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Morphology-dependent energy transfer within polyfluorene thin films
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We have performed a detailed study of the photoluminescence from thin films of blue-light-emitting
poly(9,9-dioctylfluoreng containing different fractions of planarizé@-phase chains within the glassy poly-
mer film. By choosing solvents with a range of polarities and boiling points we were able to cast films with
reliable control of the relative amounts Bfphase chains present. We analyzed the emission spectra in terms
of Franck-Condon progressions and found that, at low temperafiri€g the luminescence can be modeled
accurately by considering two distinct contributions from the two phases present in the film. The Huang-Rhys
parameter for the3 phase is shown to be approximately half the value obtained for the glassy phase, in
agreement with a more delocalized exciton in ghehase. Time-resolved photoluminescence measurements on
a film containing roughly 25% oB phase reveal a fast transfer of excitations from the glassy t@ {hlease,
indicating that the two phases are well intermixed. Assuming the transfer dynamics to be governed by dipole-
dipole coupling, we obtain a fster radius of 8.2 0.6 nm, significantly larger than the radius typically found
for excitation transfer within the glassy phase. These results are consistent with the large spectral overlap
between the emission of the glassy phase and the absorption ¢ pfese and explain why the latter
dominates the emission even from films containing only a small fractig-mtiase chains.
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I. INTRODUCTION tion is low, and suggest that energy migration oBtphase
chains might occut!?We performed a detailed study of en-
Polyfluorenes are a class of organic semiconductors tha&rgy transfer from the glassy to the phqse using time-
have been intensely researched over the past few y8as, resolved spectroscopy and deduce a largestéo radius of
they combine efficient blue luminescence with the possibilityabout 8.2 nm. Good control over the formation of the
of chain alignment, allowing light-emitting diodes to be Phase was obtained by spinning thin films from solvents with
made with linearly polarized emissidn® The photophysical ~different polarities and boiling points. We perform a Franck-
properties of polyfluorenes are known to vary strongly withCondon analysis of the luminescence to obtain the Huang-
the morphology of the filmt:? In poly(9,9-dioctylfluoreng ~ Rhys parameters of the glassy afichases along with the
(PFO), distinct phases have been identified, such as the digelative contributions of either phase to the overall emission.
ordered glassy phase obtained by spin coating from a good
solu_tion, and cr_ystallineoz and B phasgs where th_e PFO_ Il EXPERIMENTAL METHOD
chains are considered to be planar, with a longer intrachain
correlation and conjugation length in tiephase than in the All measurements were made using thin films with a typi-
« phasé® cal thickness of 50—100 nm spun onto quartz substrates from
The fraction of planarized chains was found to determinechloroform, toluene, xylene, isodurene, and cyclopentanone
the number of triplet excitons and polarons formed in asolutions of the polymer using a conventional photoresist
film”® and the photoluminescence efficieficilaving good  spin coater. For temperature-dependent absorption measure-
control over the formation of these phases is therefore cruciahents, the samples were held in a temperature-controlled
for the performance of light-emitting diodes. Previous at-continuous flow helium cryostat. Illumination was provided
tempts to control the morphology of PFO thin films include by a 150 W xenon arc lamp dispersed by a Jobin-Yvon
thermal and vapor treatment of as-cast films, although momonochromator. The transmission was measured with a UV-
phological differences have also been observed by simplgnhanced silicon photodiode and a Stanford Research lock-in
casting films from a variety of solventg:610:11 amplifier (SR830. The spectra were corrected for the trans-
The presence oB-phase chains can be identified in ab- mission of the setup. The optical absorption spectra at room
sorption measurements by a peak at about 436 nm, just béemperature were also compared to those measured with a
low the main absorption band, and in emission measureHewlett-Packard ultraviolet-visible spectrometer and found
ments by a vibronic structure that closely resembles théo be identical. Raman spectra were taken with a Renishaw
emission of ladder-type polgara-phenylengLPPP, where  Raman microscope connected to a spectrometer with a
the poly(p-phenyleng backbone has a fully planarized charge-coupled devicCCD) camera. The excitation wave-
chemical structure. As glassy and crystalline phases can céength was the 632.8 nm line of a HeNe laser.
exist in a polymer film, their emission spectra are sometimes Measurements of photoluminescenteL) were made
superimposed and can be difficult to separate unless ongith the sample in a continuous-flow helium cryostat. Exci-
phase dominates. Nevertheless, Ariu and co-workers note tation was provided by the UV line@55 and 365 nmof a
strong fraction of luminescence from planarized chains in theontinuous wavelcw) argon ion laser. Typical intensities
emission spectra, even when their contribution to the absorpused were a few mW/mt The emission spectra were re-
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corded using a spectrograph with an optical fiber input 1.2

