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Triplet exciton migration in a conjugated polyfluorene
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The diffusion and triplet energy relaxation in amino endcapped [[88big2-ethylhexylfluorene-2,7-diy]
has been studied using photoluminescence and photoinduced absorption, both time-resolved covering ten
decades of time, dependent on temperature, excitation dose, and concentration. The results are analyzed
employing the concept of dispersive hopping in a Gaussian distribution of 403, characterized by width
6 of 40 meV. It is found that the initial photogenerated triplet population in the polymer films decays fairly
equally by triplet-triplet annihilation and intrinsic monomolecular decay, respectively. In the latter case, the
triplet excitons survive the initial 100 ms either in trap states outside the DOS at ambient temperature or within
the DOS at low temperature. Further, it is clearly found that triplet migration in this conjugated polymer is both
an intrachain and interchain process. Interchain hopping of triplet excitons must occur, which subsequently
leads to the observation of delayed fluorescence. The nature of interchain hopping of the triplets is discussed.
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[. INTRODUCTION pendent of the excitation mechanism, possible in the long-
time region after excitation, e.g%10 ms, when combined
Conjugated polymers have attracted considerable researetith low temperature. This very low time resolution is not
interest during the past decade due to their great potential idue to a lack in sensitivity but follows from the long radia-
applications such as electrically pumped lasers and soldive lifetime of the triplet state in pristine conjugated poly-
cells, but mainly as active materials for displays. The lattermers. As an example, from the radiative lifetime of the trip-
being based on polymer light-emitting diodé€BLED), are let, roughly 1 s, it follows that only every 100 000th triplet
thought to combine economical production with superiorcreated would decay radiatively in the first 48. Aggravat-
properties when compared to the current technologies. Geliag this, the ISC ratéfor photoexcitation and the phospho-
erally two types of excited species are formed in workingrescence quantum efficiency are far from unity, hence tem-
PLED’s potentially emissive singlet states and nonemissivgyorally resolved phosphorescence detection at early times
triplet states. Theoretically the branching ratio favors theafter excitation is impossible. Even at intermediate measure-
triplet state 3:1 due to the statistical nature of the recombiment times us to ms the Ph signal is superimposed on the
nation process of the carriers. However, spin-dependent restrong delayed fluorescen@®F), whose low-energy tail ex-
combination suggests a ratio closer to 1:1, depending on thiends into the spectral region of the Ph emission. Thus a
individual polymer The implications of this clearly show study of triplet migration in conjugated polymers cannot
that triplet states have equal importance compared to the sinly rely on the photoexcited phosphorescence observation
glet state. However, there is much more known about thdecause the migration of the triplet excitons is much faster
fluorescent singlet exciton. This fact is understandable beatompared to their radiative lifetime. In those conjugated
ing in mind that the triplet is, due to spin conservation, polymers in which the DF after photoexcitation originates
highly nonemissive, which impedes its observation with al-from triplet-triplet annihilation(TTA) of course the latter
most every direct luminescence measurement. For exper¢ontains information about the precursor triplet states as well
mental studies the triplet manifold is usually populated viaand therefore studying the DF offers a powerful tool for
photoexcitation followed by intersystem crossifgsC), gaining information about the triplet state, especially in the
which is more or less efficient depending on the conjugatedirst 10 ms after excitation.
polymer? In principle, short current pulses could alterna-  Employing gated spectroscopy techniques at low tempera-
tively serve as an excitation source, which was recentlyture, Romanovskiet al. observed both Ph and DF, emitted
shown by Sinhat al*> However, the latter method has some by the conjugated polymer methyl-pébaraphenylene
disadvantages regarding triplet migration studies. First of all(MeLPPP.* Recently, similar observations have been re-
the current source is, in practice, a voltage source, thus thgorted for polyfluorenes’ and polythiophene$.For the
initial charge-carrier density, concomitantly the triplet den-present photoluminescence study a polyfluorene derivate was
sity, is unknown. Further, the comparatively long excitationchosen, since here the DF originates undoubtedly from
pulses limit time resolution, charge carriers remain, whichTTA,*° whereas the analysis of photoemission experiments
might influence the triplet concentration long after excita-under applied bias voltage suggests the DF of MeLPPP to be
tion, and the technique is restricted to thin films. Thus, forcaused by delayed charge-carrier recombinattofhe em-
the present study pulsed laser excitation is deemed the supghasis of this investigation is to examine the known experi-
rior method. mental observations in greater detail and thus gain deeper
Nevertheless, monitoring the phosphorescei®, origi-  insight into the nature of the triplet state in conjugated poly-
nating from the radiativéspin-forbidden decay of the first mers in general. Special attention is focused on the migration
excited triplet to the singlet ground stafe]l— S0, is, inde-  and annihilation of triplets and on their lifetimes at various
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temperatures including the important case of thin films atiode responding to the excitation laseet before the start
room temperature. To do this, mainly the DF kinetics of theof detection, with the duration of detection also being tun-
polymer were investigated as a function of temperature andble(the time resolution is limited by a minimum gate width
excitation dose in different environments covering solution,of 200 ps. However, this highly sensitive CCD camera pro-
frozen solution, film, and blended into an inert matrix poly- vides a useful dynamical range of only three orders of mag-
mer. The results obtained were further complemented byitude. Hence, measuring a signal drop of som@)ld&rders
time-resolved transient triplet absorption studies and anasf magnitude lasting up to ten decades in time is still a chal-
lyzed in the framework of a well-established migration lenge. In this context measurements with a fixed gate are not
theory relying on the hopping of localized particles in a dis-feasible, hence, gate widths were applied, which increased
tribution of energy states. dynamically with the time delay. In practice, a set of delay
times {,) was chosen to cover the desired time region
equally spaced on a logarithmical scale. The gate time was a
tenth of the delay time, hence the measured intensity at point

