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Singlet exciton relaxation in isolated polydiacetylene chains studied by subpicosecond
pump-probe experiments
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Singlet !B, exciton relaxation in polydiacetylene chains isolated in their crystalline monomer matrix is
studied by subpicosecond pump-probe experiments. Results on photoinduced abgevstiamd on 1B,
exciton absorption bleachirjghotobleachingPB)] are presented. It is shown that three excited states lie in the
optical gap, apart from the tripléB, exciton. Two short-lived statgsespective lifetimes-~450 fs and 2 ps
of very similar PA cross sections and PB efficiencies, belong to the same relaxation pathway. A third longer-
lived state(7=30 p9 is responsible for a slow PB component and exists independently of the triplet exciton,
which has its own signatur®. Kraabelet al, Chem. Phys227, 83 (1998]. There is a branching in th&8,,
exciton relaxation, excluding a single cascade of these three states. The proposed nonradiative relaxation
scheme involves twd, states. Self-trapping is also discussed and it is concluded that, if present, it cannot be
instantaneous. Our data suggest that self-trapping is at best a minor componentBgf dimglet exciton
relaxation in polydiacetylene isolated chains.
[S0163-182608)02744-1

. INTRODUCTION highly dichroic line (dichroic ratic=250), peaking atv,

=14585cm?! (~1.81 eV} in PDA-4BCMU and at v,

Polydiacetylene$PDA’s) are good model systems for the =15330 cm?! (=1.90 eV} in PDA-3BCMU at 15 K. This

study of conjugated polymers because they can be obtainaghnsition corresponds to the lowest-lyif@, free exciton.

as single crystals of macroscopic size by solid-state polymergor the sake of simplicity we refer to thkB,, free exciton,
ization of the corresponding diacetylef®A) crystal’™>  and its transition energy, as,. The corresponding absorp-

Such crystals are usually considered as a collection of ongjgn line is very narrow at low temperatuftiliwidth at half
dimensional(1D) chains, neglecting interchain interactions. maximum 7.4 meV at 10 Kindicating that inhomogeneous

However, studies on several conjugated polymers such asoadening is very small, and giving a lower limit for the
PPV have demonstrated the existence of interchain excitongfetime of v, of 7,=90 fs.

i.e., bound electron-hole pairs on neighboring chaishis  \eak absorption lines appear on the low energy side of
brings into question the interpretation of the photophysics inhe absorption line av,. They correspond to excitons of
PDA's in terms of isolated polymer chains. very similar electronic properties, but located on different

We study here DA monomer single crystals containingchains with slightly different ground-state conformatidiis.
chains of the corresponding polydiacetylene polymer at &hese are further discussed in the Appendix.
concentration of approximately 16 in weight. The chosen Both the PDA-3 and -4BCMU chains isolated in their
DA's are known as 3BCMU and 4BCMU and have the siderespective monomer matrices exhibit a weak fluorescéfice,
groups -(CH),-OCO-NH-COOGHy where n=3 for  \hereas the bulk PDA-4BCMU is considered to be nonfluo-
3BCMU andn=4 for 4BCMU. Thermal polymerization of rescent. Apart from the region of the main exciton transition
these DA's is negligible, so a small and constant polymekyhere emitted light is reabsorbed, the emission spectrum is
concentration can be maintained in a sample. However, theyssentially a mirror image of the exciton absorption with no
readily polymerize undery-ray irradiation. The resulting Stokes shift. The emission origin coincides with the main
chains are very long2.6 um in the case of PDA-4BCMU, exciton absorption energy to within the experimental accu-
with a very small dispersion in lendth and are thus good racy of a few cm®. Since this fluorescence is weak, the
approximations of infinite chains. At a concentratisd0™#  free-exciton relaxation is dominated by nonradiative pro-
in weight the average interchain distance is several tens afesses. Preliminary time-resolved luminescence measure-
nanometers. Thus interchain interactions can be neglectedents indicate a fluorescence lifeting= 200 fs'°
and each chain may be considered as an isolated 1D system.To our knowledge, the singlet exciton-relaxation scheme
Moreover, in the crystalline monomer matrix, all the chainshas never been studied before on isolated PDA chains and is
are perfectly aligned and parallel, with the same geometrynvestigated here through subpicosecond pump-probe experi-
and the same environmefgurrounding monomer crysjal ments. The triplet exciton generation and relaxation pro-
They are, in fact, 1D crystals. cesses have been studied using the same experimental

Their absorption spectrum is dominated by an intense anchethod in our previous papé&r.The important literature on
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these processes in bulk PDA’s Refs. 12—-14 will not be retregion from 1.5 to 1.6 eV since this is near the strong peak in
viewed here; instead, we briefly recall the facts relevant tadhe continuum spectrum at the fundamental wavelength of
the present paper. 800 nm. We measure the differential absorption as a function
In bulk form, PDA’s are known to exist in two different of delay time between the pump and probe pulse, and, for a
electronic states, characterized by exciton transitions agiven delay time, as a function of the intensity of the pump
1.9-2 eV(the so-called “blue phasg; and~2.4 eV (the pyse.
“red phase’). The characteristic times observed during ex-  after passing through the sample, the continuum probe
citon relaxation are somewhat different in the two phasesy|ses are dispersed in a single-grating spectrometer and the
The blue-phase materials that have been most studied algectrym is focussed onto a liquid nitrogen cooled charge-

poly-PTS single crystals, polycrystalline PDA-4BCMU (. hied device detector. The probe spectrum is measured
films, and cast PDA-3BCMU films!B, exciton relaxation is ithpand without the pumkj ang I off regpectiveI)'at al2
on oft »

very similar in all these systems. The electronic properties of, o atiti : A : L
. . petition rate, which yieldén the small signal limit in
the isolated chains in PDA-3BCMU and PDA-4BCMU stud-  icy e generally operatehe differential absorption sig-

led here correspond to this phase. nal, —Aad=In[lo(w)/l(w)]. Although the signal-to-

h Tr;)e most complgtg mlgdsl for i)_(ﬂtog relaxatgﬁélar}tEDA S noise ratio achievable using this method is less than what can
as been proposed by Kobayashi and CO-WOTKEIS.ILIS e aehieved using a monochromator and synchronous,

based on a prediction of the theory of exciton self-trapping hase-sensitive, differentially amplified detectfdnhe rapid