coupled to a cooled CCD arrg@riel Instaspect Y. Time-  Cyclopentanone

------- tsodurene

resolved photoluminescence spectroscopy was performed at 7 1.0 —
room temperature using the up-conversion technique. The E F AR o
sample was excited with the frequency-doubled output from g 08
a mode-locked Ti:sapphire laser supplying 200 fs pulses at L X
an energy of 3.06 eV and a repetition rate of 76 MHz. The s 06
average excitation power was 0.6 mW on a spot of about 110 3 04 [
pum diameter. Photoluminescence originating from the § “F

sample was collected using dispersion-free optics and up- 0.2 . /
converted in @ barium borate crystal using the fundamental B PR ~
laser beam at 1.53 eV as a gate. Sum-frequency photons 0.0 e, el
were dispersed in a monochromator, and detected via single- @ 26 28 30 32 34
photon counting. To set the detection polarization with re-

spect to the excitation polarization, the latter was adjusted by

rotation of aA/2 plate and a Glan-Thompson polarizing 12 =
prism. All up-conversion measurements shown were taken
for collinearly polarized exciting and detected light. The
overall temporal resolution was 380 fs, while the spectral
resolution of the system was approximately 20 meV. All
time-resolved PL spectra were corrected for spectral re-
sponse by up-converting the light originating from a W fila-
ment lamp with known emissivity. The sample was held at a
pressure of less than 16 mbar during measurements to
avoid photo-oxidation.
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Ill. RESULTS AND DISCUSSION
A. Absorption and photoluminescence spectroscopy

Figure 1 shows the absorption and emission spectra at FIG. 1. Room temperature absorptit@ and luminescencéo)
room temperature from thin films spun from chloroform, spectra of thin films of PFO spun from various solvents as indicated
toluene, xylene, isodurene, and cyclopentanone solutiong the figure. The inset shows the chemical structure of PFO.

The characteristics of the various solvents are summarized in

Table I. We observe the 0-0 and 0-1 vibrational peaks of the

absorption due to the crystallin® phase at 2.84 and about determining theB-phase concentration of a spun-cast film.
3.08 eV, respectivel}"**for the films spun from cyclopen- For example, isodurene and chloroform have the sényet
tanone, isodurene, and, to a lesser extent, xylene solutioonly the film spun from isodurene has a significant fraction
The absorption of films spun from chloroform or toluene of 8 phase. Similarly, toluene and xylene have very close
solution shows no such features and is shifted further to theolubility parameters yet give rise to different amountgzof
blue. We use the intensity of the O phase peak to scale phase. In either case the solvent with the higher boiling point
the B-phase absorption spectrliand thus to estimate the has an increasef-phase concentration. This fact might help
fraction of the total absorption originating from the pla- explain the mechanism that promotgsgphase formation in
narized chaingTable ). spun-cast filmsB-phase formation was also observed after