The synthesis of the polyfluorene derivative p8y9-bis  tx can be expressed as
(2-ethylhexy)fluorene-2,7-diy] endcapped withN,N-bis(4-
methylphenyl-N-phenylaming PE2/6am# (see inset of Fig. Imea%cf+tx/20| (Dt @
2 below for chemical structuyeis described in the tx ~1,/20 '
literature® We chose this polymer rather than a more com-
mon polyfluorene because it shows much less tendency twith I(t) being the true time-dependent intensity. In order to
form ketodefect sites. In order to investigate the concentranormalize the gate widths the data points were scaletg by
tion dependence of the decay kinetics, dilute solutions oft should be mentioned that the measurement is a differential
PF2/6am4 in either 2-methyltetrahydrofurdTHF), meth-  experiment, since for every gate/delay time pair the former is
ylcyclohexane(MCH), or toluene have been prepared. Themuch shorter than the latter. The above procedure immedi-
polymer fractions were I, 10 4, and 10° by weight, ately yields the true kinetics and integration is not necessary.
which for the lowest concentration corresponds te=& Finally, in order to smooth laser intensity fluctuations, every
% 10 8-mol repeat unit/mol solvent. After transferring the spectrum(measure pointwas obtained by accumulating up
solutions into a sealed degassing cell, attached to a quarte 50 laser shots. Sometimes whole decay curves were taken
cuvette, the air dissolved in the solutions was removed byeveral times in order to circumvent long-time laser intensity
three freezing-pumping cycles. Additionally, MTHF and fluctuations.
MCH/toluene form clear glassy matrices at low temperature Complementary to emission studies the triplet decay ki-
making possible the investigation of low polymer concentra-netics have additionally been probed using time-resolved
tions imbedded in a rigid matrix. To do so, a sealed cylindri-transient photoinduced triplet absorpti6GhiRA). An advan-
cal quartz viewport, loaded in our glove box under a nitrogertage of this method is that the signal, defined as a normalized
atmosphere, containing predeoxygenated polymer solutiorthange in the probe transmissidnis directly proportional
was attached to the cold finger of a temperature-controlletb the triplet densityny, —AT/T=nédd, whered is the sample
displex helium cryostatlowest temperature=15 K). thickness and the excitation cross section. In order to excite

A disadvantage of frozen solution is its natural restrictionthe polymer the same pulsed laser used for the emission de-
to low temperature. This limitation has been circumventedection served as the pump beam in the transient absorption
by imbedding the investigated polymer into zeonex—aexperiment. The probe beam was provided by an intense
cyclo-olefine, from ZEON. In order to fabricate films, infrared light-emitting diode(760 nm), whose emission
zeonex containing I0f- or 10 °-by-weight PE2/6am4 was matched the wavelength of the transient triplet absorption of
dissolved in toluene and subsequently drop cast onto silicoRF2/6am4. Having passed either the liquid or solid sample
wafers. With this procedure we obtained perfectly clear filmsattached to the cold finger of our displex helium cryostat, the
exhibiting the purple color of PF2/6am4 solutions. To com-probe beam was detected by a fast silicon pin diode. Using a
pensate for the low absolute absorption of th@km, dilute current amplifier(200-MHz bandwidth the signal was then
films, typically 20 films where stacked together forming oneconverted into voltage and monitored by a 300-MHz digital
sample of about 2-mm overall thickness. oscilloscope. For the whole setup an excellent signal-to-

Additionally, solid polymer films have been prepared by noise ratio A T/T=10"*) was achieved, accompanied by a
spin coating a 0.02% by weight solution of PF2/6am4 inpoor time resolution of Jus. In order to cover the initial time
toluene onto previously cleaned quartz substrates. For theegime, another complementary TRA experiment was carried
present time-resolved spectroscopy studies a pulsed Nd: yput employing the gated CCD camera. Here the probe beam
trium aluminum garnet lasdpulse width 120 ps; maximum was provided by a stabilized tungsten lamp to record TRA
pulse energy at the excitation wavelength 355 nm, 7 mJspectra. Unlike the above experiment the signal-to-noise ra-
repetition rate 1-10 Hawas used to excite the singlet mani- tio was poor A T/T=10"2); however, this was compensated
fold of PF2/6am4. The light emitted by the sample wasby the time resolution, which is, in principle, identical to the
monochromated and subsequently detected by our gated i@CD shortest gate width, 200 ps. In practice, spectra earlier
tensified charge coupled devid€CD) camera(4 picos, than 50 ns could not be obtained as a consequence of the
Stanford Computer Optigs“Gated” refers to an adjustable strong fluorescence of the investigated polymer, which has a
time delay after the trigger pulggrovided by a fast photo- spectral contribution even at 1.6 eV superimposed on the

Il. EXPERIMENT
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FIG. 1. Normalized prompt and delayed emission spectra of a F|G. 2. Double logarithmic time-dependent singlet emission of
PF2/6am4 film at 15 K. The delayed fluorescence appears identicgly—4 polymers imbedded into zeonex. For the sake of clarity the
in spectral position and shape to the prompt fluorescémcéddi- 300 K is offset by two orders of magnitude compared to the 15-K
tionally, but only detectable for long gate times, phosphorescence igyrve. The solid lines correspond to algebraic decays with a slope
emitted peaking at 2.17 eW). For comparison the 300-K absorp- —0.96 and to exponential kinetics with 300-ps decay time, respec-
tion spectrum of the same film is includéd. tively. The chemical structure of the end-capped polyfluorene, PF2/

6am4 derivative, used throughout this study, is depicted in the inset.
TRA signal. This is a fundamental property of this special

polymer and does not appear for weakly emissive materialsironger than that expected from the exponential PF decay
(compare with exponential simulatipriThere are many rea-
sons not to assign the origin of this kind of DF to TTA. One
is the laser excitation dose dependency shown in Fig. 3,
In Fig. 1 the isoenergetic prompPF) and delayed fluo- which was measured for a 1 MCH solution. Here, gate
rescencéDF) as well as the redshifted phosphoresceitte ~ windows were chosen such that the intensity dependencies
spectra are shown as observed at 15 K. For the purpose afe obtained selectively for the PF, DF1, and the subsequent
comparison the 300-K absorption spectrum of a spin coatetbng-time DF. The clearly linear dependence for the early,
film is also shown. The curves are consistent with data pubfast DF1 component on excitation power points to a mono-
lished for similar polyfluorene derivatés,in particular, con- molecular rather then bimolecular origin, such as TTA. The
firming that the different end groups do not alter the photo-atter findings are identically recovered in films and solu-
physics. Even if the spectral appearances of(tleemalized  tions. However, since the present study is devoted to the
PF and DF are identical, the intensity difference between
both kinds of emission is remarkable—some ten orders of T T T

