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Fluorescence yield and lifetime of isolated polydiacetylene chains: Evidence for a one-dimension
exciton band in a conjugated polymer
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The fluorescence lifetimet and quantum yieldh f of isolated red polydiacetylene chains dispersed in their
monomer single crystal matrix were measured between 10 and 100 K.t increases up to 120 ps at 40 K, then
rapidly decreases at higherT. h f is a continuously decreasing function ofT. The radiative lifetimet r is
proportional toAT in the wholeT range studied. This is the expected behavior for a purely one-dimensional
system without localization, a behavior which is not usually observed even in semiconductor quantum wires.
An order of magnitude of the exciton effective massm* '0.3 is inferred. The nonradiative lifetimetnr is
constant up to 50 K, then decreases exponentially, indicating the opening of a thermally activated decay
channel.
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I. INTRODUCTION

Polydiacetylene~PDA! chains in very low concentration
in their single crystal diacetylene monomer matrix are hig
ordered one-dimensional~1D! noninteracting conjugated
chains, and thus provide a good experimental model
studying the electronic properties of conjugated polyme
They are a very good approximation of an organic semic
ducting quantum wire.

Bulk PDA’s are known to exist in either of two electron
structures, so-called ‘‘red‘‘ and ‘‘blue‘‘ phases, showing i
tense excitonic absorptions near 2.4 and 2.0 eV, respecti
It was found recently1 that in 3BCMU2 monomer crystals,
isolated chains of both types coexist. The majority popu
tion is of the ‘‘blue‘‘ type, with typical chain concentration
of 1025–1024 in weight. The ‘‘red‘‘ chain concentration is
about a thousand times smaller.

Both types of chains show exciton resonan
fluorescence.1 Thus emission from defects or self-trapp
states can be ruled out. Blue chain fluorescence is extrem
weak, with a quantum yield of'1024.3 Conversely, red
chains have a high fluorescence quantum yield of 0
60.05 at 15 K, with more than 90% of the emission conc
trated in a narrow~1.5–2 meV at 15 K! zero-phonon line at
543 nm, and the other 10% in a series of vibronic lines,3 as
shown in Fig. 1. The resonance character of the emissio
demonstrated in Fig. 2: zero-phonon absorption and emis
lines peak at the same energy and have similar widths.
sloping background in the absorption spectrum is due to
sorption by blue chains also present in the crystal.

The very high dilution of red chains in 3BCMU crysta
and their high fluorescence quantum yield in the ze
phonon line made a microphotoluminescence experim
possible. The recorded emission is indeed that of a sin
isolated chain. Its zero-phonon emission line is a sin
Lorentzian at all temperatures studied~6–60 K!. It is a ho-
mogeneously broadened line with a linewidth increasing
proximately linearly with T (350meV at 6 K!, indicating a
0163-1829/2002/66~12!/125205~6!/$20.00 66 1252
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dephasing time of a few picoseconds or less.4

In this paper, the temperature dependence of the emis
of a macroscopic ensemble of red chains is presented.
perimental results on the effective lifetime and fluoresce
yield are presented and quantitatively interpreted in terms
an exciton band model. This gives experimental evidence
a 1D exciton band in ordered conjugated polymers, inst
of the common description involving an exciton level.

II. EXPERIMENTAL METHODS

3BCMU monomer crystals were grown from acetone
methyl-isobutylketone at 4 °C in the dark~typical dimen-
sions 53530.1 mm3). The PDA chain concentrations men
tioned above are typical of such as-grown crystals; the
perimental results reported here are independent of the e
concentrations.

The light source used for the study of the effective lif

FIG. 1. Fluorescence emission spectrum of isolated red ch
excited at 502 nm at 15 K. Full circles: zero phonon line at 2.28
Open circles: vibronic emission spectrum; the two most inte
vibronic lines correspond to the CvC stretch (D line at 2.09 eV!
and C[C stretch (T line at 2.015 eV!.
©2002 The American Physical Society05-1
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time was a frequency-doubled Ti-sapphire laser. The tem
ral width of the pulse is typically smaller than 2 ps. Th
excitation beam was focused to a spot of'100-mm diam-
eter; in order to uniformly probe the excited sample reg
and to obtain a better scattered light rejection, the collec
luminescence was spatially filtered in an intermediate im
plane~magnification34) with a 500-mm-diameter pinhole.
A monochromator equipped with a 300 grooves/mm grati
and a streak camera with a nominal temporal resolution
ter than 4 ps, were used to analyze the luminescence. Ta
into account all parameters including the residual jitter of
camera synchronization, the time and spectral resolut
were better than 15 ps and 1.5 nm, respectively. The exc
tion wavelength was chosen within the vibronic double bo
stretch absorption band at circa 2.47 eV at low temperat