An increased formation of planar chains upon spin coatslow thermal cycling or exposure to solvent vapor. It was
ing has previously been attributed to poor solvent quafity. argued that the thermal contraction and expansion cycles or
The character of a solvent can be parametrized in terms ahe swelling induced by solvent vapor may cause a mechani-
the solubility parametes (also referred to as the Hildebrand cal stress which causes the polyfluorene chains to adopt a
parametey, which gives a measure for the attractive strengthplanar conformatiofi:}> We consider that a similar mechani-
between molecules of a material and corresponds to theal stress may apply during spin casting from a moderately
square root of the cohesive energy den¥ifhe enthalpy of poor solvent. A poor solvation environment may assist a ten-
mixing, AH, between polymer and solvent depends on thedency to crystallization. Moreover, the polymer will fall out
difference in the solubility parameters of polymer and sol-of solution before the solvent fully dissipates. This mecha-
vent [AH/V=(polymer— Ssoven)’ D poymePsovens WhereV — nism is sensitive not only to thermodynamical parameters
is the volume of the mixture and is the volume fractioh  like the enthalpy of mixing, but also to the kinetics of film
so good mixing is observed when polymer and solvent havéormation, and it can therefore be influenced by the boiling
the samed. On this basis, Grell and co-workers have inferredpoint of the solvent. When the boiling point is low, as for
a & of about 9.1—9.3 (cal/ciy*? for PFO° However, Fig.  chloroform, there is little time between the polymer falling
1(a) suggests that, in addition to the solubility parameter, theout of solution and the film drying. In contrast, in a solvent
boiling point of the solvent may also play a vital role in with high boiling point such as isodurene, the solution be-
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TABLE |. Fraction of 8 phase for the different solvents together with their boiling points and polarities.

B-phase fraction  p-phase fraction Boiling point  Solubility paramete®s,

Solvent absorption(300 K)  emission(10 K) (°C) (cal/cn?) Y2
Chloroform <0.01 0.10 61 9.3
Toluene <0.01 110 8.9
Xylene 0.01-0.05 0.44 138 8.8
Isodurene 0.20 1.00 198 9.3
Cyclopentanone 0.25 1.00 130 104

comes increasingly concentrated during spin casting, untithan the room temperature spectra. The corresponding ab-
eventually the polymer falls out while the film is still wet and sorption spectra are also shown. Overall, the absorption
spinning. It can thus be stressed by the remaining escapinggpins vibrational resolution and shifts slightly to the red upon

solvent. We note that we found the fraction @fphase for- cooling. The low-temperature emission spectrum of the

mation by spin coating to be well reproducible, except forcyclopentanone-spun film very closely resembles that of a
xylene where some variation occurred. fully planar methyl-substituted ladder-type pggra

Figure Xb) shows that the fraction of emission originating phenylene(MeLPPPB and has been attributed t{6-phase
from the 8 phase varies more strongly with solvent than theemissiont The narrow 0-0O peak of thg-phase emission at
fraction of absorption observed in Fig.(aL In the 2.78 eV in the cyclopentanone-spun film can be clearly iden-
cyclopentanone- and isodurene-spun films, the planarizetified as a peak in the xylene-spun film and as a small shoul-
chains account for 20% and 25% of the total absorptionder in the chloroform-spun film. Thus, some fraction of
However, all of the emission from these films appears tg3-phase emission seems to occur even from the chloroform-
come from theB phase; the 0-0 peak of the emission is atspun films. We note that upon cooling the 0-0 position for the
about 2.81 eV, and the vibronic structure is characteristic fotuminescence shifts to the red by about 27 meV for both
B-phase emissiohThis suggests an efficient mechanism of emission from the nonplanar chains in the glassy phase and
energy transfer from nonplanar, disordered chains in themission from the planarized chains in tB@hase. In fact, a
glassy phase to planar chains in the crystalline phase. Iredshift of approximately 20 meV has also been observed for
contrast, in the films spun from chloroform and toluene, wethe rigid, fully planar MeLPPE This confirms the argument
observe emission mainly from the nonplanar, disorderegut forward by Basler and Schweitzer which attributes the
chains; the 0-0 peak of emission occurs at 2.91 eV and thbathochromic shift to the temperature dependence of the
vibronic structure is different. The film spun from xylene electronic relaxation process rather than the freezing out of
seems to be a superposition of the two extreme cases.  torsional modes’