Ill. RESULTS

R4 ]
magnitude for the spectra presented in Fig. 1. Representing 10° o TRA (55..65 ns) . -~ 3
the numerous decay curves measured for this study, two typi- ] v PF(0.4ns) ]
cal temporal decay patterns of ttepectrally integrated DF ~ 10®°4 4 DF1(20.500ns) o3
obtained from zeonex films are presented in Fig. 2 ina 2 ] ©® PF2(.100us) 4 o
double logarithmic fashion. The spectra of Fig. 1 represent _g 107,; o? -
roughly the start point and end point of the upper curve of &
Fig. 2. Apparently the kinetics are far from being simply %’ 106,; .t" ,
monoexponential and, depending on experimental param- g N ," ]
eters such as temperature, up to seven time regimes exhibit- € 108 * s ]
ing different decay kinetics are distinguished as follows. : 3
Extending over the initial 4 ns, the tail of the PF is visible, 10 o ]
featuring a monoexponential decay, which was simulated us- Lo r r —
ing a 300-ps characteristic lifetime, see the upper curve of 1 10 100 1000

o I
Fig. 2. This(slightly temperature-depend@mRF lifetime of laser excitation pulse power (uJ*cm™)

PF2/6amA'r agrees well with data previously obtai?’f’eq. _ FIG. 3. Laser power dependency @fom top to bottor tran-
Extending over the next 100 ns after photoexcitation &y triplet absorptioGTRA), prompt fluorescencé®P), early time
fast decaying DRsubsequently called DF1s visible, which  (pr1). and Iate time delayed fluorescen@#2) components. The

ob_eys a_po_vver-IaV\{ decay with a slope betweehand—3.  measurements have been taken using & MCH solution at 300
This emission, which to our knowledge has not been menk rather than a film. In order to see that the gate times employed

tioned in the literature before, is truly delayed rather than théndeed correspond to DF1 and DF2, refer to the solution decay
tail of the PF, as the double logarithmic graph might suggesikinetics shown in Fig. 6. The solid line depicts a linear increase
For example, at 20 ns the measured intensity K0'° times  with laser power.
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FIG. 5. Time-resolved transient triplet absorption signal of4.0

FIG. 4. Th_e effect of oxygen on the DF decay kmetu_:s of 810 olymers in zeonex at 15 and 300 K. The curves are composed of
toluene solution at 300 K. The curves are non-normalized, thus,

variance to DF1 only DF2 is affected by oxygen. The curves start o0 data s_ets obtained '”depend.‘?““y with a .CCD camera and os-
cilloscope in order to cover the initial and late time regimes, respec-
separate after a delay of 600 ns.

tively. The CCD camera results are smoothed; an error bar of the

triplet state we do not deal with this kind of DF here, and goriginal data is given. The solid line fit of the 15-K curve corre-
detailed characterization will be given in a forthcoming pub-SPonds to Eq(2). The inset shows a TRA spectrum at 15 K, which
lication. was obtained using the CCD camera.

With delay times exceeding the DF1 regime, the DF

(hereafter called DP2decay becomes slower, obeying an comparable to the emission intensity of thin films upon
algebraic law with slope-0.96+0.01 in the case of zeonex freezing the solution. The DF2 intensity of liquid solutions is

and thin films. A slightly faster decay is found for all kinds of N€@vily reduced in the presence of a triplet-quenching oxy-
frozen solutions—1.13+ 0.01 (upper part of Fig. 7 below gen concentration, as demonstrated by Fig. 4. Note that the

We emphasize that these slopes within the given error Iimit§jecay curves presented are not normahzgd,.thus the(e IS no
have been observed without exceptit20 times for films ~ CXY9en effect on the fast DF1, further confirming that triplets

and zeonex; 4 times for different frozen solutipriberefore areT?]ot _the origf]irllz_of gFlﬁ . ol b .
they represent firm results rather than random derivation? e inset o Igf. 8040\”506‘ tra|n3|ent.tr|p eta sorpr)]uon
from an ideal slope of-1 caused by inaccuracies of mea- TRA) spectrum of a 10°-wt% polymer in zeonex. The

surement. For sufficiently high temperatures, e.g., the 300-10€aK energy position for PF2/6am4 is blueshiftedby50

curve in Fig. 2, we see a turning poifity zgo ky= 200 ng meV compared to photoinduced absorption speﬁtra of a simi-
. l S| . .

after which the decay becomes faster, again exhibiting slopégr _po_lyfluorene derivate po@.g-dmctylfl_uoren;z bgt has

of ~—2. These general decay patterns were always observéySimilar spectral appearance. The main part of Fig. 5 com-

in zeonex as well as for polymer films and the frozen solyPares the temporal decay of the TRA signal at 15 and 300 K,

tion. This kind of delayed emissiofDF2) originates from measurgd using a zeonex film. As degcribed in Sep. Il the
TTA, which was shown independently by Hertlal. and data points are combined from two different experiments:
y ‘ whereas the noisy initial points represent integrated TRA

ourselves:*° For example, the bimolecular nature of the an- 12 obtained with the CCD the later 1 .
nihilation process manifests itself in superlinear excitation>PEctra obtaned wi € camera, the later uime region

dose dependencies as shown in the lower curve of Fig 4s covered by an oscilloscope trace. At first glance the triplet
Naturally any additional triplet decay besides TTA will result 48CaY patterns resemble those of the DF2, see Fig. 2. How-

in reduced DF2 emission intensities. This is the reason fof€"» In the same “”?e regime in which_the DF2 inten_sity
the accelerated DF2 decay for delay tinie400 ms, e.g., decreases by some eight orders of magnitude the TRA signal

seen in the upper curve of Fig. 2, since here the radiativc.i!S iny reduced l?y approximatelly S0%. This Is notan incon-
triplet decay(Ph) becomes increasingly important, spicuous inconsistency. If TTA is the only depletion mecha-
Turning our attention to the DF decay in Fig. 4, we find nism for the initially created triplet reservoir, then the result-

that liquid solution is the only exception in which the typical ing DF2 kinetics are proportional to the change of the

algebraic behavior of DF2 kinetics is not observed at all. Inr_lumber of triplets in time rather than being directly propor-

this case, DF2 decays monoexponentially, featuring typica'onal' The Iow-t(_amperature, .time-dependent TRA_signaI
lifetimes of 1 ms. However, we do observe the algebraic lawUPPET curve of Fig. bcan be fitted extremely well using a

upon freezing these solutions. The transition from the exp0§|mulat|on of the form