This setup is almost the same as the one used in
previous study at 15 K.3 However the lifetime reported her
for the same temperature is larger. We became aware tha
previously measured decay was slightly distorted by non
earities which made it faster at short times. In the pres
work, care was taken to eliminate these effects by workin
low excitation power and small counting rates in the stre
camera, always in the photon counting mode. The linea
of the detection was checked in the whole counting ran
Absolute measurements of the fluorescence quantum yie
15 and 40 K were performed using the experimental pro
dure described in details elsewhere.3

Since absolute yield measurements are time consum
and difficult in these crystals, the temperature dependenc
the yield~relative values! was obtained following a differen
procedure. One must know the temperature dependence
intensity for a constant number of absorbed photons. S
the red chains absorption can only be measured for the z
phonon absorption line, excitation must be performed at
wavelength. But most of the emitted light is also in the re
nance zero-phonon line atE0, with the same polarization
Therefore, the determination of relative quantum yields
volved several steps. First, the main~zero-phonon! absorp-
tion line was measured for several different samples betw
10 and 80 K. This allows one to calculate the number
absorbed photons at all temperatures. Second, the tem
ture dependence of the intensityI D of the vibronic double

FIG. 2. Zero phonon line in emission~crossed squares! and in
absorption~full circles!.
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bond stretch lineD excited, for all temperatures, at the e
ergy of the main exciton absorption lineE0 was measured
between 10 and 80 K. Third, for the same range of tempe
tures, the ratioI D /I 0 of the D line and the zero phonon lin
was measured, exciting at all temperatures atE0120 meV,
corresponding to a vibronic line just above the zero-phon
line in the red chain absorption spectrum.3 For all tempera-
tures the experimental line shape can be fitted by Lorentz
above a weak and constant emission background. This
lows one to determine analytically the spectrally integra
intensities. In that way, the temperature dependence of
dominant zero-phonon lineI 0 is evaluated for resonant exc
tation. These measurements allow us to determine the r
tive variation of the quantum yield in this range of tempe
tures. All these luminescence measurements were done u
the dye Coumarin 540 pumped with the 488-nm line of
argon laser.

III. TEMPERATURE DEPENDENCE OF THE EMISSION

A. Spectrum

Red chain fluorescence is intense enough to be seen
temperatures up to room temperature. Figure 3 shows
resonance emission photon energy as a function ofT. A dis-
continuity is seen near 150 K, where a first order transit
of the monomer crystal is observed.5 The present study is
limited to the low temperature phaseT,150 K. The exciton
absorption linewidth for an ensemble of isolated red chain
constant'3 meV up to about 40 K, then increases linea
with T up to room temperature. Comparison with the sing
chain emission width4 shows that the constant width belo
40 K corresponds to inhomogeneous broadening while
line is homogeneously broadened above 40 K.

The emission spectrum keeps dominated by the ze
phonon line at all T, but the relative intensities of all vibron
emission lines relative to that of the zero-phonon one
crease with T. Figure 4 shows, for instance, theT dependence
of the ratioI D /I 0, whereI D is the integrated intensity of the
vibronic emission corresponding to the double bond stret
ing vibration, andI 0 is the integrated intensity of the zer
phonon line.

FIG. 3. Resonance emssion energyE0 as function of tem-
perature.
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B. Effective lifetime

A typical temporal variation of the fluorescence excit
by a picosecond pulse at 500 nm is shown in Fig. 5, foT
513 K. The experimental rise of the emission signal is d
termined by the instrument response. So the actual emis
risetime is much shorter than 1 ps. Moreover, there is
spectral shift of the emission during its rise and decay,
only resonance emission and its associated vibronic lines
observed. Therefore, the relaxation from the state initia
prepared by absorption of the 500-nm photon occurs in
subpicosecond time scale. In the case of blue PDA cha
this time has been measured using the up-conver
method, and is less than 40 fs.6 Such a time is typical of
relaxation within the dense singlet manifold of large molec
lar systems.