\c’jv.h'Ch sftar:ﬁ?lg:?.t there is Q?hb?”rlfr' to .Seg—t';;ayppl;ngr]] n OnEEc)ollection of the entire spectrum at each delay time is crucial
Imension. IS assumed that chains in S DENAVE aSty g experiment for several reasons. Because the bleach-

1D systems for both electrons and phonons, at least in thﬁllg of the ground-state absorption reveals shapdth
relevant time range. The optl_chIy excited fr.ee exciton starty 5_oq meV excitonic bands it is necessary to fit these in
to evolye mstantgneously, W'th.'n a half period of the=C their entirety in order to accurately measure the dynamics of
st'retc.hmg V|brat|on(~20 fs'), SII’]‘Ce ?Iectron-phonon COU~ the recovery of the ground state. This avoids possible sys-
pling Is very strong in PDA S. A "hot self-_trapped EeXCION 1o matic errors due to changes in the position and/or linewidth
(STE) in thus formed, Wh'Ch cools_down in a fract|on_ of a of the bleached line. Using single-channel detection would
picosecond. Th? thermall_zed STE is converted bgck into thﬁreclude detection of these effects, and, if they were present,
ground state with a lifetime of 2 ps, by tlunne.hng to the.they would manifest themselves by altering the measured
ground_—state potential energy curve. There is a single level 'Bynamics in a systematic way. In addition, the bleached ab-
the optical gap, the STE. Hov_ve_\_/er, In more recent_ Papers b¥orption bands are superimposed over a broad-band photoin-
the S(?a?‘e authors, the poss.|b|I|t.y of the .STE bemgA@n duced absorption(PA), so that accurate fitting of the
staté™? or of an A, state being involved in the relaxation peached line shape is crucial in order to separate the time
scheme of the _STE?ef. .qu)] is considered. : dynamics of the bleaching from that of the PA.

Our paper is organized as follows: The experimental ~ rpe hrohe pulses obtained through continuum generation
methods are presented briefly in Sec. Il. Photoinduced abs e gyrongly chirped. They were carefully characterized over
sorption and photobleaching results are presented in Sec. e entire spectral range using two-photon absorption in a
and discussed in Sec. IV. It is shown that there are at Iea%aSe crystaf? Considering the extremely broad spectral
three excited states in the optical gap, two short li#é@- ;40 of the probe, chirp compression was considered im-
t'meSV.O'A'.S ?nd 2 psand one longer lived~30 ps. The practical. The frequency-domain data we present are raw ex-
latter is distinct from the triplet state. The nature of thes erimental results, i.e., not corrected for chirp. Hence, the
states is then discussed in comparison to data from the li ifferent frequenc;/ co’mponents do not correspond to, the
erature on blue-phase bulk PDA. same pump-probe time delay. However, the time-domain
data shown have been corrected for the known value of the
chirp, and therefore can be directly compared with each
other. Because the various differential absorption b4Rds

The experimental setup used for this study has been der photobleachingPB)] have a bandwidth typically between
scribed in detail in a previous pap¥rlt consists of a mode- 10 and 20 meV, we note that the amount of chirp in the
locked Ti:sapphire oscillator amplified at a 250 kHz repeti-visible over a bandwidth of this size causes a maximum of
tion rate, which produces 150 fs, 4J pulses at 800 nm 20 fs group delay between the different spectral components
(Coherent RegA systemA portion of this output is split off of the probe pulse. This is much smaller than the 150 fs pulse
and focused into a sapphire plate to form a single-filamenwidth, and therefore can be safely neglected when fitting to
continuum, which is then further split to serve as both thethe lineshape of a differential absorption band.
seed for an optical parametric amplifi@®PA) and the probe Another issue that must be considered is the possible oc-
for a pump-probe experiment. The remaining power in thecurrence of the so-called spectral oscillation artefact, which
800 nm pulse train is doubled and used to pump the OPAhas been observed in the dynamics of exciton lines when the
thus producing a pulse train continuously tunable from 50@ephasing time is much longer than the pump-pulse
to nearly 800 nm. The tunable output of the OPA serves asuration? However, in the present experiments the dephas-
the pump while the continuum serves as the probe in a coring time is at most 200 fs comparable to the pump duration,
ventional pump-probe experiment. The pump photon energgo that coherent effects are expected to be much smaller.
is always kept below the known electron-hole pair generaindeed, we performed a careful numerical calculation and
tion threshold. The accessible probe spectral range lies befound that, in our experimental conditions, coherent effects
tween 1.25 and 2.3 eV, but it is difficult to probe the spectralcause only minor changes in the differential absorption spec-

Il. EXPERIMENTAL SETUP
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0.20 prrrr I T T T T that of the Corresponding excited-state populat(bn the
small-signal limi}. It is then potentially easier to account for
PDA-4BCMU the PA results, and these will be presented first.
0.15 - -

A. Photoinduced absorptions

0.10 |- — Three spectral ranges have been studied, in which differ-
ent PA kinetics are observed. The two materials studied
(PDA-3BCMU and -4BCMU show very similar results in
0.05 - - all three spectral ranges. The PA kinetics are obtained by
averaging over a 10 meV bandwidth centered at the given
/\ . energy.
|/\_/\,J ~o/ W In order to fit the kinetics we use the following formalism.
W As will be shown below, we find it necessary to introduce
1';“""'1"5';‘1'9'2'0'2'1 two intermediate states below,, which are referred to as
X; and X,. The population of the various excited states is
Energy [eV] then modeled by numerically integrating the following rate
equations:
FIG. 1. Differential absorption of PDA-4BCMU chains isolated
in 4BCMU monomer matrix, at a delay time of 1 st 1.81 eV. dn, (1) (a'g(wpp)l op()
The spectrum is not corrected for the chirp of the probe pulse. dt

-Aad

0.00

N, (1)
To ’

(1a

Py )[ngm Nyy()]
trum in the immediate vicinity of the exciton absorption line.
Furthermore, the artefact is present only when the pump and dn () n,(t) Ny (1)
probe pulses overlap. Finally, the effect is even less impor- = —
tant in the case of time-domain data. Therefore, we are con-
fident that this artefact plays no significant role in the experi-
mental results reportedpbglow. ° P dn, (0 (D) Ny(0)
Single crystals of monomer 3BCMU and 4BCMU are dat = T
grown by slow evaporation of saturated solutions of freshly
recrystallized monomer in acetone or methylisobutylketone No=Ng+N, +Ny +Ny.. (1d)
at 4 °C in the dark. The crystals are plate shaped, with an )
area of 0.1-1 cfy and a thickness of 50-25am. They In these equationsq(wpy) andng refer to the ground-state
contain a very small amount of polymer chains dispersed irRPsorption cross section and population density, respectively,
the crystalline monomer matri»«,p=10‘5—10‘4 in weight. i and; refer to the population density and lifetime of state
Controlled amounts of polymer can be generated by irradial: respectively, antl(t) represents the pump flux. The satu-
tion with low y-ray doses$. ration density is given by the constant tery. In order to
calculate the PA signal, we take the convolution of the popu-
lation densities with the probe pulse,

dt To T1 ' (1b)