nential curve of Fig. 4 towards the more complicated decay Sy a-ti7

. . Ph(t)oct Sxe 7, 2
shown in the upper curve of Fig. 7 below occurs smoothly at
intermediate temperature. It is worth mentioning that thisThe characteristic radiative triplet decay lifetimes found
changeover is accompanied by a roughly thousandfold into be 1.43 s. This value slightly exceeds the phosphorescence
crease of the initial DF2 emission intensity. Thus the rathedecay time, 1.1 s, found by Hertet al. for a similar poly-
weak DF?2 intensity observed at room temperature becomé#iorene derivate in frozen solutidnHowever, the authors
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FIG. 6. DF2 decay kinetics at 300 K of three solutions contain-
ing different polymer concentratioriower curves. The laser pulse
power was fixed to 10QuJ/cn?. The emissions are scaled to the
DF1 signal, thereby accounting for the reduced absorption at lower
polymer concentrations. For comparison a typical solid film decay
at 300 K is plotted as well.
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assumed only exponential triplet decay thereby neglecting
the additional algebraic component, hence a smaller expo- -<
nential decay time is expected. In E@®) the exponents . 55 096
describes the power-law contribution to the triplet decay. )
Due to the high number of data points provided by the aver-
aged digital oscilloscope trac€>2000 this exponent is 10 == T 1%
found with low error limits,s= —0.03%=0.001. Unlike the

DF2 kinetics, the latter value does not depend on whether FIG. 7. Compendium of non-normalized decay curves at differ-
frozen solution, zeonex, or polymer films have been investient temperatures for a 10 frozen solution, film, and
gated; recall that the algebraic DF2 slopes ai®.96 and 10 *-by-weight PF2/6am4 in zeonex. Note that at long delay times
—1.13 for zeonex or thin film and frozen solution, respec-a relatively strong Ph compared to the DF2 disturbs the 20-K frozen
tively. At variance to the DF kinetics, the weak time depen-solution curve.

dence(slope—0.04) of the triplet decay also extends into the

first 100 ns, thereby confirming the lack of any sort of fastfind that with increasing concentration more DF2 is emitted
initial decay comparable to the DF1 kinetics. This observarelative to the(de facto normalizedabsorption. Expressed in
tion once more proves that, unlike the DF2, the DF1 does naabsolute numbers the DF2 intensity relative to the laser ab-
originate from TTA. However, the turning point in the DF2 sorption is reduced by a factor of 6 for a tenfold dilution of
kinetics from slope~—1 to —2 is accompanied by a similar the polymer, DF2-c*%.

change in the TRA curve at the samgemperature- A compendium of decay curves obtained from frozen so-
dependentdelay timets. This observation might be visual- lution, thin film, and zeonex film at several temperatures is
ized by comparing the 300-K zeonex curves of FigDF) shown in Fig. 7 on a common time axis. First of all, we note
and 5(TRA); in both cased,~200 ns. Aftert the TRA that these curves are not normalized. Therefore the DF2 in-
signal declines by some 256elative to the slope 0f-0.04).  tensity is almost temperature independent as long as the
Then the decay again slows down until the radiative triplet—0.96 slope regime is valid. Obviously the accelerated de-
lifetime becomes dominant. Likewise, this long-lasting tail cay of the DF2 starts earlier with increasing temperature,
has its counterpart in the DF2 kinetics. It is worth mention-and, concomitantly, the turning point shifts to shorter delay
ing that none of the TRA features described above could bémes after photoexcitation.

observed in liquid solution. Here the TRA, proportional to  Finally, we remark that it is impossible to obtain equally
the ftriplet concentration, decays monoexponentigiyt  meaningful kinetics in the same temperature range for a lig-
shown as does the DF2 signal in the same environment. Inuid or frozen solution, due to the transition from exponential

time () 10° 10% 10°

particular we did not observe any long-lasti(tgl0 mg tail,  towards algebraic DF2 decays upon cooling the solution de-
thereby confirming the lack of any trapped, nonemitting trip-scribed above. Having characterized the major DF regimes
let population in liquid solution. we now turn our attention to a side observation. Looking at

In Fig. 6 the room-temperature DF decay is shown for athe DF2 and here on the time region just before the turning
solid polymer film and &liquid) solution at three different point (e.g., for the 150-K zeonex curve of Fig. 7 around 1
polymer concentrationg. These curves are scaled to the us) the delayed emission intensity is enhanced relative to the
DF1, which is directly proportional to the PEee Fig. 3 —0.96 slope. Due to the double logarithmic presentation this
and the initial created singlet concentration, respectively. Wéntensity increase looks inconspicuously small, however, it
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actually amounts to a-50% increase in intensity. This be- No
havior is very visible if the DF2 intensity is plotted versus T(t)= T+ yngt
temperature for a fixed delay time, as was shown 0
previously'© or in general, for time-dependefyt
IV. DISCUSSION T(t)= o 7
| O Ty wau 7

The elementary step of exciton migration in conjugated . ., .
polymers is the incoherent jump between localized energ .ccorc.ilng to SmOIUChOWSk'S. theory of b|'molecular.re':ac—
states, which constitute a material-dependent density distr 1ons (in the asymptotic tl_me-mdepend_ent Ilmihe_anmhl-
bution of stategDOS). Initially created at random within the f’ﬂ_'O” constanty 1S prop(_)rtlonal _to the triplet d'ﬁus'of‘ coef-
DOS, the excitons relax towards the tail states in the coursI:E(.:Ient (D), .the Interaction rad|u$R)2,2and the fraction of
of their random walk. This thermalization renders the diffu—t”plmS annihilated after encounté),
sion time dependent, making the mathematical treatment y=87fRD. @)
more complex than in the case of organic crystals. Thus, for
our data analysis we draw heavily on the results of earlier Equationg6)—(8) have been applied successfully for sev-
mathematical work~*" about nonequilibrium diffusion and  eral organic crystals, which exhibit an isoenergetic site dis-
energy relaxation in localized state distributions, which wereripution. Typical values reported fory and D are
confirmed by Monte Carlo Simulatiotjlg._zo In the frame- 1012 Cm3 571 and 1d sz Sfl, respectiveh;_g However, one
work of these theories, motion is governed by the Miller-of the main results of the treatment of migration in an ener-
Abraham equations describing the jump rate between twgetic distribution of states was that the diffusion coefficient

localized states separated By, D itself is time dependent rather than a constant. The diffu-
CouRe oo kT sion evolves in two time regions from nonequilibrium to-

vij=vo€ e TiTTTBL, gi>e, wards an equilibrium diffusion regime. The former is char-

acterized by thermalization of the triplets, initially created at

vij=voe 2R, & <e, (3)  random energy, towards tail states of the DOS, which is ac-