At all temperatures studied, the decay is well fitted by
single exponential over more than 2 orders of magnitu
The corresponding decay time is determined with an ac
racy of 63%.

The temperature dependence oft is shown in Fig. 6.t

FIG. 4. Ratio ~I D/I 0) as a function ofT. I D is the integrated
intensity of the vibronic emission corresponding to the double b
stretching vibration.I 0 is the integrated intensity of the zero phono
line. Two different samples where used~full circles and crossed
squares!.

FIG. 5. Temporal variation of the fluorescence at 14 K. T
whole decay is well fitted by a single exponential witht 5 94 ps,
after subtraction of a small background.
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increases up toT'40 K, then decreases rapidly. Such
variation is not commonly observed in conjugated polyme
Understanding this unusual behavior is the basis of
present work.

C. Fluorescence yield

Absolute values of the fluorescence quantum yieldh f
were measured at two temperatures, 15 and 40 K:h f
(15 K)50.3060.05 andh f (40 K)50.2060.05. Relative
values ofh f were derived by spectral integration of the v
bronic double bond stretch lineD, as described in Sec. III B
above. The emission intensities at different temperatures
then scaled to an equal number of absorbed photons, inc
ing correction for the absorption of incident and emitted lig
by the blue chains. This scaling is only possible belo
'70 K, because at higher temperatures the red chain abs
tion becomes too broad, hence its intensity becomes too
compared to the blue chain absorption background. The t
intensity emitted in all lines, and in particular the domina
zero-phonon line, is then calculated using the data of Fig
for I D /I 0. Only relative variations ofh f can be determined
in this way since for instance the geometrical factor is n
measured; care was taken, however, to keep all experime
conditions independent of temperature.

The relative variation withT is then scaled to the two
measured absolute values, as shown in Fig. 7. It shows
h f is a continuously decreasing function ofT. The absolute
values ofh f are uncertain to620%, but the relative varia-
tions are more accurate~to 65%).

IV. INTERPRETATION AND DISCUSSION

A. Implications for a two-level system

In the usual model of a single exciton level decaying
the ground state, the data fort(T) in Fig. 6 and forh f (T) in
Fig. 7 allow one to derive the radiative and nonradiati
lifetimes t r andtnr at all T. The results are shown in Fig.
for t r and Fig. 9 fortnr . Here again, the relative variation
of t r andtnr with T are accurate, but the uncertainty onh f
introduces a possible systematic error of620%.

d
FIG. 6. Temperature dependence of the effective lifetimet. Full

circles are experimental values and crossed squares are calcu
~see Sec. IV D!.
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t r is found to increase between 10 and 40 K. Howev
the oscillator strength of the exciton transition can be m
sured by integrating the pure exciton absorption line—wh
is dominant in absorption as well. Figure 10 shows this
tegrated absorption in the range 10–70 K: it is constant o
most very weakly decreasing withT. The same behavior wa
found in all experiments. This is not consistent with t
threefold increase oft r shown in Fig. 6. We then conclud
that a two level model cannot account for our data.

B. Thermally accessible excited states

The existence of states lying above theBu exciton level,
thermally accessible from it and nonradiant to the grou
state would explain that the effective lifetime increases w
T while the fluorescence yield decreases. Two possibili
were considered.

~1! An Ag electronic excited state, nonradiant to t
ground Ag state for symmetry reasons. The relaxati
scheme of the exciton in blue PDA chains indicates the
istence of at least one excitedAg state below theBu exciton,7

FIG. 7. Temperature dependence of the fluorescence yieldh f .
Two samples were used to determine its relative variation wit
~full circles and crossed squares!. The open circles are the absolu
values measured at 15 and 40 K with the evaluated uncertaint

FIG. 8. Radiative lifetimet r as a function ofT. Two different
samples were used~full circles and crossed squares!. Two more
points ~full triangles! are calculated using the relationt r580AT
and the measuredt(T) dependence.
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accounting for the very small fluorescence yield of bl
chains1,3 and their very short lifetime.6 The high value ofh f
in red chains indicates that this state is pushed above theBu
state; its actual energy is unknown, but might be close to
Bu energy. Another possibility would be that the unit cell
red chains contains two nontranslationally equivalent rep
units, hence a splitting of the exciton level, the lower lev
being radiatively coupled to the ground state.