From here onward we will consider only the solvents cy- A Franck-Condon analysis was carried out on the spectra
clopentanone, xylene, and chloroform as a representative ¢éken at 10 K. The optical densities at the peak of absorption
each case. In order to determine accurately the fraction dodre 1.55, 0.885, and 1.33 for the films spun from chloroform,
emission from the glassy angiphases we have performed a xylene, and cyclopentanone, respectively. As evident from
Franck-Condon analysis on the low-temperature spectrkig. 2, there is no noticeable overlap of absorption and emis-
shown in Fig. 2, which have a higher vibrational resolutionsion for the films spun from chloroform and xylene, and
consequently no corrections were made for self-absorption.
For the film spun from cyclopentanone, there is a rise in
baseline of Fig. &) in the relevant energy range of 2.75—
2.80 eV, which can be caused by absorption or increased
scattering. Self-absorption would affect the height of the 0-0
peak, and thus the value of the Huang-Rhys parameter. Since
there is excellent agreement between the Franck-Condon
simulated spectrum and the experimentally measured spec-
trum even for the 0-2 vibrational transitiofgde infra), we
consider that self-absorption does not play a significant role,
and that the rise in the baseline in Figbpreflects an in-
crease in light scatteringvhich is enhanced in this sample
since it contains more microcrystalline domains

(a) AR '300'K

Photoluminescence Intensity (arb. units)
Absorption (arb. units)

20 22 24 26 28 30 32 28 30 32 34 36 38 40
Energy (eV) Energy (eV) B. Franck-Condon analysis

FIG. 2. The luminescenc&) and absorptior(b) spectra at 10 The vibronic structure of the photoluminescence in con-
and 8 K, respectively, of thin fims of PFO spun from chloroform jugated polymers is determined by the Franck-Condon fac-
(top), xylene (middle), and cyclopentanonébottom). The room  tors. The emission spectruR(% w) in photons/energy inter-
temperature spectra are also shown for comparison. val can be modeled #&*°
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wherefiwg is the energy of the 0-0 peakw; are the vibra-
tional energies of the modess n;=0,1,2,3,4 denotes the
number of vibrational overtonek,is the Gaussian line shape
operator(and was kept at constant full width at half maxi-
mum for all modes and overtones;), n is the refractive
index, and 0-n, is the intensity of the r; vibronic transition

of the modei. 1o, is related to the Huang-Rhys parameter
Si byl7

Photoluminescence Intensity (arb. units)

lo-n= . (2 .(g::)l'”r]”"”or.o

Thus, the ratio of the 0-0 peak to the 0-1 peak gives the
Huang-Rhys parameter of a particular vibrational mtde.
The total Huang-Rhys parameter is the sum over all the in-
dividual modes. It is a measure of the difference between the
ground and excited state geometries and is related to the
relaxation energ¥, o by E;o=2;St w; .