. ) o companied by a rapid decreasefIn the subsequent equi-
wherew is the attempt-to-jump fzregtljency, which is close to|iprium regime, the triplet migration is governed by ther-
a typical phonon frequency-10**s™*, and « denotes the mally assisted jumps and the diffusivity adopts a constant
inverse localization length. If these theories are applied tgajueD., . Indeed, throughout this studgilm, zeonex film,
organic systems, a Gaussian distribution is always the begind frozen solutionthe triplet populatiorimonitored by the

choice to describe the DOS, TRA experimenk in the nonequilibrium time regime decays
Y ast~%%rather thant 1, as expected from Eq7) for time-
n(e)~eleem/25% (4)  independent diffusion. Plugging this measured triplet slope

into Eq. (7) for time-dependent diffusion yields the time de-
with & being the variancéwidth) of the distribution anctt  pendence of the annihilation constant and, hence, of the trip-
the center energy. let diffusivity as y, D~t 2% If we check for self-

Let us brleﬂy outline the scenario of bimolecular trlplet Consistency and substitute the latter dependence |nt(§$q
annihilation after pulsed photoexcitation followed by inter- e obtain an expected time dependence for the delayed fluo-
system crossing. In general an excited triplet densit) (s rescence caused by TTRF~t~ 112 This is in truly excel-
depopulated by monomolecular decay procesiseispurity  |ent agreement with the DF2 slopes observed in frozen solu-
quenching and radiative de()ayombined with bimolecular tion, tfl-l&O-Ol. However’ there is a S||ght but unambiguous

annihilation(y):** discrepancy when compared to the film or zeonex film
slopes, which is discussed in detail later. First, we examine
dT 5 with priority whether the diffusion time dependence agrees

E_no_kT_ yTe ) With the theoretical framework. From this point of view, the

exact behavior oD(t) is strongly dependent on the DOS
If we assume that nonradiative quenching is not a majorelative to the available activation energy, e.g., the tempera-
decay mechanism and further consider only the early timeure of the environment, and is not trivial to cast into an
period after (pulsed photoexcitation (for PF2/6am4,t  explicit analytical expression for a Gaussian energy distribu-
<100 ms) we can neglect the monomolecular term, thusion. Nevertheless, in an attempt to solve the migration prob-
considering bimolecular annihilation to be the only decaylem analytically in the zero-temperature limit Movaghar,
mechanism. It follows that the DF observed at a delay time Ries, and Grunewald derived an expression for the time de-
is directly proportional to the triplet decay at the same time:;pendence of the average hopping rétevhich is directly

proportional to the diffusivity and thereby to the triplet-

daT triplet-annihilation constany:

Y _ T2
DF at yT4, (6)

y()~D(t)~w(t)~ C)

therefore the triplet density decays according to tIn(vet)’
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which can be approximated by(t) ~t~*%in the long-time temperature (K)
limit.?° Thus our experimentally deriveg(t) is not a ran- 224 158 120 112 100 91 85
dom material-dependent function but is in fact exactly the , ' ' ' ' ' ' '
expected diffusion time dependence for any Gaussian DOS 1074
in the T—O0 limit. It is worth mentioning that in this case the 1021 o fim
diffusivity never reaches its equilibrium value, e.g., migra-  _ * frozen solution
tion is carried out by downhill jumps in energy only. The 2 qg3] ¢ 2eone ]
latter fact can be rationalized bearing in mind the absence of §_ ,
any thermal phonons. However, for finite temperature the g X103 1
long-time diffusivity does settle to its equilibrium valie, . § 11051 1
In other words, the system reaches its quasiequilibrium after =
a temperature-dependent delay tige which was shown 10°4 slopec: (41 +/- 1) meV ]
analytically using an effective-medium approximatf@rand intercept: (70 +/- 20) ns
confirmed employing Monte Carlo techniques, for example, 107 . T . . v T .
by Ref. 18: 0 2 4 6 8 10 12 14
1/T(10° K?)
t(T) =toe!eeD’, (10

FIG. 8. The turning point of several DF2 decay curyasiong
wherec is a constant depending on the dimensionality of theothers taken from Fig.)7as a function of the inverse squared tem-
migration;c=0.93 orZ for one- or three-dimensional migra- perature according to E¢LO0). The true turning point is assumed to
tion respectivelﬁS t, is not just the inverse attempt to jump lie within one order of magnitude in time around the values found

frequency v, from Eq. (3) but denotes the dwell time for in Fig. 7, indicated by the error bars. The dashed line corresponds to

triplets in PF2/6am4 migrating through a hypothetical isoen-data obtained experimentally by Hertil al. (Ref. 9.

ergetic (6=0) equivalent structure. Thus, both parameters

are related to each other by for ty obtained. For the same reasons Fig. 8 does not contain
any frozen solution data points for temperature higher than
to=[6voel ~2°Ri)] "L, (11) 100 K.

An independent measure éfcan also be gained employ-

For the study of transient particles, a certain temperaturghg a Gaussian profile analysis of the high-energy tail of the
region (for the PF2/6am4 triplets 90 K) exists in which  jnhomogenously broadenddl— SO phosphorescence spec-
equilibrium diffusion might be reached from the point of trum. To do so it would be necessary to examine the unre-
migration; however, this is impeded by the finite. monomo-|axed Ph spectrum at zero time delay because in the course
lecular lifetime of the particles. Once quasiequilibrium hasof relaxation the Gaussian distribution narrows. Unfortu-
been established, the retarding effectlobn the triplet an-  nately, it is experimentally not possible to observe an instan-
nihilation rate y vanishes. Therefore, the delayed fluores-taneous Ph spectrum as a consequence of the long radiative
cence and the surviving triplet population decay, with theirriplet lifetime, therefores cannot be measured directly. Nev-
‘classical” slopes —2 and —1, respectively, according to ertheless, in Fig. 9 the baseline-corrected Ph spectrum from
Egs. (6) and (7). For example, the acceleration of the DF Fig. 1 was analyzed yielding FWHM61 meV and &
decay is clearly observed in Fig. 7, where it obeys a poweL 25 9 meV, respectively. This Ph spectrum was taken at 15

law with slope —2 after a temperature-dependent turning . . -
point. Regarding the TRA signal, the situation is complicated corresponding to a disorder parameter &F (5/kT)

by a residual signal, whose origin is discussed in detail later.