~2! In a one-dimensional exciton band, the radiant sta
are those which momentumk is equal to or smaller than th
emitted photon momentum. All states with largerk are non-
radiant to the ground state due to the rule of conservation
the projection of momentum on the chain axis.

In both cases, these states may be radiatively couple
vibrationally excited levels of the ground electronic state, b
different behaviors are expected: In case 1, theBu and Ag
states will be coupled to different ground state vibration
levels, ag and bu , respectively. So vibronic emission line
are expected to appear upon increasingT. In case 2 on the
other hand, allk states of the exciton band can radiative

T

.

FIG. 9. Nonradiative lifetimetnr as a function ofT for two
different samples. Same notations as in Fig. 8.

FIG. 10. Oscillator strength of the exciton transition measu
by spectral integration of the zero phonon exciton absorption line
a function ofT. A series of measurements on one sample is p
sented~full circles!. Two points at 15 K and 41 K correspond to th
values determined on a sample used for absolute measureme
the quantum yield at these temperatures~crossed squares!.
5-4
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decay to the state of appropriatek of the same vibrationa
band; hence an asymmetric broadening on the high en
side of all vibronic emission lines.

Experimentally, no new emission band appears, and
existing lines only show a temperature-dependent broad
ing on the high-energy side. However, it remains possible
fit the experimental line shape using two closely spa
Gaussians. So, although the exciton band model is cle
favored, the other model could not be unambiguously
cluded. Any ambiguity is now removed by our recent micr
photoluminescence experiments on a single red chain:8 the
vibronic lines remain single and show asymmetric broad
ing on their high energy side, which is quantitatively fitte
using an exciton band model, with the predictedE21/2 exci-
ton density of states.

C. Implications of the exciton band model

Our isolated PDA chains are geometrically on
dimensional objects. The theory for semiconducting quan
wires9 is a natural frame for interpreting the present data

This theory predicts that the temperature dependenc
the radiative lifetime follows aT1/2 law. This is indeed the
case in the wholeT range studied, from 10 to 80 K, as show
in Fig. 11, where data from Fig. 8 replotted versusT1/2 fit a
linear variation. Taking into account the uncertainty on t
absolute value ofh f , t r5(80620)AT picoseconds~with T
in K!. Using the mean absolute values forh f as shown in
Fig. 7 yields a prefactor of 90, while a direct fit oft (T)
assuming a constant value oftnr up to 50 K leads to a
smaller value of about 70, suggesting that the actual fluo
cence quantum yield is rather at the top of the error bar.
important to note that, since the relative variations ofh with
temperature are known to a much better accuracy than
absolute values, the exponent ofT is also determined to a
good accuracy: calculation of the uncertainties leads to
exponent 0.56 0.06.

Assuming the applicability of Citrin’s calculation to th
type of polymeric quantum wire studied here, his express
for the radiative lifetime,

FIG. 11. Radiative lifetimet r vs T1/2. The data from two
samples~full circles and crossed squares! fit a linear variationt r

590 T1/2 ~thin line!.
12520
gy

e
n-
o
d
ly
-

-

-

-
m

of

e

s-
is

he

n

n

t r5
2m* exm0c0

2aEex
o

1

f L
AkBT

pE1
~1!

can be used to estimate the exciton effective massmex* which
is the only unknown quantity in the above expression. T
expression corresponds to an infinite coherence length,
only yields an upper limit of the exciton effective mas
Eex

0 52.28 eV is the exciton energy atk50, and its depen-
dence onT is neglected in theT range considered.E1, given
by

E15
~\k…2

2mex* m0

, ~2!

is the energy of the exciton band level which momentumkex
is equal to the emitted photon momentum.f L is the exciton
absorption oscillator strength per unit length of chain. It c
be evaluated for blue chains by integrating the exciton
sorption spectrum, yieldingf '0.3 per repeat unit of the
chain, and using the repeat unit length of 5310210 m. This
yields f L'63108 m21. Assuming that blue and red chain
have similar exciton oscillator strengths, a valuemex* '0.3
60.1 results from the relationt r5(80620) AT. This is of
course only an order of magnitude estimate, which could
refined once a good measurement of the isolated red ch
absorption spectrum becomes available. However, this e
mate rests on the assumption of direct applicability of C
rin’s calculation to a 1D conjugated polymer chain which
not proved at present.