(19

lll. EXPERIMENTAL RESULTS

The pump photons can generate several types of excited
states, and the overall absorption spectrum is modified in two
ways: (1) PB, which is the decrease of absorption by the
ground state partially depopulated by the pump, E)dPA, oy (wpp)Ny (1) + oy (0pp)Ny, (1], (2)
which is the generation of new absorption bands correspond- . .
ing to the excited states created by the pump. where oi(wp,) represents the absorption cross section of

: . statei at frequencyw,,, andl ,(t) represents the probe flux.
Since we pump below the known electron-hole generauor'f“ pb pb
gap! the pump photons cannot generate charge carrierdVe use a sec{R.269k;) pulse shape for both the pump and

Hence, only exciton states contribute to the differential apProbe pulse, withr,,=150fs for the pump pulse and 150
sorption. <7pp,<220 fs for the prope pulse, deper_ldlng on the wave-

Figure 1 shows the differential absorption spectrum be!€ngth of the spectral region under consideration.
tween 1.6 and 2.1 eV of an optically thin sample of PDA-
4BCMU at a delay time of 1 ps aty. In this figure, as well
as in all those in which PB peaks appear, the negative dif- A typical PA spectrum in the near IRNIR) is shown in
ferential absorption is plotted, so that the PB appears as nakig. 2. At delay times less than 1 ps, the spectrum has two
row positive peaks similar to the linear absorption spectrumgomponents, an intense and narrow Lorentzian line peaking
and the PA appears as broad negative bands. A similar speat ~1.35 eV, which is superimposed on a shorter lived,
trum is obtained on PDA-3BCMU. broad-band component.

The PB kinetics is that of the ground-state repopulation in  This broad band disappears within a few ps of the pump
which all excited states are involved, whereas each excitepulse, leaving only the narrow Lorentzian absorption line.
state has its own PA. If a spectral range may be found wher&his line is theT T* photoinduced absorption, and by moni-
only one excited state absorbs, the kinetics of this PA is thetoring it the triplet population can be studied. Results on

Aa(t,wp) fﬁxdt'lpbw—t)[ayo(wpb)nyo(w

1. Near-IR region (1.2-1.45 eV)
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FIG. 4. Differential absorption of PDA-3BCMU chains in the
FIG. 2. Near-infrared-photoinduced absorption spectra of PDAspectral region near,. The hatched region corresponds to total
4BCMU chains. Spectrunta) is at a delay time of 335 fs and absorption byv,, where the differential absorption cannot be mea-
spectrum(b) is at 1.3 ps. Spectra are not corrected for chirp of thesyred. The kinetics of the PA’s shown in Fig. 5 were determined by
probe pulse; the delay times given are for 1.35 eV. averaging over 10 meV bands abda) 1.79 and(b) 1.965 eV(see
arrows.

Energy [eV]

triplet exciton generation, transport, and relaxation are preg,,es ofr, is experimental, since the signal-to-noise ratio

sented and discussed in a separate pHpkr.the present becomes poor beyond the first ps.

paper, on_ly the short-lived component is of interest in con- A \weaker and longer-lived PA component is present in
nection with the singlet exciton dynamics. the ps time range, but is too small to be analyzed directly.
It is seen from Fig. Aspectrum athat the threshold of However, in order to achieve the best fit for the short-lived
this structureless band is probably below 1.2 eV, beyond ougomponent, it is necessary to assume that this longer-lived
accessible spectral range. Its time dependence is shown gomponent has the same lifetime,& 2 ps) as found in the
Fig. 3. The rise time is that of the pump pulse. The decay caPA and PB in the visible region. The state of lifetimgwill
be measured over one order of magnitude. It is initially ex-be referred to as stadé, and will be discussed more below.
ponential with a lifetimer, =450= 100 fs independent of the Thus, we use Ed2), with 7,=2 ps andry<200 fs in Eq.
probe wavelength in the NIR domain, and of the pump flu-(1) to fit to the kinetics shown in Fig. 3. The result, shown as
ence and wavelength. In what follows, the state with lifetimethe thick solid line in Fig. 3, yields, ‘o 10, =0:7:1 for
7, Will be referred to asX;. The dispersion on the fitted this spectral region. The same results are obtained on PDA-
3BCMU at 20 and 77 K and PDA-4BCMU at 20 K.
The absolute cross section for absorption can be estimated
using the relation
_ {A ad} 1 with n= poNAﬁ,
de N Mm

where{Aad} is the measured differential absorptiahy; is
the sample thicknessg, is the sample densityx, is the
weight fraction of polymerizationN, is Avogadro’s num-
P ber,M is the polymer repeat unit molecular weight in Dalton,
! m is the number of monomers per photon absorbed, &isd
the number of excitations of typ€, created per photon ab-
sorbed. Equationgl) imply §=1 (this is further discussed in
Sec. IVB below. Using p=1.22g/lcnd, x,=10"% M
0.01 j|l| h...|....|....1°..,l.... =508 g/mol, m=100, and the experimental values afsx
R 1 2 3 4 =150 um and{A ad}=0.01 giveso~3x 1016 cn? for the
range 1.5-1.2 eV. This is an intense transition with an oscil-
lator strength of order 1.