Now we draw attention to the compendium of turning 1.0
timestg versus inverse squared temperature, plotted in Fig. 8
in a semilogarithmic fashion according to EG0). The val- 084
ues were obtained from the intersections-69.96 and—2 @
slopes fitted to the appropriate time regimes in the DF2 ki- § 0.6-
netics. Within experimental error a linear behavior is found. §
A least-squares fit yieldss=(41+1) meV (for three- z
dimensional migrationand an intersection with the 7 axis g 041
at to=(70+20) ns. Recently, Hertedt al. investigated the E
temperature dependence of the DF turning points of a poly- & 9-2

fluorene derivative imbedded into frozen MTHF, between

100 and 130 K These authors analyzed their data according 0.0
to Eq.(10) but obtained a slope with rather different param- 19 20 2.1 22 23
eters, which is included for comparison as a dashed line in
Fig. 8. However, since the glass transition temperature of
MTHF is below 100 K, the solvent does not act as a true FIG. 9. Baseline-corrected 10-ms delayed Ph spectrum from
rigid matrix in this temperature regime, thus TTA is artifi- Fig. 1. Its first vibronic mode is fitted to a Gaussian curve with a
cially accelerated. This explains the unphysically low valueFWHM=61 meV (solid line).

energy (eV)
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0.01 time(s) 0.1 1 applies, therefore we again employ the analytical O treat-
219/ ! ' ] ment of Movaghar, Ries, and Grunewald, predicting a
‘e s temperature-independent relaxation of the average energy
feeee relative to the center of the Gaussian DOS, which in a sim-
e, 40 nm o . .
2 18l e, .. plified version, yield®
247, " | g(t)~—dIn(Invot)]¥?  as t—oo. (12
%\ [
g LI .. 150 nm This asymptotic dependence was confirmed by Ries and
g 2.16 e, 1 Bassler using Monte Carlo techniqu@dn the lower half of
ju s Fig. 10, the center energies of tfid — S0 transition of the
°E- 2.18 thicker film have been replotted according to EtR). Con-
g sistent with the theor}}?°the energy relaxation is faster in
é . i L the initial time regime(in fact, most of the relaxation is

expected to happen between 7 and 700 ns, e.g- T0i,)
and turns into an asymptotic linear behavior for long times

2.1 described by Eq(12). The exact version of Eq12) (please
refer to Refs. 16 and )%lso contains a site concentration
dependence, which explains the thickness dependence of the
energy relaxation of the polymer films studied. In connection

218 to Eqg. (12) it has been shown that different site concentra-

tions can be accounted for by a linear scaling of the attempt-
T T T r r to-jump frequencyy, to an effective time-scaling factor that
20 21 22 2'32 24 25 includes the site concentratidhAccording to this approach
[Bin(In )i we varied v, until the slope of Fig. 10 yielded- 5. The
interception of this linear fit with the energy axis yields the

different films. Lower half: thick-film dataset plotted again versus nonrelaxgd trlple_t energyy=(2.26-0.01) eV, Whlch IS pf
double logarithmic time according to E¢L2). Data points were course S_I'ghtly higher than th—élﬂ_so be_lnd shown in F'g'_
derived from Gaussian fits to the first vibronic of 15-K Ph spectra®- Consistently, the same value is Obtf%'”e‘?' for the th'n_'f'lm
taken with increasing delay. The inset shows two typical Ph spectrflata set but of course using anothgr This triplet energy is
after different delay. in excellent agreement with the value found for polyfluorene
in pulsed radiolysis experiments, 2:8.1 eV?2® bearing in

>20. Under such conditions, known as the strong disordemind that the latter result was obtained using a solution at
case, the Gaussian distribution narrows-4y0% of its ini-  room temperature, thus bathochromic shifts can be expected.
tial value ast—.% Thus our experimentally observed dis-  In contrast to the strong disorder case, in which the diffu-
tribution (after the elapse of five decades of normalized jime sivity never approaches an equilibrium value, for intermedi-
5'~0.655 is an expected and reasonable result. ate disorder the average triplet energy setfi&&gT below

In the theory of migration within an energetic site distri- the center of the DOS after equilibrium has been reached,
bution another aim, besides the time dependence of the dit.g., fort >t .3° Therefore plotting thd 1— SO maxima ver-
fusivity, was to describe energy relaxation towards the taikus inverse temperature should, in principle, provide an easy
states of the DOS with time and temperature. In the lasand independent possibility for determiniagUnfortunately,
paragraph, the dwell time and the Gaussian width for triplein our case the onset of equilibrium is accompanied by effi-
migration in PF2/6am4 could be gained from thecient TTA, causing rapid triplet decay. Consequently, in anal-
temperature-dependent analysis of the diffusivitlerived  ogy to the initial Ph spectra but for different reasons, the
from the annihilation rafe Hence, in the following we verify observation of relaxed Ph spectra is prevented as well. In
whether the parameters obtained also account for experimefig. 11, the center energiegT) obtained from the experi-
tally accessible energy shifts. In the upper half of Fig. 10 thementally accessible Ph spectra are plotted versus temperature
maximum energy of several phosphorescence spectra takesgether with the declining Ph intensitiixed delay, 10 ms
at 15 K with successively increasing delay times, obtainedn the equilibrium time domairz(T) should decrease pro-
by fitting to a Gaussian shape, is plotted versus time for twgortional to 1T. This criterion is obviously not met since
polymer films, which possess different thicknesses. The(T) decreases monotonically upon raising the temperature,
graph proves that triplet relaxation is sensitive to the filmwhich confirms the nonequilibrium nature in the whole tem-
thickness, which clearly confirms the interchain nature ofperature region covered for times up to at least 10 ms, the
triplet migration. This important fact is further validated by delay time used to take the Ph spectra. From Fig. 8 one
the absolute extent of the energy shift compared,tsince  would expect to approach equilibrium a3 K. The mean
much less energy relaxation is expected in the case of on@nergy of the relaxed DOS should then be shifted by
dimensional migratioR!*®At 15 K the case of strong disor- — §2/k;T~210 meV relative tos7. Note that choosing a
der, defined bys>10 (in our case fulfilled forT<48K), longer or shorter delay time would still not enable the obser-