This value ofmex* can be compared to what is known o
the electron and hole effective masses, again in blue ch
only. Angle-resolved ultraviolet photoemission spectrosco
measurement of the valence-band dispersion yieldsmh*
'0.1.10 Electroabsorption of isolated blue chains shows
strong Franz-Keldysh effect from which a reduced ma
(me*

211mh*
21)21'0.05 is deduced; henceme* '0.1 as

well.11 Thus mex* is approximately equal to the sum of th
carrier effective masses, as expected in semicondu
theory.

It was shown in Fig. 4 that the integrated intensity ra
I D /I 0 increases withT. This is indeed expected since anyk
Þ0 state is radiatively coupled to the state of samek in the
vibrationalD band of the ground state: exciton states of alk
thus contribute to the totalD line emission, but only those
close tok50 contribute to the zero phonon emission. A
suming that the emission probabilities to states of theD vi-
brational band are independent of the excitonk value, the
I D /I 0 ratio is also predicted to follow aT1/2 law. As shown in
Fig. 12, our data fit such a law.

The observation of an exciton density of states prop
tional to E21/2 in an isolated PDA red chain,8 with its con-
sequences on both theT dependences oft r and the ratio
I D /I 0 reported here, indicate that the emitting state is no
localized state. This is not commonly observed in semic
ducting quantum wires.12 Lateral size variation is claimed to
be a major cause of localization in semiconductor quant
wires. No such variation exists in the polymer chains stud
here, which consist of a single linear chain of Carbon ato
5-5
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D. Nonradiative processes

From Fig. 9, the nonradiative lifetime is independent oT
up to about 60 K,tnr5150615 ps. This is ak-independent
nonradiative channel, since at 60 K a significant fraction of
the exciton population is already inkÞ0 states. Above 60 K
the nonradiative lifetimetnr starts decreasing rapidly~Fig.
9!, suggesting that another, thermally activated, chan
takes over. This decrease can be fitted by an expone
temperature dependence with an activation energy'38 meV
and a preexponential factor of a few 1011 s21. This is shown
in Fig. 6 where the fit is compared to the experimental da
The fit was computed assuming that theT1/2 variation oft r ,
with T determined above, and theT independent contribution

FIG. 12. Ratio (I D /I 0) vs T1/2. The data from two samples~full
circles and crossed squares! fit a T1/2 law ~thin line!.
tt,
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to tnr , can both be extrapolated to temperatures higher t
50 K. The prefactor to theT1/2 variation and the parameter
of the exponential contribution totnr were then fitted.

The nature of these non radiative processes is not kno
One usually considers internal conversion to the ground s
and intersystem crossing to the triplet manifold. Howev
another process may exist in the PDA: in blue PDA chai
singlet exciton fission into a triplet pair is a very efficie
process, starting'0.12 eV above the singletBu exciton
energy.13 A similar situation in red chains might account fo
the thermally activated nonradiative channel. Further exp
mental study of this problem is planned.

V. CONCLUSION

In conclusion, we have presented experimental res
showing that the red PDA chains’ fluorescence quant
yield continuously decreases asT increases, while the effec
tive luminescence lifetime increases up to 40 K, then
creases. These results are quantitatively explained usin
exciton band model. In particular, the radiative lifetime fo
lows the T1/2 law expected for a perfect 1D system. Th
behavior is not observed in other so-called 1D systems s
as semiconductor quantum wires12 or J aggregates of som
organic dyes.14 From the absolute values oft r , an exciton
effective massm ex* '0.3 was estimated, close to the sum
electron and hole effective masses.

Two nonradiative processes compete with radiative de
At low temperature a constant,k-independent process, is ob
served. A thermally activated process takes over ab
'50 K.
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