossing oc-
~ 1 LB8phase _ curs. The amount of singlet excitons created in the first in-
E E . g‘uﬁ';?si 3 stance is identical between both samples presented here as
Qg PRese 1 their optical density at the excitation wavelength is identical.
[ glassy phase ] However, the singlet exciton population density is consider-
| 2 g‘u?';?zzase i ably reduced if dissociation into electron-hole pairs occurs.
- it % This dissociation is significantly enhanced by an increasing
I B S — degree of conjugation between the repeat Ghis well as
10 100 1000 by increased interchain interactioff&2® In fact, the former
Frequency (Hz)

appears to assist the separation into geminate polaron®pairs,
FIG. 3. Modulation frequency dependenata and fit of the while the latter seems to stabilize the final separation into

) 2203 . )
triplet-exciton-induced absorption band in PFO films at 90 K: at"ongeminate polaron pa'?é'_ Both conjugation length and
1.43 eV in the cyclopentanone-spun samsielid symbol and at mterch_aln interactions are indeed increased upaphase
1.51 eV in the chloroform-spun samplepen symbols formation. Consequently, the rate constant of charge separa-
tion is expected to be higher in ti@phase. Korovyanket
22 oo - ) I
stronger induced absorption signal is connected to either g;m f;gg \;\r/]i?he(ier?crzr;slirrzcri%ﬂ?egntpg;ar%n rﬁ?er?:;ztlcg;lvlgetplzo
longer triplet lifetime or a larger triplet generation. ng . 19 P P ’ )
The triplet lifetimes can be obtained by measuring theal' .show that in poly'lndenofliuo.renes, a class of semicon-
dependence of the induced absorption intensity on the cho lucting polymers that is Very similar to polyfluo_ren_es in both
- : : gtructure and photophysical behavior, substitution of the

process where a distribution of lifetimes governs the dynamp olymer with bulky sidechains preventing interchain interac-

: o : ; tions not only decreases the polaron formation, but also in-
ics of the photoexcitations, the instrument respoR&e) in creases the magnitude of the triplet signal detected in steady-

an induced absorption measurement can be modeled as &
complex functiof® state PA. , , ,
In the present study, experimental evidence for singlet ex-
Ro citon dissociation in the plang#-phase is the appearance of
R(w) = T+ (w0 (4)  a small photogenerated polaron absorption peak at 1.93 eV

in the cyclopentanone-spun samgifég. 2). Such a signal is

whereR; is the steady-state responsg,is a “mean” life-  absent in the chloroform-spun sample, indicating that exciton

time, anda<<1 is connected to the lifetime distribution func- dissociation does not take place in the glassy phase. One

tion that can be realized once this parameter has been omight argue that exciton dissociation in the glassy phase sim-

tained experimentally. The redimaginary part of this ply does not occur under excitation at 405 nm at the glassy

complex function is the in-phadeut-of-phasg component. phase absorption edgés presented herebecause not

By fitting the frequency dependence at 90 K of the triplet-enough excess energy is supplied to overcome the exciton

induced absorption band accordingly we obtain triplet life-binding energy. However, even under excitation at 351 and

times of 3.1 and 14.5 ms for the glassy phase gnghase, 364 nm, we did not observe any polaron absorption feature

respectively(Fig. 3 with very similar values fore of 0.74  in the glassy phase. These results are in agreement with

and 0.68. Cadbyet al’s® findings of a polaron peak at 1.95 eV in their
According to(4), the long triplet lifetime in theB-phase thermally treatedhigh B-phas¢ sample but none in their

implies that the intensity of the photoinduced absorption sigas-spun sample.

nal in Fig. 2 may be somewhat reduced by overmodulation. (iii) In addition to triplet formation via ISC, the triplet