FIG. 10. Upper half: Ph shift versus logarithmic time for two
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1.04 T [ 75 served as a saturated long-lived signal. However, we remark
[ 80 that the untrapped, i.e., migrating triplets are never probed in
0.8 these quasi-cw experimentat room temperatujesince it
= 8% would require modulation frequencies 610 MHz.
\g 0.6 umm— g So far we can only speculate about the nature of these
z %5 3 traps. However, the fact that the DF decay slope-@¥.96
E 0.4 L 100 2 was accurately recovered in diluted zeonex as well as in
£ [ 105 several pure films suggests a common structure as the trap
0.24 0 site. Unfortunately, we were unable to gain any conclusive
[~ emission spectrum of the trapped triplets, which could pro-
0.0 ————T——7———7——— -115 vide an indication about their origin. However, the amine end

0 20 30 40 50 60 70 80 90

cap can be ruled out, since the same behavior is found in
temperature (K)

non-end-capped PF2/6 by Heretlal®

FIG. 11. Ph intensitysquaresand absolutéincluding the shift The TRA data shown in Fig. 5 reveal the fate of the trip-
that already occurs during the delay tinemergy shift(circles as a  lets quantitatively. Aimost independent of temperature half of
function of temperature. Data points were derived from Gaussiathe initial triplet population survives long enough to decay
fits to the first Ph mode of 10-ms delayed spectra. monomolecularly, the other half being annihilated in the ini-

tial 100 ms. However, the processes leading to these decay

vation of the energetically relaxed Ph spectra, but would onlypatterns differ completely in both cases: At low temperature,
shift the onset of equilibrium to lower or higher tempera- triplet diffusion is continuously decreasing due to the non-
tures, respectively. equilibrium nature of migration. This retards triplet-triplet

Having recognized that on the whole our results are imannihilation but also prevents the triplets from arriving at
good agreement with predictions of theories relying on hoptrap sites. At high temperature, TTA proceeds faster as soon
ping motion in an energetic distribution of states, we nowas the diffusivity has reached its equilibrium value and triplet
discuss some minor discrepancies. First, recall the DF slopediffusion is no longer slowed down. However, this compara-
for frozen solution and films in the strong disorder caseply fast diffusion entails that triplets are more likely to mi-
—1.13 and—0.96, respectively. Whereas the first value al-grate to trap sites. As mentioned above, unlike low tempera-
most exactly reflects the expected slope-df.12, the latter tures, the detection of Ph at room temperature, e.g., emission
gradient exhibits small, but clear deviations given our loworiginating from trapped species, turned out to be unsuccess-
error levels. Triplet traps outside the DOS might account forful, suggesting a vanishing radiative quantum yield for these
these observed discrepancies. The conversion rate from freepped species. Here we shall remark that the observed rela-
triplets into trapped ones would have the same time depernive contributions of the TTA and monomolecular triplet de-
dence as the annihilation rdtdecause the diffusivity is rate cay (one-half eachcannot be considered as a material im-
limiting here as well. Therefore both processes balance imanent property since there obviously exists an intensity
time, making it possible to see DF, which still obeys a powerdependence. In accordance with E§), more DF2 is emit-
law but with a smaller slope. This, however, has no effect orted relative to the Ph for increasing laser dose intensities,
the TRA signal if we assume that both trapped and free tripwhich concomitantly leads to a reduced aver#ge effec-
lets have the same absorption oscillator strengths, which exive) triplet lifetime X233 However, this does not alter the
plains the unaltered TRA slope 6f0.04. functional DF2 decay but only causes a parallel shift in the