To determine the vibrational energigs; we took Raman —
spectra from the films spun from the three solveg. 3). 20 22 24 26 28
The spectrum obtained from xylene is nearly identical to that Energy (V)
from chloroform and is therefore not shown. The spectra are g 4. The photoluminescence spectrum at 10 K of RE@-
characterized by a strong mode at 1605 cpattributed t0 @ teq jing and its Franck-Condon fisolid line) for a film spun from
ring stretching mode, and a number of modes between 110oroform (a), xylene (b), and cyclopentanonéc). () and (b)
a.nd 1400 Crﬁl Wh|Ch haVe been attributed to C-C StretChing show the fits to thqg phase’ g|assy phase’ and their S(ﬂﬁset
modes between phenylene rings and C-H in-plane bendingom bottom to top. A broad Gaussian background was subtracted
modest'? The peaks in the 1100-1400 chrange take a from the data ina and (b) and is also showkdashed ling In (c),
higher relative intensity in the film spun from cyclopen- the positions of the 0-0, 0-1, and 0-2 vibrational transitions are
tanone, which is rich ir8 phase, than in the films spun from indicated for theg phase.
chloroform or xylene. This is consistent with the higher in-
tensity reported for these peaks by Agtal. for the vapor-  the 1400-1100 cm' range, and three other lower-energy
treated film compared to the spin-coated film, where thenodes(3—1) taken at 604, 806, and 838 ¢ The index of
former has more3 phase than the latté?.For the Franck- refraction was measured by ellipsométrand is shown as
Condon modeling, we considered seven modard n;=4 the inset to Fig. 3. Its dependence on the photon energy
overtones for each mode. Specifically, we considered mode @annot be neglected as is evident from the strong dispersion
at 1605 cm*, modes 6—4, which we placed at about 1137,we observe in the energy range of emissiahove 2.6 eV.
1282, and 1411 citt to account for the number of peaks in  Figure 4 shows the emission together with best fits to Eq.
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TABLE II. Huang-Rhys parameters for different phases as extracted from the Franck-Condon analysis of
the PL spectra according to the description in the text.

Linewidth E el

Phase (meV) (mevV)  Ei§ S Se+5+4  Sgrati
B phase in cyclopentanone 25 97 0.58 0.24 0.28 0.06
B phase in xylene or chloroform 34 97 0.58 0.24 0.28 0.06
Glassy phase in chloroform 62 230 1.37 0.46 0.73 0.18
Glassy phase in xylene 64 320 1.87 0.69 0.97 0.21