In fact, when considering the frequency dependence of theevel may be populated through recombination of some of

absolute signal intensity, the glassy phase andgihase the polarons generated by exciton dissociation. The spin de-

have almost identical intensities at 10 Hz, where overmodupendence of this recombination mechanism has been in-

lation is not an issue. Considering the much longer lifetimetensely researched in recent ye#r$> A large fraction of

of the B-phase signal, however, E§3) suggests that the singlets(57%) (Refs. 26 and 2J7is already formed in glassy

associated weaker induced absorption signal ingfghase phase PFO. The conjugation lengthdfphase PFO is longer

is due to a lower triplet generation rate. We consider that th¢han in glassy phase PFO; this will further reduce the likeli-

reduced triplet generation is due to several differences thdtood of recombination into a triplet stdteand thus the con-

we are now going to discuss. tribution of polaron recombination to thgow) triplet gen-
Triplet exciton formation occurs either by intersystem eration inB-phase PFO.

crossing from a singlet state or through the recombination of o ] ) } )
polarons. To sum this discussion up, triplet formation in the

B-phase may be less efficient than in the glassy phase due to
(i) The intersystem crossing rate increases with increaswveaker intersystem crossing, higher exciton dissociation, and
ing amount of spin-orbit coupling. For symmetry reasons,stronger spin dependence of polaron recombination.
spin-orbit coupling is low in highly symmetrical, planar con- It is interesting to note that we find different spectral po-
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sitions and widths for thél;-T,, absorption signals of the triplet exciton population than in the singlet exciton popula-
glassy and thes-phase while Cadbyt al® find the same tion. We therefore attribute th€,;-T,, transition observed by
spectral feature for both their samples, albeit with differentCadbyet al® in their as-spun sample exclusively faphase
intensities. This apparent contradiction requires a more dechromophores.

tailed analysis. We therefore take a closer look at the absorp- |n conclusion, we have performed a photoinduced absorp-
tion and PL spectra reported by Cadey al® for their tion study on polyd,9-dioctylfluorene (PFO spun from dif-
samples. A careful inspection of the emission spectrum foferent solvents, yielding films containing once pure disor-
their as-spun PFO film, assigned to pure glassy phase, shoygreq glassy phase and once a high fraction of planar
a small shoulder at the position of tjiephase peak, thatis at 5 nhase embedded in the glassy phase. We were able to
2.82 eV. Asimilar spectral shape has been seen in other Spilkemonstrate that the longer conjugation length and higher
coated films; and a Franck-Condon analysis has shown thaliegree of order and interchain interaction in the planar
the shoulder is indeed indicative of a small amount of planalg_yhase compared to the glassy phase leads Tp B, ab-
p-phase embedded in a large amount of glassy phase. FWpintion signal of lower energy, narrower linewidth, and
thermore, in our sample containing pure glassy phase, thgmajler intensity. The reduced triplet state formation in the
0-0 transition is stronger than the 0-1 transititfig. 1), g.phase is attributed to a combination of lower intersystem

while the opposite is the case in Cadby al's> spectra,  ¢rossing and higher exciton dissociation into polaron pairs.
which also indicates the presence of a small amount of

B-phase hidden under this spectral feature. We note that such The authors acknowledge the European Commission
a fraction may be less than 1%, yet it can still contribute by(*“STEPLED” programmg (A.H.), the Clerk Maxwell Trust
10% to the emissidhand hence to the singlet population in (A.H.), Covion Organic Semiconductors GmbH, Frankfurt,
the B phase. Moreover, triplet excitons are very mobile dueGermany (A.H.), the Cambridge Commonwealth Trust
to their long lifetime. It is therefore probable that additional (A.L.T.K.), the Royal SocietyA.K.), and Peterhouse, Cam-
energy transfer from the glassy phase to laphase occurs bridge (A.K.) for financial support. We thank Tom Ford for
after ISC, resulting in a higheB-phase percentage in the placing triplet lifetime fitting functions at our disposal.

*Present address: Experimentalphysik, Universitat Potsdam, Am ence Books, Sausalito, CA, 199p. 186.

Neuen Palais 10, 14469 Potsdam, Germany. 14B. Kraabel, D. Moses, and A. J. Heeger, J. Chem. PH@GS

1D. Neher, Macromol. Rapid Commur22, 1365(2007). 5102(1995.