There are indeed further observations supporting a triplefog-log presentation. Please refer to Ref. 18 for a detailed
trap concentration outside the DOS. Kadashobiuél,, using  discussion of this issue.
thermally stimulated charge-carrier recombination, very re- It was shown above that triplet energy relaxation is de-
cently demonstrated this for PF2/@t was found that the pendent on film thickness, which confirms that triplets can
trap concentration strongly depends on the film preparatiomvercome the interchain barrier. Now we further illuminate
conditions. Another indication for trap sites is the DF2 emis-the importance of interchain migration, since common opin-
sion, which exhibits a weak and long-lasting tail beyond theion only considers intrachain triplet migration in conjugated
t~2 decay. Hertekt al. suggested delayed charge-carrier re-polymers. Triplet-triplet annihilation is a short-range ex-
combination in order to explain a similar kind of DF in change process, which relies on the wave-function overlap of
polyfluorene’ However, in the same temperature-dependenthe two triplets concernett. Therefore, an essential precon-
time regime a large triplet density is simultaneously presentdition for the occurrence of DF2, which originates from
confirmed by the TRA signal in Fig. 5. Thus it is more likely TTA, is the existence of more than one triplet on a polymer
that the remaining trapped triplets undergo long-distance turehain. In this context, we now discuss the DF2 concentration
neling jumps inside another, deeper energetic distribution oflependence shown in Fig. 6. During this experiment, the
trap sites, thereby creating the tail DF2. Finally, we note thdaser dose was held constant to guarantee an unchanging av-
modulated continuous-wave TRA experiments by Epshteirerage number of triplets per chain. Apparent from the graphs,
et al>? In agreement with our findings they also proposedwhich are normalized to the linearly increasing prompt fluo-
that a trap density gave rise to long-lived excitons at roonrescence, the DF intensity does increase approximately qua-
temperature. The much higher laser excitation doses endratically with chain density. This experimental result shows
ployed in this TRA study enable complete trap filling, ob- that triplets do migrate between neighboring chains and sub-
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sequently annihilate. Further, this polymer chain dependencghanged and so was the initial average triplet number per
clearly indicates the negligible influence of intrachain se-chain. This strong DF2 emission as well as the TRA results
quential triplet production for this material, which is often confirm that TTA is a major decay mechanism at low tem-
discussed as a triplet generation mechanism to explain fenperature, responsible fer50% of the triplet decays. There-
tosecond photoinduced absorption restflitdn line with ~ fore we have to conclude that triplets initially created at
these conclusions is the laser dose dependency of Fig. 8€ighboring polymer chains annihilate each other. This can
which rises strictly linearly for the prompt fluorescence. In©nly mean that, unlike in room-temperature solutions, in fro-
order to rationalize these findings, one should bear in minden solution the polymer chains form clusters or aggregates,
the usually much higheiroughly 100 time}sphotoexcitation thus the case of isolated chaing Iongerholds true. To our
intensities applied in femtosecond studies. Also, tripletnowledge, no temperature-dependent light-scattering ex-
fissior?® plays no role here since the triplet energy of PF2/Periments have been_done but one can assume that the solu-
6am4 is 2.26 eV and all experiments were made using?'“ty pf the polymer in a certain solver_lt is reduced upon
355-nm(3.5-eV) excitation energy, thus to provide enough 'OWering the temperature, which could in the extreme case
excess energy to a singlet exciton in order for it to split into/€ad to phase-separation effects. _ .
two triplet excitons one would have to excite above 274 nm _EXxactly the same holds true for the zeonex films, which
(4.52 e\). Having confirmed an interchain component of theMight be considered as a frozen solution as well. We know
DF2, intrachain TTA between triplets initially created on the for certain that 10-by-weight(1%) PF2/6am4 blended into
same chain could still yield a contribution. However, theZ€onex forms clusters, which is evident from the opaque ap-
average molecular weight of the PF2/6am4 investigated?@arance and the absorption spectra of these films. Initially
29200 g/mol, corresponds to a chain density ofl.5 We _hoped to achieve truly |solat§d polymer chains upon re-
X 104 cm? for the 10°5-by-weight diluted polymer. The ab- ducing the amount of PF2/6am4 in zeonex td‘land_ 10°
sorption at the laser excitation wavelength, 355 nm, of suc®Y Weight. However, even in these perfectly clear films TTA
solutions is 0.8(for one centimeter path lengthTherefore  Occurs at a high rate once equilibrium diffusion has been
the maximum laser excitation dose used for this study, féached, which is confirmed by the strong TRA decrease.
mJ/cnt, as a first approximation homogeneously absorbedNus we conclude that the PF2/6am4 chains imbedded in
throughout the sample, corresponds to approximately ten ing€oNnex cannot be considered to be truly isolated either.
tially created singlets per chain. Employing the intersystem- Subsequently, we are able to discuss another experimental
crossing rate for polyfluorene in solution, 0?0®n average result_, which is surprising at first glanqe but can easily be
approximately only 0.3 triplets per chain are created. Be€XPlained by nonisolated polymer chains. Recall the com-
cause the latter estimate is an upper limit for the initial tripletP€ndium of turning times from dispersive to equilibrium trip-
density per chair(calculated for the maximum laser dose; let dlffu5|on, plotted in Fig. 8. There seems to be no differ-
can safely rule out that intrachain TTA is the main contribu-frozen solution on the one hand and the solid film on the
tion to the observed DF2. If one considers the PF2/6am#ther hand, although the chain number per unit volume be-
polymer chain to be a semirigid coil in solution, from light- tween both systems should, in principle, differ by some four
scattering daff one can calculate the collisional transfer rate0rders of magnitude. In accordance with intuitive reasoning,
of polymer chaingcarrying the tripletsin solution using the Riés et al, employing Monte Carlo techniques, found that
Einstein-Smoluchowski relationship. For two polymer halving the site concentration results in an increast, dly
chains at 1.5% 10" cm® this encounter rate is-2 s * and about one order of magnitude in tiléThus, translated to
therefore too slow to cause the observed 1-ms exponenti@Ur Situation, the difference should easily be visible even
triplet decay. Thus any transfer must result from entangledvithin experimental error. This is at variance to the un-
chains or at the instant of excitation closely spaced chains ighanged turning times we observed experimentally, which
solution. In fact, the very weak DF2 observed in solutionfurther confirms the presence of polymer c_haln clusters or
confirms that unlike in films, TTA is not a major quenching @99regates. Thus, all frozen solution experiments probe the
mechanism for the triplets, which is justified by the slow bulk rather than isolated polymer chains. Finally, we note
polymer chain diffusivity—a necessary precondition for that one could also gargue_ the other way round_, such as was
TTA. Furthermore, we know from the solution TRA signal done by Hertekt al,” starting from the assumption that the
that all triplets are truly quenched rather than occupying nonPOlymer chains are truly isolated in frozen solution. In this
emitting trap sites like they do in films. Consequently, weCase the unchanged turning times when comparing frozen
conclude that the 1-ms exponential triplet decay in solutiorsolution and film point to an intrachain nature of the triplet
is caused by the diffusion of a diluted triplet quencher, whichMigration in both cases. This, however, is clearly disproved
together with the solvent, encounters the polymer ciiia  PY the vanishingly small DF2 signal in liquid solution when
triplets) at a rate of 1®s %, Without further comment, we 100king in the samfirst microsecongitime period.
remark that the triplet quencher does not have to be oxygen.
Surprisingly, upon freezing solutions;-10000 times
more DF2 is emitted in the initial time period, accompanied
by a change in the decay kinetics from a relatively slow In this work time-resolved delayed fluorescence and
monoexponential decay at room temperature to the typicgbhotoinduced triplet absorption of a conjugated polymer
fastt™! decay at low temperature. The laser dose was unhave been investigated in detail. The results are consistent

V. CONCLUSIONS
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with predictions of theories relying on incoherent hopping insive dopant is needed, which, unlike the currently used heavy
an energetic Gaussian-like distribution of localized statesmetal containing phosphorescent dopants, traps the triplet
exhibiting a variance of 41 meV. The triplet migration within excitons but does not capture singlet excitons by Forster
this distribution evolves in two time regimes initially char- transfer at the same time.
acterized by dispersive and subsequently by nondispersive
diffusion. In the bulk in both time regimes, triplet-triplet an-
nihilation is observed, which decays proportionat td and
t~2, respectively, thereby reducing the initial triplet popula-
tion by ~50%. The surviving triplets are either immobilized We are deeply indebted to Professor U. Scherf for his
in the DOS at low temperature or populate trap sites outsidengoing and generous supply of polyfluorene. Professor H.
the DOS for higher temperature. In either case, they decalp. Burrows contributed his chemical knowledge to this
monomolecularly with a characteristic decay time of 1.4 s. study. We are indebted to Professor Kadashchuk for his most
In the framework of this study, clear evidence is founduseful preprint. The authors C.R. and A.P.M. acknowledge
supporting the interchain nature of the triplet migration.financial support from the Phillips Research Laboratories
However, we could not gain an absoluteemperature- Eindhoven and by EPSR@Grant No. GR/R 19687and the
dependentvalue for the triplet diffusivity. For this an emis- Leverhyulme Foundation, respectively.
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