LRI LRI LR RN R

PDA-4BCMU (oa

©)

0.1

Aod

Time [ps]

FIG. 3. Time dependence at 1.45 é0lid circles and 1.29 eV
(open circleg of PDA-4BCMU, corrected for the chirp of the probe
pulse. The heavy solid line is a fit using E() with o, =0, Figure 4 shows the experimental differential absorption of
0,1 0%, = 7:1. The thin solid line shows the contribution of the state PDA-3BCMU chains in the region around the exciton peak
X1, with 7,~450 fs. The dashed line shows the contribution of theat vq. We purposefully used a sample with a higher polymer
stateX, with 7,~2 ps. content in order to record more accurate differential absorp-

2. Visible region
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FIG. 6. Time dependence of the resonance energy of the PB
peak ofvy upon pumping at 2 eV with an excitation density of one
photon absorbed every 70 monomer repeat units. The blueshift of
; 2 . the resonance is fit to a monoexponential with a time constant of
=5:1:2. Thethick dashed line is théscaled result of setting both g5 f5 while the redshift is fit to monoexponential with a time
a,, andoy, equal to zero, leaving only the contribution from state ¢qngiant of 4 ps. The time origin corresponds to the maximum of
Xz The thin dotted line is the cross correlation of the pump pulsepe PB magnitude.
(150 f9 and the probe pulse at 1.965 €200 fs.

FIG. 5. Time dependence of the PA at 1.965 @yen circles
and 1.79 eV(solid circles, corrected for the chirp of the probe
pulse. The heavy solid line is a fit using EQ) with o, 10y 0y,

) o ) . at (@) (and scaling the resyljtimplying that the stateX, is
tion spectra in this spectral region. This sample thus absorhggeed populated from stad, .

so strongly atvg that it was impossible to measure the dif-  ysing Eq.(3), with =1 andA ad=0.02 we estimate the
ferential absorption there, hence the corresponding spectrgloss section for absorption by the speciesto be o, ~8
2

region is hatched on Fig. 4. Narrow PB lines corresponding}< 106 ¢ in the range between, and 1.6 eV. This again

to the vibronic replicas oby, and also tovs, vp, @Ndve "3 arae value corresponding to an oscillator strength of
(see the Appendjx appear at the same positions as the ab- : )

. . . ) . order unity. StateX; andX, thus have comparable absorp
sorption lines in the linear-absorption spectrum. BetweerE. X ‘ .
. ) ; Lon spectra, their respective thresholds being separated by
these PB peaks, spectral regions exist where the differential 0.4 eV
absorption is positive; that is PA is dominant. The behavior 'i'he fiﬁal state or states of these PA transitions should be

of this PA IS dllfferent. below and above th‘? enemy. about 3 eV above ground state Xf and X, areA states as
The singlet B, exciton energy, at 20 K is not precisely

. discussed below, these final states should H& adymmetry
the same for the two materials: 1.9 eV for PDA-3BCMU and ' u o
1.8 eV for PDA-4BCMU. Since our experimentally and connected to the ground state by an allowed transition.

: The valence to the conduction band threshold in isolated
accessible-probe energy range starts around 1.6 eV, the sp SA chains is around 2.4 e¥/and the bands are broad, but
tral region belowv, where PA can be studied is wider in . " : '
PDA-3BCMU. Thus, this material has been chosen for thqthe corresponding oscillator strength is small. The most

experimental study but it was verified that results on PDA—ike'y candidate for a final state would then be an exciton
P study state resonant with the continuum, and the corresponding
4BCMU are similar.

In the visible range below,, the PA band is broad and absorption would be broad, as are the PA spectra. There is

i indeed a broad absorption plateau near 3 eV but this is a
structurelesgseveral sharp bleaching features can be seegubj ect for further study
below vy ; these will be discussed in the Appendibove '
vy, bleaching of the vibronic replicas aof, can be seen,
superimposed on a broad PA background. Figure 5 shows
the dynamics obtained by averaging over a 10 meV band 1. Spectrum and kinetics
centered at the spectral positions denoted by the arrows in The overall transient PB spectrufigs. 1 and #looks
Fig. 4. The open circles show the dynamics at 1.965 eMery similar to the linear absorption spectrum. The position
[spectral positiorib)], above the energy,. The heavy solid  of the PB peaks are almost constant in time and equal to
line shows the result of using E) to fit the data, from  those of the corresponding absorption peaks during the entire
which we obtaino, :oy 10y, =5:1:2, 79<200fs, ;=450  decay. The position of the peak a§ was accurately mea-
+100 fs andr,=2=*0.3 ps. The solid circles in Fig. 5 show sured, showing a slight blue shift by3 meV (less than 30%
the kinetics at 1.79 eVspectral position@)], corrected for  of the peak width, within about 1 ps. The peak returns to its
the chirp of the probe pulse so that the time origin for bothinitial position with a time constant of about 4 Big. 6).
spectral positionga) and(b) coincide. The kinetics of the PA Thus, the effect is a very minor one, and cannot be taken as
below v, are similar in the spectral range between 1.6 eVevidence of spectral relaxation. The shift might be associated
and vo. We obtain an excellent fit to the kinetics @)  with the generation and decay of a large phonon population
simply by Settingo',,oza'xl=O in the fit used for the kinetics consecutive to electronic energy relaxation on the chain.

B. Photobleaching of main exciton
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FIG. 7. Early time dynamics of the PB af, in PDA-4BCMU FIG. 8. Dynamics of the PB af, in PDA-4BCMU upon pump-

upon pumping at 2.00 eV at an excitation density of one photoexing at 2.07 eV at an excitation density of one photoexcitation every
citation every 150 monomer repeat units. The thin line shows thespo monomer repeat units. The thin solid line is a double exponen-
convolution of the integral of a 150 fs pump pulse with a 150 fstja| fit with time constantsr,=1.65ps andr;=40 ps. The thin

probe pulse. dashed line shows the contribution of the long-lived component

At the wavelengths corresponding to peaks in the diﬁer_extrapolated to time zero. The inset shows the early time dynamics