(1) from the films. To fit the emission, we varied the inten- phase than in thg8 phase in the xylene-spuihloroform-
sities of the 0-1 transitions for the seven modes, and thspun film. We note that the transition from a more planar
Gaussian linewidth, and compared the resulting emissioexcited state to a nonplanar ground state is expected to
spectrum according to Eql) with the experimental spec- couple to modes associated with torsions between phenyl
trum. Table Il lists the total Huang-Rhys parameters and theirings?>~2* These torsional modes occur around 70 ¢m
distribution over the different modes as well as the line-(about 9 meV, and can therefore not be resolved from the
widths and the relaxation energies obtained for the differenaictual 0-0 transitioR??*?°yet they cause the Huang-Rhys
films. We have grouped the modest6+4 and 3+2+1 parameter to be actually underestimatédhe values we
together as they are energetically closely spaced and the didetermine for the Huang-Rhys parameter are in good agree-
tribution of intensity between them can therefore be varied tanent with theS=0.65 estimated by Guhet al. for methyl-
some extent without affecting their sum. For the film spunsubstituted ladder-type polyara-phenylene an&=1.2 for
from cyclopentanone, an excellent agreement can be olpara-hexaphenyt® We note that two closely spaced elec-
tained by assuming a single emission with the 0-O origin atronic states which depend on the degree of morphological
2.78 eV. We find theB phase to have a low overall Huang- disorder were previously also observed for gpbra-
Rhys parameter of 0.6 and a narrow linewidth of 25 meV.phenylene vinylene®
The low Huang-Rhys parameter implies not only a well- From the fits we have also determined the contribution of
delocalized excited state, but also that there is little geometeither phase to the total emission spectrum given in Table .
ric relaxation following a transition from the excited state to In particular, the films spun from xylene and chloroform
the ground state indicating that both states are associatettmonstrate how the emission is sensitively affected even by
with fairly planar conformations. a small fraction ofB phase that is hardly noticeable in the
In contrast, we were unable to model the emission of theabsorption spectrum.
film spun from xylene and chloroform by a single Franck-
Condon progression, while a suitable fit was obtained using a, _. . ,
superposition of two progressions. To obtain a good fit it WaSC' Time-resolved photoluminescence from cyclopentanone film
necessary to subtract a broad Gaussian peak centered aroundThe dominance of3-phase emission from films which
2.3 eV, which we attribute to some aggregation or defectontain a relatively small fraction g#-phase chains suggests
sites! Figures 4a) and 4b) show the emission from films the existence of a fast transfer of photoexcitations from
spun from chloroform and xylene along with the fit and its glassy phase t@-phase chains. This should be expected
two components. We assume one component to begthe since the relatively strong overlap between the emission of
phase, taking the 0-0 peak to be at 2.78 eV and using thihe glassy phase and tiephase absorption will allow effi-
same Huang-Rhys parameters as determined for the filmient Faster energy transfer to occur between the two
spun from cyclopentanone solution. A slightly wider Gauss-phases, if they are sufficiently well intermixed. In a recent
ian linewidth of 34 meV is required for a good fit. In the report by Ariu and co-workers, energy transfer was sug-
second component we place the 0-0 position at 2.89 eV, thgested to occur on time scales faster than 5 ps, the time
peak position of the glassy phase. We find that this glassyesolution of their systert?. In order to study the dynamics
phase has a much wider linewidth of about 62 meV for theof this excitation transfer we have here performed time-
chloroform-spun film and 64 meV for the xylene-spun film. resolved photoluminescence measurements at room tempera-
The wide linewidth and the associated high amount of inhoture on thin films spun cast from cyclopentanone solution. As
mogeneous broadening in the glassy phase compared to theentioned earlier, these films featurggghase contribution
crystallineB phase is indicative of a high degree of configu- of 25% to the total absorption both at room temperature and
rational disordet’ The total Huang-Rhys parameter for the at 8 K (see Fig. 2, while the time-integrated emission is
glassy phase is 1.41.9) for the chloroform-spur(xylene-  completely dominated by th@ phase. These films are there-
spun film. This is two (three times the value for the crys- fore ideal samples for investigating the excitation transfer
talline phase and suggests that significant geometric relaxdynamics between the two phases.
ation occurs after the transition, most likely caused by the Figure §a) shows the time-resolved emission spectra of
transition from a more planar excited state to a nonplanasuch a film for various times after excitation. At the photon
ground state. Correspondingly, we find the geometric relaxenergy of 3.06 eV excitations will be created in both the
ation energy is also twdéthree times higher in the glassy glassy phase and th@phase, and the emission at early times
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FIG. 6. Photoluminescence at a photon energy of 2.96 eV as a
function of the square root of time after excitation for a PFO film
spun from cyclopentanone solutidgopen circles The solid line
represents the best fit to the data assuming a decay based purely on
Forster energy transfer to randomly distributegiphase chro-
mophoregsee texk

PL intensity (arb. units)

nism based on Feter dipole-dipole coupling, the emission
I of the donor(i.e., the glassy phagsean be described

by26,27

IDzloeX[{_;_Z'}’\/f)y (3)

FIG. 5. Time-resolved photoluminescence at room temperaturd/N€re 7 is the natural lifetime of the glassy phase in the
for a PFO film spun from cyclopentanone solutiéa). Spectra for ~ adSence of the acceptore., theg phase, andy is related to
various times after excitation—the arrows indicate the dynamidhe Foster radiusR, via
trends within the first 5 ps after excitation at the different spectral
positions.(b) Normalized photoluminescence transients for a range
of photon energies.