2U. Scherf and E. J. W. List, Adv. MatefWeinheim, Ge). 14, 15D, Hertel, S. Setayesh, H.-G. Nothofer, U. Scherf, K. Miillen, and
477 (2002. H. Bassler, Adv. Mater{fWeinheim, Ge). 13, 65 (2001).

3M. Grell, D. C. C. Bradley, X. Long, T. Chamberlain, M. In- 16p, Beljonne, H. F. Wittmann, A. Kohler, S. Graham, M. Younus,
basekaram, E. P. Woo, and M. Soliman, Acta Poly8, 439 J. Lewis, P. R. Raithby, M. S. Khan, R. H. Friend, and J. L.
(1998. Bredas, J. Chem. Phy4.05 3868(1996.

4M. Grell, D. D. C. Bradley, G. Ungar, J. Hill, and K. S. White- 1’N. Chawdhury, A. Kéhler, R. H. Friend, M. Younus, N. J. Long,
head, Macromolecule82, 5810(1999. P. R. Raithby, and J. Lewis, Macromoleculd$, 722(1998.

SA. J. Cadby, P. A. Lane, H. Mellor, S. J. Martin, M. Grell, C. 18N, Zhang, A. Koéhler, E. Zojer, A. Pogantsch, and D. Beljonne
Giebeler, D. D. C. Bradley, M. Wohlgenannt, C. An, and Z. V. (unpublished

Vardeny, Phys. Rev. B52, 15604(2000. 190. Epshtein, G. Nakhmanovich, Y. Eichen, and E. Ehrenfreund,
6M. Ariu, D. G. Lidzey, M. Sims, A. J. Cadby, P. A. Lane, and D. Phys. Rev. B63, 125206(2001).

C. C. Bradley, J. Phys.: Condens. Mattk4, 9975(2002. 20p. Beljonne, Z. Shuai, G. Pourtois, and J. L. Bredas, J. Phys.
’A. L. T. Khan, M. J. Banach, and A. Kéhler, Synth. Met39, Chem. A 105, 3899(2001).

905 (2003. 2LA. Hayer, H. Béassler, B. Falk, and S. Schrader, J. Phys. Chem. A
8A. L. T. Khan, P. Sreearunothai, L. M. Herz, M. J. Banach, and A. 106, 11045(2002.

Koéhler, Phys. Rev. B69, 085201(2004). 220. J. Korovyanko and Z. V. Vardeny, Chem. Phys. L&%6, 361
9K. S. Whitehead, M. Grell, D. D. C. Bradley, M. Jandke, and P.  (2002.

Strohriegl, Appl. Phys. Lett76, 2946 (2000. 23C. Silva, D. S. Russel, A. S. Dhoot, L. M. Herz, C. Daniel, N. C.
10M. Grell, W. Knoll, D. Lupo, A. Meisel, T. Miteva, D. Neher, Greenham, A. C. Arias, S. Setayesh, K. Millen, and R. H.

H.-G. Nothofer, U. Scherf, and A. Yasuda, Adv. Matéiein- Friend, J. Phys.: Condens. Matté#, 9803(2002.

heim, Gen 11, 671(1999. 24M. Wohlgenannt and Z. V. Vardeny, J. Phys.: Condens. Matter
117, Miteva, A. Meisel, W. Knoll, H. Nothofer, U. Scherf, D. C. 15, R83(2003.

Miller, K. Meerholz, A. Yasuda, and D. Neher, Adv. Mater. 25A. Koéhler and J. Wilson, Org. Electrort, 179 (2003.

(Weinheim, Gel. 13, 577(2001). 26M. Wohlgenannt, X. M. Jiang, Z. V. Vardeny, and R. A. J. Jans-
12M. Grell, D. D. C. Bradley, M. Inbasekaran, and E. P. Woo, Adv.  sen, Phys. Rev. Lett88, 197401(2002.

Mater. (Weinheim, Ge). 9, 798 (1997). 27A. S. Dhoot and N. C. Greenham, Adv. MatéWeinheim, Ge).
13N. J. Turro,Modern Molecular PhotochemistriiJniversity Sci- 14, 1834(2002.

241302-4