ential absorption spectrurfw, and its two main vibronic with the double exponential fit on a linear scale.
replicag PB dominategFigs. 1 and 4 To obtain the kinetics
of the PB we first fit the low-energy side of the PB peak with Of Aao(vo) to the absorbance(v,) of the sample at the
a Gaussian. The data shown for the kinetics is the magnitudg@me wavelength yields the fraction of the monomer units of
of these Gaussian fits. For PDA-3BCMU and -4BCMU thechains present in the crystal that are bleached, i.e., “re-
kinetics of the photobleaching of the main exciton and themoved” by the electronic excitations generated by the pump.
double and triple bond vibronic replicas are identical for all Since the absorbance of the sample at the pump wavelength
pump wavelengths used. For PDA-3BCMU the PB signaland the pump fluence are known, the number of generated
appears instantaneously within the pump-pulse duration foexcitations can be calculated. The bleaching efficiedgy
pump wavelengths from 1.9 to 2.4 eV. For PDA-4BCMU the (where the subscriptrefers to the state under considerajion
same is true for pump wavelengths from 1.8 to 2.1 eV. Thisf such an excitation is then expressed as the number of
is shown in Fig. 7 for the case of PDA-3BCMU. However, monomer units that are bleached per excitation generated.
slight differences exist between the two materials at very
early times,<1.5 ps which will be discussed below. |
For PDA-4BCMU, as seen in Fig. 8, the whole time de-
cay of the PB at, up to the longest time studidd-50 p9
is well described by a sum of two exponentials with lifetimes
1.7£0.2 ps and 30-40 ps, except the first few poifits
=<0.5 ps, see insgtwhich are slightly above the fit, indicat-
ing a faster initial decay. The long lifetime is very poorly
determined since it can be followed over a small dynamic
range only. The long-time component has a zero time ex-
trapolated ordinate of-0.1 relative to the short-time compo-
nent. This ratio stays constant to within 15% in all experi-
mental conditions; i.e., whatever the pump fluence and
wavelength(see discussion belgw PDA-3BCMU
In PDA-3BCMU, the decay beyond 1.5 ps is also fitted 0.01
(Fig. 9 by a sum of two exponentials with time constants ST R
and relative intensities similar to those in PDA-4BCMU. It is 0 10 20 30 40 50
only between 0 and 1.5 psee inset in Fig. Pthat differ-
ences with PDA-4BCMU are observed. In this time range
the decay has a kind & shape, initially faster, then slower, 5 o pynamics of the PB of the vibronic replica o§ (1.99
thgn the_2_ ps time constant exponential. It was checked th%tw in PDA-3BCMU upon pumping at 2.07 eV with an excitation
this fast initial decay is not a coherence artefaee Sec. I jensity of one photoexcitation every 100 monomer repeat units.
This decay is further analyzed in Sec. IV D. The thin solid line is a double exponential fit with time constants
7,=1.7 ps andr;=20 ps and the thin dashed line shows the con-
tribution of the long-lived component extrapolated to time zero. The
The initial differential absorption awgy, Aag(vg), IS  inset shows the early time dynamics and the double exponential fit
mainly due to bleaching of the exciton absorption. The ratioon a linear scale.
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2. Bleaching efficiency
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The bleaching efficiency, of the initial exciton is esti-  branching from a certain level so that the stateecays in
mated in our samples to be5 monomer units, correspond- Parallel with the other stats). .
ing to a length of~25 A on a chain. The bleaching effi- For the sake of simplicity, we shall discuss only two ex-
ciency of the stateX; and X, can then be determined Ccited statesX, andY, neglecting the shorter-lived stale
relative to that ofv, by fitting the PB kinetics using Eqél) ~ Which, as mentioned above, presents a PB efficiency compa-
and (2) (in a slightly modified form. This is done in Sec. rable to that ofX,. If the two states belong to the same
IV B; for now it suffices to note simply that the bleaching relaxation channel according te>X,—Y—S,, the pho-
efficiencies of stateX; and X, are not drastically different, tobleaching time dependené&t) is given by
since the PB decays smoothly with no dramatic discontinui-

ties as might be expected if one state had a much smaller or B(t)= d’inXz(t) +yny (1), )
larger bleaching efficiency than its predecessor. in which n,_ andn, are given by

2
IV. DISCUSSION: RELAXATION OF THE FREE EXCITON nXZ(t)znxz(o)exq_t/TZ)' (53

Though excitonic states,, v, (andv. in PDA-3BCMU) Ny(t) =Ny, (0){72/(7y— 7o) H{exp(—t/ 7)) —exp(—t/73)},
appear in the absorption and photobleaching spectra as dis- (5b)

tinct i below th i it b ti , th . o . :
inctfines below e main exciton absorplion energy eywhere7-3 is the lifetime of statey. As described in Sec. Il B,

play no part in the relaxation process of the free-excito L .
state. Indeed, photobleaching experiments clearly show thr;l?e obsel_ved P.B klnetlcs_are well f'Fted by the sum of two
exponentials with respective decay times(~2 p9 and 73

no coupling exists between stateg, v,, v,, and v, (see % : .
the Appendix. All spectra—absorption, electroabsorption, (~30 ps’. and the ratio of the zero time values of these

photobleaching, and emission—must be taken as the sum gfe(

individual spectra each corresponding to a given chain popu- scribe the experimental decay provided the quantity

Iguon. The domm_ant one corresponds to the exciton a_bsorp— (¢X2/¢y)(1_ 751 75)—1~10 (6)
tion at vy. The discussion here concerns the relaxation of
this exciton. to account for a sum of two exponentials with a zero time-

ordinate ratio~10. Using the experimental values sf and
) , 73, the ratio of respective bleaching efficiencies of statgs
A. Two short-lived states in the gap andY should then be-12.

From the PA results, two characteristic times (=450 This seems unphysically large. In a very simple model,
fs) and 7, (=2 ps were found, indicating two electronic the bleaching efficiency of the initially present state is com-
states apart from the free exciton af whose lifetime is parable to the extension of the wave function of the relevant
known to be<200 fs1° These states are referred to¥asand ~ state, i.e., its “size.” It is close to the value of 33 A inferred
X,, respectively. Our PA results give a rough idea of theirby Greeneet al. in poly-PTS single crystal, from transient
respective absorption bands in the spectral range accessiliRflectivity measurementé. The size of the free exciton in
to us. In the NIR(1.2 to 1.5 eV, stateX; absorbs, with a isolated chains of PDA-3BCMU and -4BCMU has been de-
small contribution from stati,. Note, however, that a con- duced from electroabsorption measurements~&5 A
tribution of the exciton aw, to the observed PA cannot be Theoretical calculations by SulR&bn the same material also
excluded. With our time resolution, PA’s from bo¥y and  Yield a similar size. Our temporal resolution is of the order of
v, would show the same instantaneous rise time, but absorphe free-exciton lifetime, but the initial decay of the bleach-
tion by v, alone would approximately follow the pump-pulse ing has a much longer time constant. Therefore, the (sjate
temporal profile. In the visible regiofi.65 to 1.9 eV, state ~ responsible for this initial bleaching hdsave an efficiency
X, of lifetime 7, absorbs and we observe its population fromVery close to the one expected for the free exciton, and pre-
X, sincer; appears as the rise time. Abovg, an instanta- sumably comparable extensions on the chain. It does not
neous rise time is again observed, followed by an initialS€em reasonable to assume #ais significantly less than 1
rapid decay, indicating that absorption by the excitovgt (in monomer units Thus, ¢y, should be=12; i.e., a PB
contributes in this spectral range. Furthermore, the fit usingfficiency over twice that of the free exciton.