Delay (ps)

RO:

3 70 7) 1/3 (4)

2\m® Cp

after excitation should therefore contain both componentsWlth Cp being the density of-phase chromophores ang

N _ : the radiative lifetime of the glassy pha¥e€®Here, the Fo
er::iséé?olr?ds%eedct\aljhrﬁt rg\?eg?sszvyfé;(tggé tlen\(/gih?(?htr\;\?e ster radiusR, corresponds to the separation between donor
. " : . and acceptor chromophores at which transfer of an excitation
attribute to thg(0-0) transition of the glassy phase, while the from the donor to the acceptor is as likely to occuraia-
s(|;) e(:)ctrally narrow Ill)(ea? r?t Z'ﬁo eVAcan be _idert;tiflied gsgéh%ve decay on the donor. TheffectiveForster radiusRe"™, on
0 emissin pesk of 1 phase, X energis below 292 i other and, s the donoracceptor separaton . wi
and g-phase contributions and the dynamics in the first fe\/vlt_r&mff(':'r of an excitation rtrom the don?rdto the daccep_tor_ls as
picoseconds vary strongly across the spectrum. At 2.93 a ely to occur asany other means of donor de-excitation
2.72 eV[arrows (i) and (iv) in Fig. 5a)] the PL emitted he two radii are linked through
decreases rapidly within the first few picoseconds, while an Reff— YR (5)
increase is found at 2.62 and 2.80 Efrows(i) and(iii) in 0 o
Fig. 5@)]. These changes are further illustrated by the phowhere® is the quantum efficiency of the dorfd.

toluminescence transients given in Figb at 2.96 eV the Typical natural lifetimes measured for the glassy phase of
PL decays rapidly with a &/time of 3 ps, while an increase PFO are of the order of a few hundred picosecatfdsSSince
on a similar time scale can be seen at 2.80 eV. the transfer from the glassy phase to fiphase occurs on a

The dynamics presented in Fig. 5 strongly suggest thatuch faster time scale, the first part of the exponential in Eq.
excitation transfer occurs from the glassy phase to ghe (3) may be neglected. Plotting the PL decay of the glassy
phase, most of which is completed within a few picosecondsphase at 2.96 eV on a semilogarithmic scale against the
In order to study the transfer processes in this system in morggquare root of time after excitation should consequently lead
detail, we focus in the following on the PL decay at 2.96 eV,to a linear appearance of the data, which is what we observe
since the emission in this region of the spectrum is originat{see Fig. 6. The description of the excitation transfer in
ing solely from the glassy phase. Assuming a transfer mechaerms of a Fester model therefore seems appropriate here.
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Figure 6 shows the best fit to these data using Bp(and crease irb. However, the fast transfer dynamics we observe
neglecting the natural donor degdyom which we obtain a indicate that the two phases are well intermixed, so that these
value of y=0.305+0.009 ps *2. In order to extract the Fo  effects should be relatively small. The paramdiés there-

ster radiusR, from this value using Eq(4), the radiative fore likely to lie somewhere in the range between 0.7 and 1,
lifetime of the glassy phasg, and the chromophore density or b=0.85=0.15. Estimating a 10% error in the valuesocgf

of the B8 phasec; need to be known. Ariet al® have deter- and f, we obtain ag-phase chromophore density af;
mined the PL quantum efficiencies at room temperature for=(0.43+0.10)x 10*° cm™2 for our sample, and using Eq.
an as-spun-cast glassy angsahase containing film to be (4) we determine a Hster radius ofR;=8.2+0.6 nm for
&®=0.53 and 0.55, respectively, with a corresponding naturaéxcitation transfer from the glassy to ti#ephase. It should

PL lifetime of r=430+10 ps for both films. Assuming a be noted that theffectiveForster radius for this transfer may
relation of 7=® 7, between the natural and the radiative be much smaller, depending on the quantum efficiency of the
lifetimes° we arrive at a value of,=811+19 ps for the film [see Eq.(5)]. It would be interesting to compare this
glassy phase. To obtain an estimate of the chromophore demalue to the Frster radiusRy found for excitation transfer
sity of the 8 phasec;, we link this parameter to the chro- occuring solely between chromophores of the glassy phase.