Eq. (2) implies that both stateX; andX, contribute as well No_ such dlfflculty arises if a branchmg occurs from some
to the PA kinetics at this energy. From the fit we find thelevel in the relaxation cascade. If, for instandeis formed

relative magnitude of the absorption cross sections to b&0M v in competition withX, andX;, and bothY andX,
o, 0y 0y =5:1:2 atthis energy decay independently to the ground state with time constants
vo  Tx, Ox, = 5111 .

7, and r3, then

B. Another, longer-lived, state in the gap B(t) = ¢x,n2(0)exp( —t/72) + ¢yny(0)exp( —t/73) (7)

A third decay timer; (=30 p9 is needed to fit the slow and a large zero time ordinate value just corresponds to a
component observed in the PB decay kinetics. This impliedranching ratiop=n,(0)/n,(0) favoring stateX,.
that another state, referred to herevasith a long lifetime is Small differences between the PB efficiencies can explain
involved in the relaxation scheme. The question arises as tihe short time shape of the PDA-3BCMU and -4BCMU PB
whether we have a single relaxation channel with all theselecays(Fig. 10. The fit is made using Eq$1) modified to
states in seriesg— X1—X,—>Y—S,, or whether there is a take into account the existence of stateas follows:
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FIG. 10. Early time dynamics of the PB a§ in PDA-3BCMU >y S and
(@) and PDA-4BCMU(b) upon pumping at 2.07 eV with an exci- ferent states. A convincing argument is given by the fact that
tation density of one photoexcitation every 100 monomer units. Théhe slow component of PB is always0.1+0.02 of the total

thin line is a fit using Eq(2) as described in the text.

dn, () oyl pet) N, (1)
o _ [ Y9\ “pp/ pp _ b
dt _( hwpp )[ng(t) nvo(t)] o )
(1a)
dng () n, (1) Ny (1)
1 oo/ N /
dt B To T1 ’ (lb)
dn (1) ne () ny (D)
dt T B T (10
dny(t) Nt ny(t)
a0 T T (19
No=Ng+n, +ny +ny +ny. (ad)

Replacing the absorption cross sectiensn Eq. (2) by the

PB efficienciesg; , we can fit the early time PB kinetics to

obtain the relative magnitude of the PB efficiencigs The
results are shown in Fig. 10 and yield>,,0:¢xl:¢X2

=5:2.5:1 for PDA-3BCMU and¢yo:¢xl:¢xz=5:2.5:2.5
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for PDA-4BCMU. Since these fits are over a very small
range, the results are not to be taken as definitive, but only as
suggestive.

A similar conclusion follows if we assuméis populated
from X; . SinceY accounts for only~10% of the total PB at
short times, the two situations cannot be separated in our
experiments.

It is also possible that the branching occurs in the decay
of X5, the major channel being the nonradiative decay to the
ground state and a minor one leadingYpthe branching
ratio » being <1. In the latter case, the population ¥f
would appear with a rise time of 2 ps, which is never ob-
served in the PA. However, since thestates are lower in
concentration at short time thaty and X,, their contribu-
tion to PA is always a minor one. Indeed, in the visible
range, a very small PA, a few percent of the peak value,
persists at long times and seems to decay on a time scale
longer than 10 ps. This may be PA Wybut the poor signal-
to-noise ratio prevents further study of it.

Assuming that the PB efficiency of th¥ state is not
larger than that oK, andX,, i.e., 2—3 monomer units, and
not smaller than one monomer unit, the branching ratio
[7=(1-06)/6] is 0.1=%<0.3. This enables us to evaluate
the rate constank, for Y formation. For instance, i¥ is
formed from v, ky~1+0.5x10%sect. If it is formed
from X;, ky=3=x2x10" sec’!, and fromX,, ky~8+4
+10%sect.

C. Role of the triplet state

Since in the present experiments triplet excitons are
formed as correlated triplet pairs by “hot” singlet fission,
and since these pairs annihilate by fusion on a time scale of
~30 pstthe triplet state is a possible candidate YoHow-
ever, the experimental temporal decays of the long-lived
component of PB and of thET* PA line at~1.35 eV are
not exactly the same, suggesting tivaand T might be dif-

zero time PB, whatever the pump photon energy, whereas
the triplet yield upon pumping at the exciton enengy is

~50 times smaller than when pumping at higher energies,
above the exciton fission threshold o2 eV!! In addition,

theY state is generated via a one-quantum process, since it is
observed to be linear in pump regardless of the pump wave-
length. This is also in contradiction with the observed inten-
sity dependence of the triplet state, which is superlinear in
pump fluence for all pump wavelengths used.

Moreover, if the slow PB component were due to the
triplet population, this would imply a fission probability of at
least 10%, assuming that the triplet PB efficiency is not sig-
nificantly larger than that of the singlet. Such a fission yield
would be very large indeed, being two orders of magnitude
larger than the experimental yield found in a polycrystalline
film of the PDA poly1,6-bisNcarbazolyl-2,4hexadiyhe
(DCH).2°

We thus conclude that andT are different states.

Still, the triplet state must contribute to the PB. This con-
tribution should be undetectable when pumpingatwhere
the triplet yield is small, and more important when pumping
at higher energies. Since the zero time-ordinate ratio of the
slow and fast components of the PB is the same in the two
cases within the experimental uncertainties of about 20%, the
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—_ absorption spectrum of Lawrenat al. of poly-PTS?® A
%\i possibility that cannot be excluded at the present stage is that
15 ‘l‘
Y_ [Emp—
T)’

1'B

T X X, is a vibronic component oK, that would be stabilized
v X, for 450 fs by a phonon bottleneck effect, but this is purely
) conjectural in the absence of any information on vibrational
relaxation of excited states in PDA's. If the energy of the
2Ag state is low enough, fast internal conversion to the
ground state can account for the 2 ps lifetifié! Yet an-
Ground other possibility that cannot be excluded at the present stage
e State is thatX, results from self-trapping oX;. This STE would
FIG. 11. Schematic diagram of the relaxation pathway for thehave to be different fron¥ since the PA is different. The

1 . . . LoD corresponding self-trapping rate constant would then be
B, exciton. Only the time constants are meaningful in this flgure,~2>< 1012 sec L, comparable to the rate of formation of the

not the absolute energy positions of the levels, which are nog( state from thelB. free exciton. The slow processes in
u .

known. energy relaxation would then be the decays of the two dif-
triplet contribution to PB cannot be larger than about 1%’fe_rent_self-trapped excitons in 2 _and ??0 ps, respectively.
giving for the fission yield an upper limi&1%, which is Since it has bee_:n found t_hat PB efficiencieXgfand X, are
consistent with the DCH valu. comparable, this would imply that the self-trapped exciton
X, is not drastically different from the corresponding free-
excitonX;, suggesting weak self-trappifg.
Nevertheless, as discussed in Sec. IV B above, it cannot
The free-exciton relaxation in bulk PDA’s has generally be excluded from experimental evidence ti¥ats formed
been discussed in terms of only one intermediate state, fiom X,. This would require thak, is a freeAy exciton.
self-trapped exciton oB,, (Ref. 14 or A4 (Ref. 20 symme-  Self-trapping intoY would now occur with a rate constant of
try. Our results on isolated chains show that, apart from the-8+4x 10'° sec *. If self-trapping from the'B, free exci-
triplet state, there are at least three excited states in the ofsn occurs at a comparable rate, it is then much too slow to
tical gap, but the assignment of these states is still specul@ompete with internal conversion into &gy state.
tive since they are characterized primarily by their respective Further experiments, in particular two-photon absorption
lifetimes. spectroscopy would help to confirm the nature of the ob-
It has been shown that statés and X, have comparable served intermediate states.
PB efficiencies, slightly smaller than that of the free exciton.
They cannot be oB, symmetry, since there is no evidence E. Comparison with bulk PDA results

in any of our experiments on isolated PDA chains of any  The results obtained here on isolated PDA chains can be
lower-lying B, excited state accessible from the groundcompared to those in the literature on bulk PDA’s, at least
state. Linear absorption experiments on bulk PDA’s also leaghgse showing an exciton absorption around 2 (&¥., the
to absorption coefficients in the optical gap thateecm ' gg_called “blue” phasg An important difference is that
except for weak vibrational overtone absorptions. Howeverfjyorescence from the free exciton is observed in isolated
two photon-absorption experiments on bulk PDA’s havechaing® whereas it is barely detectable in the blue phase of
shown the existence of &k, excited state in the optical gap, pylk PDA's3 Thus, it is clear that some differences exist in
typically 0.2 eV below theB, state?’ There is even one the energy-relaxation scheme.
report of the presence of tw, states in the gaff In bulk PDA’s, a 2 psdecay time is always present, and a
Our tentative interpretation is then to assinto anA;  faster decay at short times is sometimes observed. However,
state andy to a self-trapped exciton formed from the flBg 3 |ong-lived component has not been reported. The rise time
exciton as sketched in Fig. 11. This requires thatBye>A;  of the PB (or some signal equivalent to?fj is very fast,
internal conversion rate constant is5x 10'* sec* since  ysually instrument limited, and the decay is exponential, in
the B, free exciton lifetime is<200 fs and the predominant some experiments over two orders of magnitude, with a time
relaxation channel is towards,; . Such a rate constant is not constant of~2 ps. In bulk PDA-3BCMU and -4BCMU there
unreasonably large considering what is known abouis no faster component, but an initial decay witt500 fs
polyenes®~3' This scheme also implies that self-trappi®)  has been observed in Langmuir-Blodgett films of some
statg is not instantaneous, since thek,~1*+0.5 PDA’s? Upon pumping on or near the exciton absorption,
X 10" sec! (see Sec. IV B PA is observed in a wide spectral range, with different time
In the proposed schemi; is a freeA, exciton not too  dependences in the near IR and closes§o At the longer
far below the'B, state. One would expect to see fluores-wavelengths, it appears instantaneously and decays on a
cence from such a state as found in polyeffeSuch a fluo-  sub-ps time scale; at shorter wavelengths, it shows a distinct
rescence is not observed hdreor in bulk PDA’S. Its ab-  rise time in the sub-ps range and decays with a time constant
sence may be explained by the existence of a lower-lyingf ~2 ps!® Kobayashi® interprets this observation as a shift
stateX,. This may be another fred, exciton, makingX,  of the PA towards higher energies during the first fraction of
the 2A, andX; the ®A, state. Theoretical studies lead to the a ps. This is attributed to the PA by the hot STE during its
prediction of more than ond, excited state below théB,  thermalization, the final PA being that of the relaxed STE
exciton if correlations are large enougtt* and there is ex- which disappears in 2 ps. In this model, hot and thermalized
perimental evidence for severd|, states in the two-photon STE’s have the same PB efficiency.

'h(opump 1,

1'a

D. Nature of the intermediate states
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Thus, the two short decay times have been observed in 0.20 AR U LA RRARRF RRRRNRRRRE LN
bulk PDA’s as well. However, in our case we can assign the ;
shorter time to a defined state, since the observed PA can be :
divided in two distinct spectral regions, each with its own 015 1= : ' 7]
t

time dependence independent of wavelength after correction
for chirp effects. 0.10
A longer-lived component is sometimes reported and usu-

-Aod

ally assigned to triplet excitons. We have shown that the PDA-3BCMU

triplets formed during singlet exciton relaxation can account 0.05 - n
for only a small fraction(a few percentof the total long- N

lived PB, so that there must be another long-lived state in the 0.00 N A
gap. In most cases a long-lived component is not reported in V

bulk PDA’'s. When the 2 ps decay can be followed over

almost two orders of magnitud&any contribution of a slow 0.05 ke b b b b b
decay cannot exceed 1%. This difference can be explained in 175 1.80 1.85 1.90 1.95 2.00 2.05
the scheme proposed above if internal conversion is faster in Energy [eV]

bulk PDA’s and/or if the self-trapping rate is smaller. The

former would also account for the absence of fluorescence in FlG' 1.2' D|ffer_<ent|al absorption SpeCtru.m of PDA'3BCM"."
chains(thick solid line. The pump spectrum is shown as the thin

bulk PDA’s. However, a Iong-ll\_/gd component has_been Ob'dashed line. The linear absorption of the same sample is shown as

served on a bulk PDA in conditions where according to theq thin solid line.