mophore density of the as-spun-cast glassy plkgsesing Meskerset al3? have undertaken a detailed study of the ex-
citon migration in poly2-ethylhexyl fluoreng (PF2/8,
cp="fbcy, (6)  which does usually not support the formation g ahasé>®

and find an effective Fster radius of 3 nm for a sample
which has a natural PL lifetime of 300 ps. If we assume the
égdiative lifetime of excitons located on glassy chains in PFO
and PF2/6 to be similar, the PF2/6 sample studied by
Meskerset al. should have had a quantum efficiency of 0.37
%nd consequently a Fster radiusR§~3.5 nm according to

g. (5). This Faster radius for transfer within the glassy
phase of PF2/63.5 nn) is significantly lower than the Feo

wheref is the fraction of the total chromophores present in
the B phase and is a factor which accounts for changes to
the chromophore density due to conformational changes b
tween the glassy and thgphase. Stevenst al. have deter-
mined a ground state density=2x 10'® cm™2 for PFO in a
purely glassy phase from careful modeling of photobleachin
experiments? In order to determind we consider that the
radiative lifetime of the glassy phase and phehase appear s ] !
to be very similar indicating an almost identical oscillator Ster radius we determine for exciton transfer from the glassy
strength for both phases. The fraction Gfphase chro- [© the 8 phase in PFQO8.2 nm). Such a result should be
mophores in the film we investigated should therefore be th&XPected since the spectral overlap between the emission and
same as thes-phase contribution to the absorption, that is,the.ab.sorptmn of the glassy phase is rather limited, while the
f=0.25. To address the way in which conformational®Mission of the glassy phase of PFO overlaps to a large

changes between the glassy and fhghase affect the aver- extent with the(0-0) transition in theB-phase absorption.

age chromophore density in a film containing sofphase Finally, hsome caution Is requged when gpplyir_lgﬁer;is
chains we need to take into account that in fhphase the ~N€OIY to these systems, since the exciton in conjugated poly-

intrachain correlation length was fouhin be longer22 nm mers tends to be partly delocalized.over a chain segment and
than in the glassy phas8 nm) by a factor ofr =2.75. As- may therefore no longer be considered as a point dipole.

suming that a chromophore comprises one correlated Cha{ﬁecent quantum chemical calculations have indicated that
segment, the numbers andn, of glassy phase angphase or (_:hc'_:lin segments separated by a few angstroms significant
chromophores supported on one chain are related to grgeviations from Foster's theory are to be_expect&ilhes_e .

chain lengthL through L=n X8 nm+ngx22nm. In a effects should be strongest at very early times after excitation

- (=<1 p9 when the transfer dynamics are dominated by
urely glassy phase film, on the other hand, the whole ch::u{w< .
Eonsistg of ;/Fr)mmb ! of glassy phase chromophores, or nearest-neighbor transfers. It has also been suggested

L=n’'x8nm. The reduction in the total number of chro that excitation transfer in conjugated polymers is generally

5 due to th f in the film i " preceeded by migration of excitons within the donor. How-
mophores due to the presence of sgfnghase in the filmis o0 “for the sample we investigated, tB®hase concentra-
therefore given by

tion is so high that direct transfer of excitons to {Bighase
should be the most dominant transfer mechanism.
b ng+n,3: Ng+nNg

n

()

!

g ng+rnﬁ

IV. CONCLUSIONS

and with the fractionf =n;/(ng+ng) we obtain ) ) )
We have presented a detailed study of the interrelation-

ship between morphology and photophysics in thin films of
~0.70. (8)  PFO. Small amounts of the crystalliiephase dominate the

emission characteristics. The formation of the two phases
However, additional influence on the chromophore densityuring spin coating can be controlled reliably through the
from the presence of the phase may originate from changes choice of the boiling point and solubility parameter of the
in the interchain order. The formation of@phase has been solvent. A Franck-Condon analysis has shown that the planar
shown to be correlated with an enhancement of interchaichains are characterized by a low Huang-Rhys parameter,
order with respect to the glassy ph&sehis could result in  consistent with well delocalized excited states, while the
denser packing of chromophores, corresponding to an inaonplanar chains of the glassy phase show high values for

b= 1+f(r—1)
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