authors, triplet states are not form&dn a recent lettef*®

a decay time of 115 ps has been found to be required to ACKNOWLEDGMENTS

account for the time dependence of PA at 1.48 eV upon We are very grateful to J. Béiar for preparing and

pumping at 2.0 eV in an oriented film of the PDA poly-DCH. o . Lo e

The authors assign this decay time to PA by unthermalizeﬁhar"’mte”Z'n.g the high-quality crystals “S‘?d In th's work. We
. : . . . . : would also like to thank D. Hulin for fruitful discussions,

triplet excitons, implying that hot-triplet vibrational relax- and A. Alexandrou, J. P. Likforman, and G. Rey for their

ation tr)eqU|re§~10 fps. This explanat::qn car;]not azc;)_légt for assistance in the experiments. We gratefully acknowledge

our observations for two reasons. First, the studyrar' g 5061t from the French Miniate des Affaires Etranges

absorption in isolated PDA chains reported in our previous,, g Kraabel.

papet! shows that there is no delayed increase of that ab-

sorption. Second, it was shown here, as discussed above in APPENDIX
Sec. IV C, that there are not enough triplets formed to ac-
count for the “long-lived” PB component. It was shown elsewhere that the weaker absorption lines

Instantaneous self-trapping as predicted in theoretical 1©n the low-energy side of, have ground-state configura-
modeld’ is not observed in isolated chains, despite the factions different from that of,%® and that the corresponding
that electronic states of the chain, as well as the double- ani@ansitions show no transfer of oscillator strengthitp(as
triple-bond stretching vibrations, are strictly 1D. In fact, our detected by electroabsorption experimgnasid are thus not
results suggest that self-trapping is at best a minor compdsoupled to it They behave exactly ag, in electroabsorp-
nent of exciton relaxation in PDA isolated chains. Bulk tion, exhibiting the same Stark shift. This is interpreted in
PDA'’s should correspond even less to the theoretical 10€rms of excitons on chains with slightly different conforma-

case. The occurrence of self-trapping seems to remain diPns and subsequently modified electronic properties. The
open question in PDA’s. dominant chain population corresponds to an exciton transi-
tion at vg, and v,, v,, etc. are the exciton transitions of
minority chain populations. The ratio of absorption intensi-
ties of the respective lines give an approximate idea of the
corresponding concentrations. The chain populations corre-
This paper deals with nonradiative singl&8, exciton sponding to excitons/, and v, are always 20-30 times
relaxation in isolated PDA chains. Two PA bands originatingsmaller thanv,, and even less for, in PDA-3BCMU. A
from two short-lived states are observed. From their respegossible explanation is that these minority populations are in
tive time dependences, it is concluded here that these twihe vicinity of stacking faults: PDA-3BCMU and -4BCMU
states decay in series in the same relaxation pathway. Theye lamellar crystals.
have very similar PA cross sections and PB efficiencies. A The present pump-probe experiments yield further infor-
slowly decaying PB component indicates the existence of aation on these transitions, and give an additional argument
third longer-lived state. It is shown that this state cannot bén favor of the above interpretation.
the triplet 3B, exciton, and only a fraction of th&B,, exciton First, it is possible to pump selectively one of the minority
relaxation occurs via this state. Thus, three excited states ligansitions. This is shown in Fig. 12 where the pump is cen-
in the optical gap apart from the triplet state. A relaxationtered onv, at 1.81 eV in 3BCMU, overlapping, (1.83 eV}
scheme is proposed, involving twh, states in series. It is and v, (1.78 eV} only slightly, and not at alb, at 1.90 eV.
also concluded that self-trapping, if present, cannot be intn this case there iso bleaching at,. The very small signal
stantaneous. there is also present at negative delay times and is thus as-

V. CONCLUSION
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sociated to pump diffusion. This shows that the ground states 1
of v, and vy do not communicate, further supporting the
assumption that they are located on geometrically separate
parts of the sample, i.e., on separate chains.

Two PB peaks at 1.99 and 2.07 eV are also seen in Fig.
12. They correspond to the vibronic transitionsigfassoci-
ated to the double-bond stret@t 1440 cmY) and the triple-
bond stretchat 2100 cm?). Their positions and intensities
relative to thev, PB peak indicate that the exciton transition
corresponding tav, has Franck-Condon factors and vibra-
tional energies very similar to those of the main exciton at
vg. The two small humps at 1.965 and 2.020 eV most prob-
ably correspond to the double-bond vibronic bands oand
v,, respectively, which are slightly bleached by the pump. 0,01 herlonstvenlne e o i

Consequentlyy,, v,, and v, are not part of the relax- ' 0 10 20 30 40 50
ation pathway ofvg. They do not correspond to the states
labeledX;, X,, andY above.

The time dependence of the 1.99 eV PB peak generated ri. 13. Time dependence of the PB of in PDA-3BCMU
upon pumping aby, could be measured up to a delay time of chains upon pumping at 2.07 eV. The thin solid line is a double
~5 ps. It shows an instantaneous rise and an exponentiakponential fit with time constants af,~1.7 ps andr;=30 ps.
decay with a time constant=1.8+0.1 ps. Thusy, behaves The thin dashed line shows the contribution of the long-lived com-
very similar tovy. Indeed, Fig. 12 also shows that pumping ponent extrapolated to time zero.
at v, generates a PA band between 1.75 and 2.1 eV very
similar to the one generated upon pumping intlgeabsorp-  they are all very similar. Fig. 13 for instance, corresponds to
tion. In such pumping conditions, the PB signal is too smallthe PB kinetics ofv, in PDA-3BCMU, upon pumping at
to allow studying a possible long-lived component, but this2.07 eV. The decay is well fitted by a double exponential
is present as well, as shown by the following observation. with 7;=1.8+0.1 ps andr,~ 30 ps, and the zero time ordi-

The PB peaks at 1.99 and 2.07 eV in Fig. 12 show thahate ratio of the two componentss10. Thus, all'B, ex-
vibronic absorption associated tg, is present underneath citon states, though on different types of chains with slightly
the vibronic absorption spectrum of. Therefore, pumping different transition energies and ground-state geometries,
abover, will also produce a PB of, (andv,, v, as wel).  have similar energy relaxation pathways. At least, stxtes
This is clearly shown in Fig. 1. Since all these states arend Y are present with similar lifetimes. The free-exciton
distinct and uncoupled, each PB band will decay indepenlifetimes and the existence of afy state related to the minor
dently with its own time dependence, and it is found thatchain populations have not been studied directly.
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